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PLENARY SPEAKERS

Sir Michael Berry
University of Bristol, UK

The singularities of light : intensity, phase, polariza-
tion

Sir Michael Berry, is a world-renowned physicist famous for the discovery
of geometric phase called the Berry’s effects in quantum mechanics ; He
specializes in semiclassical physics (asymptotic physics, quantum chaos)
applied to wave phenomena in quantum mechanics and other areas such
as optics. He received his Ph.D. degree in theoretical physics from St. An-
drews in 1965. Since 1967, he has been at the University of Bristol, first
as a postdoctoral fellow, then Lecturer and then Reader before becoming

Professor in 1979.
Among his many honors, Professor Berry became a member of the Royal Society of London in 1982, a
Fellow of Royal Society of Arts in 1983, and a Fellow of the Royal Institution in 1986. He also became
a member of the Royal Society of Sciences in Uppsala, Sweden in 1986 as well as a member of the
European Academy in 1989. In 1990, he received the Julius Edgar Lilienfeld prize from the American
Physical Society and the Paul Dirac medal and prize from the Institute of Physics. He then won the
Naylor Prize from the London Mathematical Society in 1993. In 1995, he became a Foreign Member
of the National Academy of Sciences in the United States. In 1996, he became a Knight Bachelor.
Professor Berry won the Kapitsa Medal from the Russian Academy of Sciences in 1997 and the Wolf
Prize in Physics in 1998. In 2000, he became a member of the Royal Netherlands Academy of Arts and
Sciences. Also in 2000, Michael shared the Ig Nobel Prize in Physics with Andre Geim for their work on
"The Physics of Flying Frogs". In 2005, he became a Fellow of the Royal Society of Edinburgh and, also
in 2005, he won the Polya Prize from the London Mathematical Society.

Federico Capasso
Harvard University, USA

From Achromatic Flat Optics to Disordered Metasurfaces
with Functional Connectivity

Federico Capasso, is the Robert Wallace Professor of Applied Physics at
Harvard University, which he joined in 2003 after 27 years at Bell Labs
where he was Member of Technical Staff, Department Head and Vice Pre-
sident for Physical Research. He is visiting professor at NTU with both the
School of Physical and Mathematical Sciences and Electrical and Electro-
nic Engineering. His research has focused on nanoscale science and tech-

nology encompassing a broad range of topics. He pioneered band-structure engineering of semicon-
ductor nanostructures and devices, invented and first demonstrated the quantum cascade laser and
investigated QED forces including the first measurement of a repulsive Casimir force. His most recent
contributions are new plasmonic devices and flat optics based on metasurfaces. He is a member of the
National Academy of Sciences, the National Academy of Engineering, the American Academy of Arts
and Sciences. His awards include the King Faisal Prize, the IEEE Edison Medal, the SPIE Gold Medal,
the American Physical Society Arthur Schawlow Prize in Laser Science, the Jan Czochralski Award for
lifetime achievements in Materials Science, the IEEE Sarnoff Award in Electronics, the Materials Re-
search Society Medal, the Wetherill Medal of the Franklin Institute, the Rank Prize in Optoelectronics,
the Optical Society Wood Prize, the Berthold Leibinger Future Prize, the Julius Springer Prize in Applied
Physics, the European Physical Society Quantum Electronics Prize.
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Nader Engheta
University of Pennsylvania, USA

Metaplatforms

Nader Engheta, is the H. Nedwill Ramsey Professor at the University of
Pennsylvania in Philadelphia, with affiliations in the Departments of Elec-
trical and Systems Engineering, Bioengineering, Physics and Astronomy,
and Materials Science and Engineering. He received his B.S. degree from
the University of Tehran, and his M.S and Ph.D. degrees from Caltech. Se-
lected as one of the Scientific American Magazine 50 Leaders in Science
and Technology in 2006 for developing the concept of optical lumped nano-

circuits, he is a Guggenheim Fellow, an IEEE Third Millennium Medalist, a Fellow of IEEE, American
Physical Society (APS), Optical Society of America (OSA), American Association for the Advancement
of Science (AAAS), and SPIE-The International Society for Optical Engineering, and the recipient of
numerous awards for his research including 2014 Balthasar van der Pol Gold Medal from the Interna-
tional Union of Radio Science (URSI), 2013 Benjamin Franklin Key Award, 2013 Inaugural SINA Award
in Engineering, 2012 IEEE Electromagnetics Award, 2008 George H. Heilmeier Award for Excellence
in Research, the Fulbright Naples Chair Award, NSF Presidential Young Investigator award, the UPS
Foundation Distinguished Educator term Chair, and several teaching awards including the Christian F.
and Mary R. Lindback Foundation Award, S. Reid Warren, Jr. Award and W. M. Keck Foundation Award.
His current research activities span a broad range of areas including nanophotonics, metamaterials,
nano-scale optics, graphene optics, imaging and sensing inspired by eyes of animal species, optical
nanoengineering, microwave and optical antennas, and engineering and physics of fields and waves.
He has co-edited (with R. W. Ziolkowski) the book entitled "Metamaterials : Physics and Engineering
Explorations" by Wiley-IEEE Press, 2006. He was the Chair of the Gordon Research Conference on
Plasmonics in June 2012.

Claire Gmachl
Princeton University, USA

Quantum Cascade lasers and applications in mid-infrared
photonics

Claire F. Gmachl, is the Eugene Higgins Professor of Electrical Engineering
at Princeton University. She is best known for her work in the development
of quantum cascade lasers. earned her M.Sc. in Physics from the University
of Innsbruck in 1991. She went on to receive her Ph.D. in Electrical Engi-
neering from the Technical University of Vienna in 1995, graduating sub
auspiciis Praesidentis (with special honors by the president of the Austrian

republic). Her studies focused on integrated optical modulators and tunable surface-emitting lasers in
the near infrared. From 1996 to 1998, she was a Post-Doctoral Member of Technical Staff at Bell La-
boratories. In 1998, she became a formal Member of Technical Staff at Bell Labs and in 2002 she was
named a Distinguished Member of Technical Staff, in part due to her work on the development of the
quantum cascade laser. In 2003, she left Bell Labs and took a position as Associate Professor in the
Department of Electrical Engineering at Princeton University, where she is currently working as a full
Professor since 2007. In 2004, Popular Science named Gmachl in its "Class of 2004 - Brilliant 10," its
list of the 10 most promising scientists under 40. She went on, in September 2005, to win the MacArthur
Foundation’s "genius grant." Recently, she was named the director of the new Mid-InfraRed Technolo-
gies for Health and the Environment (MIRTHE) Center, funded by the National Science Foundation.
Although Gmachl originally intended to study theoretical applied mathematics, her interest soon turned
to theoretical applied physics, and, with the encouragement of an advisor, experimental sciences. As
such, she works in the fields of optics and semiconductor laser technology. Gmachl has conceived seve-
ral novel designs for solid-state lasers and her work has led to advances in the development of quantum
cascade lasers.
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Atac Imamoglu
Swiss Federal Institute of Technology in Zurich (ETHZ), Swit-
zerland

Spin-photon quantum interface

Atac Imamoglu, is a graduate of Middle East Technical University, Turkey, in
electrical engineering. He got his Ph.D. in electrical engineering from Stan-
ford. He did post-doctoral work on atomic and molecular physics at Harvard.
In 1993, he joined the Electrical and Computer Engineering Department of
University of California, Santa Barbara. In 1999, he became a professor
of electrical engineering and physics. In 2001 he moved to the University
of Stuttgart in Germany. Since 2002, he has been working at ETHZ (Swiss

Federal Institute of Technology), Switzerland, where he is heading the research group on Quantum Pho-
tonics. His group at ETHZ investigates quantum optics of solid-state zero-dimensional emitters, such
as quantum dots or defects, embedded in photonic nano-structures. He received the Charles Townes
Award of the Optical Society of America in 2010, Quantum Electronics Award of IEEE in 2009, the
Muhammed Dahleh Award of UCSB in 2006, the Wolfgang Paul Award of the Humboldt Foundation in
2002, the TUBITAK prize for physics in 2001, David and Lucile Packard Fellowship in 1996, and NSF
Career Award in 1995. He is a member of the Scientific Advisory Committee at the IMDEA Nanos-
cience Institute. He is a fellow of the American Physical Society, of the Optical Society of America and
the Turkish National Academy of Sciences.

Mikhail D. Lukin
Harvard University, USA

New Interface Between Quantum Optics and Nanos-
cience

Mikhail Lukin received the Ph.D. degree from Texas AM University in 1998.
He was a post-doctoral fellow at the Institute for Theoretical Atomic and Mo-
lecular Physics at Harvard University from 1998-2001. He joined the faculty
of Harvard Physics Department as an Assistant Professor in 2001 and has
been a Professor of Physics at Harvard since 2004. He is a fellow of the
Optical Society of America. His research interests include quantum optics,
quantum control of atomic and nanoscale solid-state systems, quantum dy-

namics of many-body systems and quantum information science. He has co-authored over 150 technical
papers and has received a number of awards, including Alfred P. Sloan Fellowship, David and Lucile
Packard Fellowship for Science and Engineering, NSF Career Award, Adolph Lomb Medal of the Optical
Society of America (2000) and AAAS Newcomb Cleveland Prize.
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Vladimir Shalaev
Purdue University, USA

New material platform for plasmonics

Vladimir (Vlad) M. Shalaev, Scientific Director for Nanophotonics in Birck
Nanotechnology Center and Distinguished Professor of Electrical and Com-
puter Engineering at Purdue University, specializes in nanophotonics, plas-
monics, and optical metamaterials. Vlad Shalaev received several awards
for his research in the field of nanophotonics and metamaterials, including
the Max Born Award of the Optical Society of America for his pioneering
contributions to the field of optical metamaterials, the Willis E. Lamb Award

for Laser Science and Quantum Optics, the UNESCO Medal for the development of nanosciences and
nanotechnologies, and the OSA and SPIE Joseph W. Goodman Book Writing Award. He is a Fellow of
the IEEE, APS, SPIE, and OSA. Prof. Shalaev authored three books, twenty-six invited book chapters
and over 400 research publications.

Nikolay Zheludev
Southampton University, UK & NTU, Singapore

Using metamaterials for optical switching

Nikolay Zheludev, directs the Centre for Photonics Metamaterials at
Southampton University, UK and the Centre for Disruptive Photonic
Technologies at Nanyang Technological University, Singapore. His per-
sonal awards include Senior Professorships of the Engineering and
Physical Sciences Research Council (UK), the Leverhulme Trust Se-
niors Fellowship and the Royal Society Wolfson Research Fellowship.
He was awarded MSc, PhD and DSc from Moscow State Univer-
sity.
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The singularities of light: intensity, phase, polarization 

Michael Berry, H H Wills Physics Laboratory, University of Bristol. UK 

Geometry dominates modern optics, in which we understand light through its 

singularities. These are different at different levels of description. The coarsest level 

is geometrical optics, where the singularities are caustics: focal lines and surfaces: the 

envelopes of ray families. These singularities of bright light are classified by the 

mathematics of catastrophe theory. Wave optics smooths these singularities and 

decorates them with rich and ubiquitous interference patterns. Wave optics also 

introduces phase, which has its own singularities. These are optical vortices, a.k.a 

nodes or wavefront dislocations. Geometrically these singularities of dark light are 

lines in space, or points in the plane. They occur in all types of quantum or classical 

waves. Incorporating the vector nature of light leads to polarization singularities, also 

geometrical, describing lines where the polarization is purely circular or linear. As 

well as representing physics at each level, these optical and wave geometries illustrate 

the idea of asymptotically emergent phenomena. The levels form a hierarchy, leading 

to predictions of new phenomena at the quantum level. 

 



 
 

From Achromatic Flat Optics to Disordered Metasurfaces with Functional 
Connectivity 

Federico Capasso 
capasso@seas.harvard.edu 

School of Engineering and Applied Sciences, Harvard University, Cambridge, MA 02138 
 
Conventional optical components such as lenses rely on gradual phase shifts accumulated during light 
propagation to shape light beams. We have recently shown how new degrees of freedom in optical design 
can be attained by introducing in the optical path abrupt phase changes over the scale of the wavelength 
[1].  Such phase discontinuities enable wavefront engineering with unprecedented flexibility, which has 
been used to realize a wide variety of planar optical components [2].  
 
Recent advances by my group in metasurface physics and applications are reported, which demonstrate 
two important new functionalities: the so far elusive achromatic behavior of metasurfaces and the design 
and realization of disordered “holey” metallic metasurfaces with deep subwavelength features, which 
show reproducible and tunable optical properties by controlling the connectivity of the metasurface. 
.   
Although the replacement of bulk refractive elements with flat ones enables potentially unprecedented 
miniaturization of optical components this process comes with the limitation that planar optics suffers 
from large chromatic aberrations due to the dispersion of the phase accumulated by light during 
propagation. We show that this limitation can be overcome by compensating the dispersion of the 
propagation phase with the wavelength-dependent phase shift imparted by a metasurface [3]. We 
demonstrate dispersion-free multi-wavelength dielectric metasurface deflectors in the near-infrared and 
design an achromatic flat lens in the same spectral region. Our design is based on low-loss coupled 
dielectric resonators, which introduce a dense spectrum of modes to enable dispersive phase 
compensation. Achromatic metasurfaces will find applications as multi-band-pass filters, lightweight 
collimators, and chromatically-corrected imaging lenses. 
 
The realization of metamaterials is guided by the paradigm of using periodic arrays of well-defined 
building blocks. We report a novel class of “complex” optically thin metamaterials, whose functionality is 
driven by disordered nanoscale components. The complexity of these systems goes beyond the classical 
limit of effective refractive indices. Using theory and experiments in de-alloyed metallic nanowire 
networks, we show how disorder supports the formation of a tunable absorbing state, which is 
deterministically controllable and originates in regions that are only a few nanometer thick. It is 
fundamentally different from the one previously reported in VO2 near the metal insulator transition [4]. . 
Our results open up the opportunity to use these structures as a new platform for metamaterials, which are 
not constrained with respect to their active area and where disorder acts as a new pathway for dynamic 
light manipulation. 
 
[1] N. Yu, et al. Science 334, 333 (2011) 
[2] N. Yu and F. Capasso, Nature Materials 13, 139 (2014) 
[3] F. Aieta, M. A. Kats, P. Genevet, F. Capasso, Science (in press) arXiv:1411.3966 
[4]. M. A. Kats et al. Appl. Physics Lett. 101, 221101 (2012) 

http://arxiv.org/abs/1411.3966


NEW MATERIAL PLATFORM FOR PLASMONICS 
Vladimir M. Shalaev 
Purdue University 

 
 
We outline the recent progress in developing new plasmonic materials that will form the 
basis for future low-loss, CMOS-compatible devices that could enable full-scale development 
of the metamaterial and nanophotonic technologies. 
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Abstract-Realization of a quantum interface between stationary and flying qubits is a requirement 

for long-distance quantum communication and distributed quantum computation. In this 

presentation, we will describe recent progress towards this goal using solid-state spins. 

 

 

The prospects for integrating many qubits on a single chip render optically active solid-state spins promising 

candidates for stationary qubits. An important class of solid-state systems, such as quantum dots and 

nitrogen-vacancy centers, exhibit spin-state dependent optical transitions that allow for all-optical fast 

initialization, manipulation and measurement of spins. More importantly, the presence of quantum correlations 

between a scattered photon and the final spin-state in these emitters enables the realization of quantum 

information protocols such as heralded probabilistic teleportation and entanglement swapping. We will review 

recent progress in this field and discuss future prospects. 

 

 

 



Metaplatforms 

 
Nader Engheta 

University of Pennsylvania 

Philadelphia, PA 19104, USA 
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Over the past several years, the field of metamaterials has witnessed various stages of 

development and growth.  Started with tailoring material parameters to achieve wave 

manipulation at will, it has now become a broader scientific and technological endeavor, 

and is encompassing a new way of thinking and methodology.  We now investigate 

platforms, paradigms, systems and subsystems for more complex wave-matter interaction 

and functional devices.  This involves quantum metamaterials, digital metasystems, one-

atom-thick metasurfaces and metawires, and signal handling at the nanoscale just to name 

a few.  Such “metaplatforms” provide a new playground for the next generation of 

photonic, electronic, and magnetic nanostructures and metasystems.  In this talk, we will 

discuss some of our ongoing projects in these areas.    

 

 

mailto:engheta@ee.upenn.edu
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Quantum Cascade lasers and applications in mid-infrared photonics 
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Abstract - We will discuss recent developments at a new scientific interface between quantum optics and 

nanoscience. Specific examples include the use of quantum optical techniques for manipulation of individual 

atom-like impurities at a nanoscale and for realization of hybrid systems combining quantum emitters and 

nanophotonic devices.  

 

We will discuss how these techniques are used for realization of quantum nonlinear optics and quantum 

networks, and for new applications such as magnetic resonance imaging with single atom resolution, and 

nanoscale sensing in biology and material science. 
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Using metamaterials for optical switching 
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Abstract- We report on recent results on ultra-compact electro-optical and magneto-optical 

switching devices of sub-micron thickness for controlling light-with-light that exploit artificial 

nano-opto-mechanical plasmonic and dielectric metamaterials. We also report recent experiments 

demonstrating that coherently controlled redistribution of energy at plasmonic metamaterials can 

underpin various forms of optical switching and show that devices based on coherent control can 

operate down to single photon level and with a multi-THz modulation bandwidth. 

 

http://www.nanophotonics.org.uk/
http://www.nanophotonics.sg/
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PT symmetry and the taming of instabilities

Carl M. Bender

Physics Department, Washington University, St. Louis, MO 63130, USA
cmb@wustl.edu

Abstract— Physically unacceptable theories that suffer from instabilities may be reinterpreted
as PT-symmetric theories in the complex plane. The advantage of doing so is that in the complex
plane these theories become stable and thus physically realistic.

Theoretical advances in PT symmetry have led to beautiful experimental results in optics, lasers,
superconducting wires, atomic diffusion, NMR, microwave cavities, and electronic and mechanical
simulations. Experiments on Bose-Einstein condensates are being planned and new PT-symmetric
synthetic metamaterials are being developed. At an abstract level, PT-symmetric classical and
quantum mechanics are complex generalizations of conventional classical and quantum mechanics.

The advantage of extending physics into the complex domain is that theories that are unsta-
ble and physically unacceptable from the narrow perspective of real analysis may become stable
and physically viable in the complex domain. This is because the conventional way to determine
instability is based on energy inequalities. A theory is thought to be unstable if the potential is
unbounded below, but in generalizing from the real axis to the complex plane, the notion of order-
ing is lost; one can say that x < y if x and y are real, but not if they are complex. Thus, potentials
that are unbounded below in the real domain may no longer pose a problem in the complex domain.

A classical theory that is unstable on the real axis but stable in the complex domain is the
−x4 potential. At the quantum level, the Lee Model [1], the Pais-Uhlenbeck model [2], the double-
scaling limit of λφ4 theory [3], and time-like Liouville theory [4] were all believed for many decades
to be invalid quantum theories suffering from instabilities (which give rise to ghost states and
nonunitarity), but these are all physically acceptable PT-symmetric theories.

The powerful methods of PT-symmetric quantum theory may resolve even more timely prob-
lems, namely, the stability of supergravity [5] and the stability the Higgs vacuum in the Standard
Model [6].
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Abstract: The recent experiments on photonic topological insulators signified a new direction. We present 

the progress in this area, including also the first observation of topological Anderson insulators, with an 

emphasis on universal ideas common to optics, cold atoms and quantum systems. 

 

The discovery of topological insulators relying on spin-orbit coupling in condensed matter systems has created 

much interest in various fields, including in photonics. In two-dimensional electronic systems, topological 

insulators are insulating materials in the bulk, but conduct electric current on their edges such that the current is 

completely immune to scattering. However, demonstrating such effects in optics poses a major challenge 

because photons are bosons, which fundamentally do not exhibit fermionic spin-orbit interactions (i.e., Kramer’s 

theorem). At microwave frequencies, topological insulators have been proposed [1,2] and demonstrated [3] in 

magneto-optic materials, relying on strong magnetic response to provide topological protection against 

backscattering – in the spirit of the quantum Hall effect. However, at optical frequencies the magneto-optic 

response is extremely weak, hence a photonic topological insulator would have to rely on some other property. 

Indeed, numerous theoretical proposals have been made for photonic topological insulators [4-8], but their first 

observation [9], made by our group, relied on a different idea: Floquet topological insulators [10,11]. Later that 

year, another group reported imaging of topological edge states in silicon photonics [12,13]. These experiments 

have generated much follow up, among them predictions of nonlinear waves and solitons residing in the 

topological gap [14], storage and release of topological edge states [15], and the presence of topological states in 

non-hermitian systems [16,17]. The purpose of this talk is to review this recent progress, discuss new conceptual 

ideas, and suggest applications. Arguably, the most intriguing recent discovery in this area of “topological 

photonics” is the experimental observation of topological Anderson insulators (predicted in [18,19]], where a 

system becomes topological only when disorder is introduced [20].   
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Abstract - Our research focuses on transparent conducting oxides (TCOs) and transition 
metal nitrides (TMNs) which have great potential for enabling high performance, tunable, 
semiconductor compatible nanophotonic devices. Different types of applications have been 
studied to demonstrate the capability of TCOs and TMNs as plasmonic components, 
including unique properties in the epsilon near zero (ENZ) regime. For TCOs, tunability in 
both the intrinsic properties through deposition and annealing, as well as dynamic 
properties through optical excitation are explored. Our work has shown that TMNs and 
TCOs are appealing constituent materials for the applications in the visible and 
near-infrared wavelength regions including on-chip optical circuits, ENZ devices, localized 
surface plasmon resonances, and dynamic optical components. 

Recently, there have been many breakthroughs in the field of plasmonics which has enabled optical 
devices with unprecedented functionalities. Many of these devices have been faced with several 
technological issues preventing them to be realized in commercial production. One of the major 
problems is the high optical losses in the plasmonic (metallic) component. Traditional plasmonic 
components such as gold or silver have large optical loss in the visible and near-infrared regions. 
Additionally, these materials have other drawbacks, such as incompatibility with CMOS fabrication 
process, and relatively low thermal and/or chemical stabilities. Furthermore, it is difficult to control the 
optical properties of noble metals, and their optical properties are not suitable for realization of unique 
concepts such as epsilon-near-zero (ENZ) components. Finding a low-loss metallic component for a 
given plasmonic or nanophotonic application is an important step towards designing practical devices.  

Transparent conducting oxides (TCOs), such as heavily doped ZnO, are shown to be low-loss 
plasmonic materials in the near-infrared [1]. This has led to a growing interest in replacing noble metals 
with TCOs in the NIR for certain nanophotonic devices [2]. TCOs are promising candidates as 
plasmonic materials in the NIR for nonresonant applications such as hyperbolic metamaterials and 
epsilon-near-zero components [3]. For resonant applications, TCOs benefit in the NIR regime because 
simple TCO nanostructures can excite strong localized surface plasmon resonances (LSPR) and their 
behavior can be adjusted by controlling doping density and carrier concentration [4]. In addition to 



TCOs, CMOS-compatible transition metal nitrides (titanium nitride) are among the most promising 
materials currently available. TiN is a gold-like ceramic with a permittivity cross-over near 500 nm [2]. 
In addition, TiN can attain ultra-thin, ultra-smooth epitaxial films on substrates such as c-sapphire, 
MgO, and silicon. Partnering TiN with CMOS-compatible silicon nitride enables a fully solid-state 
waveguide which is able to achieve a propagation length greater than 1 cm for a ~8 µm mode size at 
1.55 µm. 

As theoretically and experimentally demonstrated by Ref. [5], two orthogonally patterned silver 
nanorods provide a phase shift of π/2 between two orthogonal polarizations at the visible range. A high 
throughput broadband quarter-wave plate (QWP) metasurface is possible using a similar design in the 
NIR by utilizing TCOs as a plasmonic component [6]. In addition to the QWP metasurface, we also 
studied the resonance behaviors of a metal-dielectric-metal multilayer nanostructure. By replacing the 
noble metal with TCOs, we can shift the gap surface plasmon resonance to the mid infrared regime 
which would require a multilayer structure using noble metals.  

TCOs can offer natural occurring ENZ at near infrared regime, including telecommunication 
wavelengths. We studied the resonant behavior of nanoantennae sitting on ENZ materials. It is found 
that the radiation pattern and resonant wavelength of nanoantennae are significantly influenced by the 
interaction between the antenna and the substrate. Due to the reduction in the permittivity towards zero, 
we observe a ‘pinning’ of the resonance condition near the ENZ point of these materials. In addition, a 
drastic modification of the radiation pattern from the antennas is reported, varying from a preferential 
forward-scattering into the high positive permittivity substrate at short resonance frequencies into a 
highly directional, back-scattered wave near the ENZ point. Our recent work has focused on observing 
the dynamic capability of TCO thin films. Using a pump-probe technique AZO film films are excited 
and the carrier dynamics are observed in both reflection and transmission. For a small incident fluence 
< 4 mJ/cm2 a 40% change in the reflection and 30% in transmission is observed for a 350 nm film. In 
addition, an ultrafast response time is observed where the entire signal returns to zero in ~1 ps. Through 
theoretical modelling, the excess carrier density in the AZO film is shown to be 0.7 × 1020 cm-3.  

In this talk we demonstrate the potential of TCOs and TMNs for enabling nanophotonic devices with 
an unprecedented level of flexibility and performance. The ability to achieve various regimes of static 
optical properties (e.g. metallic, ENZ, and dielectric) as well as outstanding dynamic properties in a 
CMOS-compatible platform cannot be overstated. Consequently, TCOs and TMNs provide a strong 
platform for future practical nanophotonic devices across the optical spectrum. 
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Abstract- Photonics hypercrystals represent a new class of artificial optical media. These 

hyperbolic metamaterials, with periodic spatial variation of dielectric permittivity on 

subwavelength scale, combine the features of optical metamaterials and photonic crystals. 
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Abstract- We report several radiative effects involving exchange of single photons at meta 

surfaces. Quantum interferences at such surfaces can induce intra atomic interaction. We 

discuss the possibility of strong entanglement between artificial atoms on meta surfaces as 

well as two photon Hong-Ou-Mandel interference. 
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Abstract-In recent years, the progress in optical metamaterials has led to new physics such as near 
zero optical parameters, diverging density of states and optical band structure engineering. We 
discuss several approaches for achieving dynamically gate-tunable metamaterials and metasurfaces, 
including finite-thickness layered metamaterials and metasurfaces using conducting oxide thin 
films as active elements and active, gate-tunable radiative emission from graphene metamaterials. 

 

We introduce a motif, shown in Fig. 1, for enabling electrical tuning of the effective optical parameters of a 

layered metamaterial, enabling us to gain active control over its constitutive properties. Field effect gating, 

which electrically modulates the permittivity in transparent conductive oxides via changes in the carrier density, 

enables active modulation of the anisotropy characteristics and the dispersion relation of hyperbolic 

metamaterials as well as “opening and closing” effective optical band gaps. Such active control over the 

response of metamaterials can pave the way towards novel active optical components like holographic displays, 

tunable polarizers, sensors and switches, slow light media and optical memories.  
Specifically, we investigate frequency and 

dispersion-tunable layered metal/dielectric/transparent 
conductive oxide (TCO) hyperbolic metamaterials in which 
field effect gating electrically modulates the permittivity in 
transparent conductive oxide (TCO) layers via changes in 
carrier density. This modulates the metamaterial dispersion, 
which can undergo an elliptical to hyperbolic transition with 
variation of TCO layer carrier density. We calculate the 
effective electric permittivity and magnetic permeability 
tensors of hyperbolic metamaterials and show that the permittivity modulation can be as high as 200% for 
experimentally realizable geometries and TCOs. This enables tunable effective birefringence and dichroism in 
hyperbolic metamaterials and tunability of photonic bandgaps. We also have performed a sensitivity analysis of 
the electrostatic field effect properties of TCOs, which yields useful insights for practical realization of gated 
field effect hyperbolic metamaterials with a wide range of TCOs and degenerately doped semiconductors. 

All matter at finite temperatures emits electromagnetic radiation due to the thermally induced motion of 

 

Fig.1: Schematic of a unit cell of a tunable planar metamaterial. 

 



particles and quasiparticles. Dynamic control of this radiation could enable the design of novel infrared sources; 
however, the spectral characteristics of the radiated power are dictated by the electromagnetic energy density and 
emissivity, which are ordinarily fixed properties of the material and temperature.  

We have experimentally demonstrated tunable electronic control of blackbody emission from graphene 
plasmonic resonators on a silicon nitride substrate. We show that the graphene resonators produce 
antenna-coupled blackbody radiation, which manifests as narrow spectral emission peaks in the mid-infrared. By 
continuously varying the nanoresonator carrier density, the frequency and intensity of these spectral features can 
be modulated via an electrostatic gate. This work opens the door for future devices that may control blackbody 
radiation at timescales beyond the limits of conventional thermo-optic modulation.  

In the present work, we experimentally 
demonstrate the dynamic tuning of blackbody 
emission through electronic control of graphene 
plasmonic nanoresonators on a silicon nitride 
substrate at temperatures up to 250oC. Our device 
is based on field effect tuning of the carrier density 
in nanoresonators, which act as antennas to 
effectively outcouple thermal energy within the 
resonator mode volume. We show that through 
this mechanism the thermal radiation generated by 
substrate phonons and inelastic electron scattering 
in graphene can be tuned on and off. By varying 
the charge carrier density of the graphene from 0 
to 1.2x1013 cm-2, with resonator widths from 20 to 
60 nm, we show that a narrow bandwidth emission 
feature may be tuned in intensity and varied in 
frequency across the mid-IR, from ~1,200–1,600 
cm-1.  

In addition to providing utility as a tunable 
mid-IR source, the physics by which this device 
operates is distinctly different from conventional 
laser or LED sources. For the case of graphene 
plasmonic nanoresonators that have highly confined mode volumes, the Purcell factor has been shown to be 
extremely high, approaching 107; thus the modulation rate of thermal emission from our device could be 
exceedingly fast, beyond what has been demonstrated with plasmonic enhancement of spontaneous emission in 
LEDs. For the device demonstrated here, where the switching and detection speeds are limited by a large 
electrical RC time constant, and the slow operation speeds of our FTIR-based detector, we were able to 
demonstrate kHz switching speeds.  However careful device design, where the capacitance is minimized and 
lower resistance contacts are used, could allow for the creation of a mid-IR emitter with ultrafast switching times 
and a broad range of tunability. 

 
Fig. 2. Tunable radiative emission experiment in which 70 x70 µm2 

graphene nanoresonator arrays are placed on a SiNx membrane with 

200nm Au back reflector. The graphene was grounded and a gate bias 

was applied through the SiNx membrane between the underlying Si 

frame and graphene sheet. The temperature was controlled and 

monitored at 250C in a vacuum of 1 mtorr. A 1-mm-thick KBr window was 

used to pass thermal radiation out of the stage into an FTIR with an MCT 

detector. 



How to deal with the loss in Plasmonics and Metamaterials 
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Recent years have seen staggering growth of interest in using nanostructured metals in optical range 

with the goal of enhancing linear and nonlinear optical properties or even engineering novel optical 

properties unknown in Nature – usually this burgeoning field is referred to as “Plasmonics and 

Metamaterials”.  After the initial years of excitement the community is slowly beginning to recognize 

that loss in the metal is an important factor that might impede practical application of plasmonic 

devices, be it in signal processing, sensing, imaging or more esoteric applications like cloaking. Yet there 

is still an optimism that the loss can be either cleverly “designed away”, compensated by gain, or a new 

lossless materials can be found. In this talk we examine these concepts one by one and find that they all 

have limitations. First we show that when it comes to enhancing the device performance (solar cells, 

sensors, nonlinear switches etc.) only the most inefficient devices can be improved by plasmonics while 

the performance of any decent device will only degrade. Then we demonstrate that in truly sub-

wavelength metal structures the metal loss is inherent and cannot be engineered away by clever 

changes in shape. We then consider the idea of compensating loss using semiconductor gain medium 

and demonstrate that required gain can never be achieved due to increase in recombination rates 

caused by Purcell effect. After that we consider the physics of losses in metals at optical frequencies and 

show that the nature of these losses is quite different from the losses in RF domain. We then show that 

negative dielectric constant at optical frequencies does not have to inevitably lead to large absorption, 

and guardedly point to the tentative way in which new materials with negative dielectric constant and  

very low loss  might be synthesized, thus restoring the hope for Plasmonics and Metamaterials  

  



Quantum Photonic Computing 

Jeremy O'Brian 
 

University of Bristol, United Kingdom 

 

  
Abstract— Of the various approaches to quantum computing, photons are appealing for their low-noise properties and ease of 

manipulation at the single qubit level, while the challenge of entangling interactions between photons can be met via 

measurement induced non-linearities. However, the real excitement with this architecture is the promise of ultimate 

manufacturability: All of the components-inc. sources, detectors, filters, switches, delay lines-have been implemented on chip, 

and increasingly sophisticated integration of these components is being achieved. We will present the opportunities and 

challenges of a fully integrated photonic quantum computer. 
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3Instituto de F́ısica, Universidade Estadual de Campinas - Unicamp, Campinas-SP, 13083-859, Brazil
oliveira@ifi.unicamp.br

Abstract— A detailed study of non-Bragg gap solitons in one-dimensional Kerr-metamaterial
periodic and Fibonacci heterostructures is performed. The transmission coefficient is numerically
obtained by considering the loss effects in the metamaterial slabs. A switching from states of no
transparency in the linear regime to high-transparency states in the nonlinear regime is observed
for both zero-order and plasmon-polariton gaps. The spatial localization of the non-Bragg gap
solitons are also examined and the symmetry properties of the soliton waves are briefly discussed.

The experimental realization of metamaterials, or left-handed materials (LHMs), has opened up
interesting possibilities in the study of 1D plasmonic heterostructures. In this respect, both periodic
and quasiperiodic structures, made up of bilayers AB composed of materials with positive (RHM)
and negative (LHM) indices of refraction, have been the subject of both experimental and theoret-
ical investigations. A study [1] on alternate stacks of nonlinear-Kerr/metamaterial have revealed
the existence of a < n > = 0 gap soliton: one finds a soliton-mediated transparency switching,
from a state of no transparency in the linear regime to total transparency in the nonlinear regime.
Moreover, recent investigations on 1D RHM-LHM heterostructures have shown that, for oblique
electromagnetic incidence, longitudinal bulk-like plasmon polaritons (PPs) may be excited, with
the non-Bragg PP gap showing up in the corresponding transmission spectra [2]. Recently, multi
stability, transmission switching and soliton formation have been reported on Kerr-metamaterial
superlattices at the band edge of the PP gap [3]. The band structure of periodic and quasiperiodic
stacks containing metamaterials strongly depends on the incidence angle [4, 5]. Considering that
the symmetry breaking aspect of quasi periodic structures has revealed a richer structure than its
periodic counterpart, such as the unfolding of additional PP modes, a thorough investigation on
the transmission switching and soliton formation phenomena in quasiperiodic metamaterial het-
erostructures with nonlinear inclusions is clearly in order.

Here we are concerned with a heterostructured system composed by the building blocks A (of
width a) and B (of width b), which are arranged according to a Fibonacci sequence. Layers A (or
AA) are characterized by a constant magnetic permeability µA and an electric permittivity given
by ϵA = ϵ0A + α|E(z)|2, where E = E(z) is the electric-field amplitude of the electromagnetic field
within the heterostructure. Slabs B represent the metamaterial whose frequency-dependent electric

permittivity and magnetic permeability are given by ϵB = fϵ+
Fϵ

βϵ−ν2−iνγ and µB = fµ+
Fµ

βµ−ν2−iνγ ,

respectively. In the above expressions [1, 3], we have set fϵ = 1.6, Fϵ = 40 GHz2, βϵ = 0.81 GHz2,
fµ = 1.0, Fµ = 25 GHz2, βµ = 0.814 GHz2, ν is the linear frequency and γ is a phenomenological
damping parameter which accounts for absorption/loss effects in the slabs B, both expressed in
GHz. Without loss of generality we have focused on the study of transversal-electric (TE) electro-
magnetic modes in the heterostructure.

We begin by studying the transmission coefficient as a function of the nonlinearity, at the partic-
ular frequency ν = 3.0557 GHz where the transmission coefficient is negligible in the linear regime.
For the Fibonacci generations S12, the transmission-switching phenomena and multi stability is
shown to occur and, in Fig. 1, the gap solitons corresponding to the first three points of maximum
transmission for the S12 generation are illustrated. For the lowest nonlinearity resonant value where
transmission is maximum a one-soliton distribution is clearly shown; the next lowest defocusing
value associated to the second maximum or the second resonant point, gives rise to a two-soliton
distribution, whereas defocusing corresponding to the third resonant point clearly excites a three-
soliton profile and so on. Note that, even in the presence of absorption, results indicate that the
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Figure 1: ⟨n⟩ = 0 gap soliton for normal incidence corresponding to the first, second, and third local maxima
[panels (a), (b), and (c), respectively] of the transmission as a function of the defocusing nonlinearity power
in the S12 Fibonacci heterostructure with a = b = 10 mm at ν = 3.0557 GHz. Solid and dashed lines
correspond to phenomenological loss/absorption parameters γ = 0 and γ = 10−3 GHz, respectively.

S12 heterostructure system has been efficiently tuned so that the first three points of maximum
transmission lead to one, two and three-soliton solutions, respectively.

We also performed a similar study for frequency values in the vicinity of the magnetic PP gap,
for oblique incidence with θ = π/24, in the TE configuration. The splitting of the PP modes in the
vicinity of the plasmon frequency affects the way in which the transmission-switching occurs, and
multiple maximum-transmission peaks with different heights are originated when the transmission
coefficient is plotted as a function of the defocusing nonlinearity power. The magnetic PP gap
solitons exhibit, in some cases, a strong localization around the inversion center of the entire sys-
tem, whereas in other cases they localize around the inversion centers corresponding to Fibonacci
sequences of lower order which are contained in the heterostructure. The localization properties of
the PP gap solitons are a clear manifestation of the quasiperiodicity on the electromagnetic modes
in Kerr-metamaterial Fibonacci heterostructures. Finally, we would like to point out that, in all
cases studied in the present work, the transparency-switching phenomenon is still observable at low
levels of loss/absorption in the heterostructure.

ACKNOWLEDGMENT

We thank the Agencies Estrategia de Sostenibilidad (2014-2016) and CODI - Univ. of Antioquia,
CNPq, FAPESP and FAEPEX-UNICAMP, for partial financial support.

REFERENCES

1. R. S. Hedge and H. G. Winful, “Zero-n gap soliton,” Opt. Lett., Vol. 30, No. 14, 1852-1854,
2005.
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Colloidal silica particles are being intensively studied due to their potential 
applications in catalysis, intelligent materials, optoelectronic devices, photonic 
bandgap crystals, masks for lithographic nanopatterning. In nanoscale electronic, 
photonic and plasmonic devices, feature dimensions shrink towards a critical limit, 
and new experimental approaches have to be explored in lithographic patterning to 
create ordered arrays of metallic nanostructures with useful optical properties. 
Nanosphere lithography uses self-assembled monolayers of spherical 
submicrometer-sized silica particles prepared by sol-gel and deposited onto silica 
glass plates. This silica monolayer is then used as a mask to create regular arrays of 
nanoscale features in the sample by 1-2 MeV Ag and Au ion implantation. By this 
way, after removal of the silica particles and an adequate thermal annealing of the 
as-implanted samples, the formation of Ag or Au nano-objects embedded in silica 
plates was confirmed by the presence of the surface plasmon resonance in the 
optical absorption spectra. The size and shape of the array of metallic 
nanostructures were studied by electron microscopy. The amount of implanted ions 
was measured by Rutherford Backscattering Spectrometry. The long range order of 
the metallic nanoparticle assembly and its plasmonic properties were characterized 
by a Fast Fourier Transform study and optical absorption measurements, 
respectively. 
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Plasmonic nanohole arrays are unique constructs. Under laser excitation, the incident 

electric fields can be strongly amplified and spatially guided when resonantly coupled to array 

plasmon modes. Nanohole arrays can be exploited to manipulate highly localized electric fields 

on the nanoscale, which has applications in development of plasmonic-assisted photovoltaic 

devices, optical devices and integrated nano-circuits. Our ongoing work combines experimental 

studies with classical numerical simulation aimed at understanding and controlling near-field 

focused photoemission from nanohole arrays in gold thin films. The arrays studied feature 

various hole separation distances and diameters, etched using focused ion beam (FIB) 

lithography. We map near-field photoemission from the arrays using non-linear photoemission 

electron microscopy (PEEM) following illumination with 15 fs laser pulses at 780 nm. We will 

discuss the information content in PEEM images of a series of 5×5 nanohole arrays, with 

emphasis on understanding the effects of varying hole separation and diameter on near-field 

photoemission. Our results can be rationalized on the basis of finite difference time domain 

(FDTD) simulations. FDTD calculations reveal that the near-field photoemission pattern can be 

optimally tuned by wavelength and incident angle of the electromagnetic fields. For a series of 3 

× N nanohole arrays, the near-field photoemission is shown to be well focused. We will illustrate 

how optimal focusing conditions can be achieved by varying the nanohole column number N.  

We show a preliminary application of plasmonic focusing by enhancing the photoemission from 

the vertex of a gold triangle using a nanohole array. Finally, the implications of these findings on 

understanding ongoing experiments aimed at controlling near-field focused photoemission from 

nanohole arrays will be discussed. 
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Abstract-Devices incorporating localized surface plasmon polariton-enhanced fluorescence have 

the potential to be more sensitive, effective and smaller than their traditional counterparts. A unique 

study examining the fluorescence enhancement of Tb
3+

 doped yttrium polytantalate, 

Tb0.15Y0.85Ta7O19, in the 1000-5000 nm region will be described.  After sputtering onto films of 

plasmonic gold nanoparticles, thickness dependent, infrared fluorescence enhancement factors were 

found to be 0.64-6-fold relative to the same thickness film without gold particles. The large 

Tb0.15Y0.85Ta7O19 film thickness dependence on the fluorescence enhancement factor will be 

described within the context of electromagnetic theory. 

 

Doped rare earth double oxides of the structure RE2O3-Ta2O5, where RE denotes a rare earth such as Eu
3+

, 

Tb
3+

, Tm
3+

, or Nd
3+

, have intense visible and infrared- emission and high thermal- and chemical-stability, 

making them attractive candidates for fluorescence imaging.
1,2

  However, their infrared fluorescence has not 

been widely studied,
3
 much less the effect of plasmonic materials on the infrared fluorescence intensity. Herein, 

variable thickness Tb0.15Y0.85Ta7O19 films were deposited on a sapphire substrate coated with randomly placed 

gold nanoparticles.  Their fluorescence intensity relative to an equal thickness film on bare sapphire—the 

fluorescence enhancement factor--was determined. 

Random gold nanoparticle films were prepared as described elsewhere.
4
  Briefly, polycrystalline Al2O3 was 

sputtered as a buffer layer onto c-plane sapphire wafers.  A gold film 9.9 nm thick was deposited, followed by 

annealing at 600 
o
C for 18 minutes, producing randomly placed gold nanoparticles 350-500 nm wide and 39.1 

nm tall.  The LSPP resonance spectrum of the random gold nanoparticles in air was centered at 1.52 m and 

quite broad, with resonances extending well past 3.0 m (not shown).  Subsequent annealing steps did not 

significantly affect their resonance.  Thin films of Tb0.15Y0.85Ta7O19 (25 nm, 50 nm, and 115 nm thick) were 

then sputtered onto bare sapphire and the previously heated gold films and annealed at 950 
o
C for 60 minutes.   

Figure 1A shows the fluorescence spectrum of the 25 nm thick Tb0.15Y0.85Ta7O19 film on gold nanoparticles 

and on bare sapphire.  The fluorescence spectrum, excited at 375 nm, of the Tb0.15Y0.85Ta7O19 film features 

three peaks, at 1.59 m, 2.38 m, and 3.96 m, with enhancement factors of 5.92, 5.95, and 5.54, respectively; 

that is on gold nanoparticle films, the fluorescence intensity is roughly 6 times more intense than an equal 

thickness film without plasmonic nanoparticles.  The fluorescence enhancement factors for the 1.59 m, 2.38 

m, and 3.96 m peaks in a 50 nm thick Tb0.15Y0.85Ta7O19 film are 1.67, 1.75, and 1.40, respectively, while for a 

115 nm thick film, they decrease further to 1.00, 1.11, and 0.64 respectively (Figure 1B).   

The enhancement factors can be quantitatively modeled using electromagnetic theory that will be described 

in a forthcoming publication.  Briefly, the Tb0.15Y0.85Ta7O19 induces a mirror image dipole in the gold 



            

nanoparticles, with an evanescent electric field extending into the ceramic film, and is represented by the first 

term in (1).   

                       (1) 

 

Simultaneously, because of their size, the gold nanoparticles non-resonantly scatter the excitation light.  The 

electric field, Esca, of the light scattered can be calculated using Mie theory.  The scattered light interferes 

constructively or destructively with incoming excitation light, whose electric field is described by Eexc. This 

changes the total amount of energy available for fluorescence excitation. The fluorescence enhancement factor is 

then a combination of the LSPP electric field and electric field interference.  Most of the 25 nm thick 

Tb0.15Y0.85Ta7O19 film contains mainly the LSPP electric field, so it exhibits the strongest fluorescence 

enhancement.  However, when the Tb0.15Y0.85Ta7O19 film is 115 nm thick, most of the fluorescence is from the 

bulk of the film which experiences destructive interference of the excitation light, producing a net quenching of 

the fluorescence.  This effect has previously been observed in plasmonic gold triangles designed to enhance the 

two photon absorption coefficient of a thin organic film.
5
  An example fit is shown in Figure 1C for the 

thickness dependence of the 1.59m fluorescence enhancement factor. Additional measurements are underway. 

 

Figure 1.  (A), fluorescence spectra with and without plasmonic gold nanoparticles for a 25 nm thick 

Tb0.15Y0.85Ta7O19 film; (B), the fluorescence enhancement factor for variable thickness Tb0.15Y0.85Ta7O19 films; 

(C), an example fit of (1) for the 1.59 m fluorescence peak.  The enhancement factors are represented by the 

squares, while the solid line is the fit using (1). 
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Abstract: A nanocavity in a gold thin film is optimized and arranged to form a metasurface. We 
numerically demonstrate that surface plasmon vortices with directional-tunable orbital angular 
momenta can be generated under linearly-polarized optical excitation. 
 

Introduction 

Surface plasmons (SPs) are near-field waves that propagate along the metal-dielectric interface as the result of 
collective electrons induced by external electromagnetic waves. Optical vortices are waves carrying optical angular 
momentum and exhibit abrupt azimuthal phase discontinuities. Recently, the ability to generate SP vortex in 
plasmonic spiral/slots has attracted immense research attentions [1-3]. However, up to now, SP vortices are 
generated using circularly polarized optical excitations that carry spin angular momentum (SAM) and don’t have the 
ability of directional-control. The functionality of the plasmonic spiral/slot can thus be understood as the conversion 
from far-field optical SAM to near-field orbital angular momentum (OAM) given by the chirality of the device. 

Metasurface is a new class of planar optical component comprised of designed subwavelength scatterers arranged 
with subwavelength separations. Recently, metasurfaces have been used to demonstrate anomalous light bending 
[4,5], controllable propagation of surface plasmon polaritons (SPPs) [6], and the generation of far-field optical 
angular momentum [4,7]. In this presentation, a nanocavity embedded in a gold thin film is carefully designed and 
arranged to form a metasurface. For the first time to our best knowledge, we numerically demonstrate the ability not 
only to generate SP vortex carrying OAM but also generate directionally tunable surface plasmon OAM in our 
designed metasurface under linearly polarized optical excitation that carries absolutely no angular momentum. We 
expect such ability to create direction-tunable optical angular momentum could be used in plasmonic-assisted 
optical rotations [3]. 

Design and discussion 

Figure 1(a) shows the schematics of our design. Our numerical studies are performed using three-dimensional finite-
difference time-domain (FDTD) method simulations. A single nanocavity is formed by embedding a crossed air-slit 
onto a gold thin film of 200 nm thick over a silica substrate. The arm lengths of the air-slits are 500 nm in the x- and 
780 nm in the y-directions, respectively. When a normally incident laser source illuminates the nanocavity, SPPs 
polarized in the z-direction with distinct spatial and phase characteristics can be selectively excited depending on the 
input laser polarization. In our current design, the difference in the arm lengths is optimized to provide a π/2 (-π/2) 
phase difference in the resulting SPP when the laser with vacuum wavelength of 1545 nm is 45° (-45°) linearly 
polarized, as shown in Fig. 1(b) (Fig. 1(c)), respectively. The nanocavity creates localized spin-like momentum. 

 
Figure 1. (a) Schematics of a single nanocavity. Instantaneous Ez field when the laser input is linearly 

(b) 45°-polarized, (c) -45°-polarized, respectively. 

The length-optimized nanocavities are arranged in the geometry of a circle to form a metasurface, where r0 is the 
distance between the center of a circle and the center of a nanocavity, as shown in Fig. 2(a). Figs. 2(b-e) show the 
instantaneous Ez field changes with time (from t=0 to t=3T/8) when the metasurface is excited by a 45° linearly-
polarized laser source. The SP vortex field rotates in the clockwise direction. On the other hand, Figs. 2(f-i) show 



the instantaneous Ez field under a -45° linearly-polarized excitation. In this case, field rotates in the 
counterclockwise direction.  

 
Figure 2. Schematics of the metasurface. The instantaneous Ez field (b-e) under 45° linearly-polarized excitation. The corresponding results 

under -45° linearly-polarized excitation are shown in (f-i). 

Figures 3(a-d) shows the instantaneous spatial phase, and time-averaged intensity when the metasurface is excited 
by a 45°(-45°) linearly-polarized laser source, respectively. The resulting SP vortex carries a topological charge of ±
1: as convincingly corroborated by the two field petals within a 2π azimuthal range in Figs. 2(b-i), as well as the one 
abrupt –to  phase jumps depicted in Figs. 3(a,c). In this verification, SP vortex carrying OAM is successfully 
generated. In addition, the time-averaged intensity patterns that form a doughnut shape shown in Figs. 3(a,c) follow 
a mathematical relationship of first-order Bessel’s function, again demonstrating an evident signature of near-field 
vortex with a topological charge of 1. To this end, the generation of SP vortex not only carrying OAM but also  
directional-tuning ability using linearly-polarized excitation is successfully demonstrated.  

 
Figure 3. The instantaneous phase (a), and time-averaged intensity (b) under 45° linearly-polarized excitation. The corresponding results 

under -45° linearly-polarized excitation are shown in (c-d). 

Conclusion 

A nanocavity embedded in a gold thin film is carefully designed and arranged to form a metasurface. For the first 
time to our best knowledge, we numerically demonstrate the ability not only to generate SP vortex carrying optical 
orbital angular momentum but also directional-controlled OAM in our designed metasurface under linearly 
polarized optical excitation that carries absolutely no angular momentum. This work was supported by the Ministry 
of Science and Technology of Taiwan under grant 103-2112-M-007-017-MY3. 
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Abstract- We here presents the first unified theory of the response of plasmonic nanoshells assisted by optical gain media. 

Our approach combines rigorous Mie scattering equations for the plasmonic structure and the density matrix formalism, 

which is well known in laser physics, allowing a correct description of different relaxation and energy exchange channels in 

the system. We derive a fundamental equation for calculation of SPASER frequency which we claim to be valid for any 

type of SPASER physical geometry. We demonstrate that cooperative energy exchange between SPASER modes provide a 

mechanism that is responsible for the spasing and loss compensation process in the laser resonator.    

 

Radiation of a dipole near a metal nanostructure supporting a surface plasmon (SP) is attracting renewed interest due to 

possible biosensing and metamaterials applications [1]. While early studies mainly focused on fluorescence of molecules 

near rough metal films, recent advances in near-field optics and in chemical control of molecule-nanostructure complexes 

spurred a number of experiments on single metal nanoparticles (NPs) linked to dye molecules or semiconductor quantum 

dots [2]. Emission of a photon by a dipole-NP complex involves two competing cooperative processes: enhancement due to 

resonance energy transfer (RET) from an excited dipole to the SP and quenching due to energy exchange with optically 

inactive excitations in the metal. These decay channels are characterized by radiative and nonradiative decay rates, 

respectively, and their balance is determined by the separation d of the emitter from the metal surface. The primary 

mechanism of cooperative emission is resonant energy transfer between emitters and plasmons rather than similar Dicke 

radiative coupling between emitters. The plasmonic cooperated emission is dominated by three supermode states similar to 

convention Dicke effect with the same quantum yield as a single emitter, leading to a drastic reduction of ensemble radiated 

energy down to just thrice of that by a single emitter, the remaining energy being dissipated in the metal through submode 

states [3-4].  We establish a complete description of the optical response of the system based on Green’s functions, which 

allows us to investigate high molecular coverage of metal nanoparticle with either regular or random distribution of dye 

molecules, taking into account not only the interactions between NP (treated in a multipolar approach) and dye dipoles, but 

also between dyes molecules, either directly or via the nanoparticle. Then we obtain a fundamental equation for the 

SPASER frequency which is independent on type of SPASER physical geometry. We show that that cooperative energy 

exchange between SPASER modes provide a mechanism that is responsible for the spasing and loss compensation process 

similar to the laser resonator with ability to induce stimulated emission. 
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Abstract— Tailoring the optical response of geometrically complex metal structures and clus-
ters is a highly demanding procedure. In the present work, we demonstrate the usage of the
surface integral equation method, for the evaluation of the near fields on metallic scatterers, at
the optical regime. In that way, some important physical insights occur, enabling the deduction
of useful design guidelines.

During the past decades, electromagnetic scattering theory has been extensively used for the
evaluation of the optical response and behavior of metallic nanostructures and clusters [1, 2]. A
plethora of new interesting concepts and applications is continuously emerging from that field of
study [2]. In principle, the optical response of metals, which can be physically understood as the
collective oscillations of the conduction electrons in metals [1], can be effectively tailored by the
size, shape and the host material of these scatterers. Although analytical treatments can reveal
some insightful design guidelines in simple structures [1, 3, 4], however, analytical methods fail to
provide very good estimations for the case of arbitrary shaped single particles and more complex
clusters.

Firstly, a rather simple and straightforward analytical treatment can be done under the elec-
trostatic approximation perspective. Meanwhile, some important observations and conclusions can
be drawn, limited only to particles or clusters small enough with respect to the illuminating wave-
length, [3, 4]. More physical insight can be obtained by the Lorenz–Mie scattering theory, in which
the electrodynamic scattering problem is solved, only for a few canonical shapes [1, 5]. Due to the
advances of sophisticated nanofabrication techniques structures of increased complexity are feasi-
ble. Therefore, a numerical method, that can calculate the optical response of arbitrarily shaped
particles and clusters, is necessary. Several approaches have been reported so far [5, 6, 7, 8], pro-
viding us with a wealth of information regarding these numerical methods. In our work, the surface
integral equation method (SIE) is implemented, as a robust and precise method [8, 9, 10] to obtain
and study the scattering response (efficiencies, near field, e.t.c.) of geometrically and materially
complex single structures and clusters.

Turning to the details, our analysis focuses on the calculation of the near field patterns at the
resonant wavelengths, or resonant modes [7] of various shapes such as spheres, ellipsoids, par-
allelepipeds, and core-shell structures. Here we demonstrate the near fields and the scattering,
absorption and extinction efficiencies of a silver sphere, using the Drude model. Particularly, in
Figure 1, the near field is depicted for a silver sphere of d = 100 nm diameter. Note that the two
main resonances can be clearly distinguished by their dipole and quadrupole characteristics; a result
that is in excellent agreement with Lorenz–Mie theory, stating that the used method provides us
with great physical insights. Moreover, the response of many other arbitrary shapes can be easily
studied with the SIE method. In conclusion, SIE can offer a clear, robust, and efficient visualiza-
tion of the near field distribution for a wide variety of particles and cluster shapes. As a result,
the necessary physical insight is acquired towards the understanding of the plasmonic behavior,
enabling the precise tailoring of the near field response which, after all, has a major impact on the
overall composite material behavior.
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Figure 1: Scattering, extinction and absorption efficiencies (center) of a silver sphere with d = 100 nm diameter.
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Mulvaney, P., Liz-Marzń, L., M. & de Abajo, F. J. G. (2008). ”Modelling the optical response
of gold nanoparticles.” Chem. Soc. Rev., 37(9), 1792-1805.

6. Laaksonen, K., Suomela, S., Puisto, S. R., Rostedt, N. K. J., Ala-Nissilä, T., & Nieminen,
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Abstract- Top-down fabrication of electron-beam lithography defined metallic nanostructures is a 
successful route to obtain extremely high electromagnetic field enhancement via plasmonic effects 
in well-defined regions. We present three-dimensional nano-array and nano-dimer devices that can 
be recycled via mask-less metal etching and deposition processes, due to conservation of the 
nanostructure pattern in the 3D geometry of the underlying Si substrate. Surface Enhanced Raman 
Scattering at extremely low density up to the limit of few molecules is demonstrated using 
substrates functionalized with adenine and Rhodamine-6G. 

 
Electron-beam lithography (EBL) combined with metal deposition and etching techniques allows for good 

control regarding the hot-spot design, and extremely high EM enhancement.1, 2 Among the best performing 
substrates are dimer structures, which lead to a highly localized EM enhancement in the nanosize gap, 3, 4 and the 
enhancement can be even further increased by elevating the dimer structures from the substrate in a 3D 
geometry.5, 6 However, the disadvantage of the EBL fabrication approach is its inherent high cost and the low 
throughput of the devices. In this paper we introduce elevated 3D plasmonic nanotructures, which integrate the 
advantages of extremely high EM enhancement at specific locations with excellent reproducibility, 
biocompatibility, tunable resonance wavelength, and for which the high fabrication cost of the 3D template is 
counterbalanced by facile mask-less recyclability.7 

 

 
Figure 1. Scanning electron microscopy images of different 3D plasmonic structures for SERS: (a) Nanostar 

dimer in a ring featuring a metallic AuAg bilayer and a 5 nm gap at the center, (b,c) Square 
dimers with gaps in diagonal (b) and parallel (c) orientation, (e.f) nanocross arrays with different 
polarization sensitivity and hot spot layout. 

 
We performed numerical calculations to optimize the structure geometry and to support the experimental 

data. Furthermore the 3D plasmonic nanostructures were characterized with respect to the metal layer 



composition, size, height, and incident light polarization. The SERS performance and sensitivity were evaluated 
by using the non-fluorescent molecule p-aminothiophenol (pATP) as analyte, and more general versatility was 
demonstrated using also Rhodamine (R6G) and adenine (DNA base) molecules at very low concentration. 
Finally, the recycling capability was quantified via repeated cycles of molecule chemisorption, SERS 
measurements, and cleaning via wet-chemical etching followed by metal evaporation, yielding a SERS 
enhancement factor of 107 (with respect to a planar Au film) in each cycle.  

 
Figure 2. (a) Scheme illustrating the mask-less recycling process using 3D nanostar dimer structures. (b) 

SERS spectra obtained from pATP molecules functionalized on nanostar dimers for 5 
consecutive recycling cycles. 
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Abstract— Fano resonance is ubiquitous in plasmonic structures, resulting from interference
between a bright mode and a dark mode. Toroidal dipole resonances, which are in general of high-
Q, represent an important response in ”toroidal metamaterials.” We study the Fano resonance
effect arising from the toroidal resonances in various plasmonic-dielectric nanostructures. It
is shown showed that extinction, transmission, and photoluminescence can feature the Fano
interaction which is important for the macroscopic properties, enabling efficient design of unique
photonic nanostructures and metamaterials.

Fano resonances in plasmonic nanostructures and metamaterials has been a subject of inten-
sive study over the past several years [1, 2]. Fano resonance opens up new directions in exploring
quantum-optical analogies. At the same time, it provides interesting mechanism in engineering un-
usual optical properties associated to various plasmonic structures and judiciously designed “meta-
atoms” and their arrays. The sharply asymmetric spectral line shape enables ultra-sensitive optical
sensing. The abrupt phase variation near the Fano dip leads to nontrivial near-field associated
consequences, such as reversal of optical binding force between nearby nanoparticles [3, 4] .

Recently, toroidal moments in plasmonic or dielectric systems have gained great interests because
the toroidal responses are usually inconspicuous but were found to be dramatically enhanced in
metamaterials [5, 6, 7, 8, 9]. Though remaining weakly excitable by far-field free waves, the toroidal
response may be dramatic in excitation by a near-field source, or by sources that can be of highly
matched symmetry to the toroidal mode pattern. For example, in a low energy electron spectroscopy
(LEES) measurement or in local dipole source induced photoluminescence (PL) spectroscopy. In
both cases, the source can further induce a spectrally nearby resonance, for example, an electric
dipole resonance or a surface plasmon polariton (SPP) wave. This gives rise to the opportunity
of strong mutual interactions between the toroidal mode and the else, and therefore possible Fano
interference between them.

We have utilized a nanoshell disk to demonstrate the proposal. It has been justified that one of
the cavity modes in a circular metal-dielectric-metal resonator (CMDMR) has dominant magnetic
toroidal dipole moment. We analytically and numerically show that lateral plasmonic coating
can be an interesting way to mediate the cavity modes in the CMDMR. As the lateral plasmonic
coating transforms the sandwiched circular resonator to a core-shell nanodisk (CSND), it is shown
that all the usual in-plane magnetic modes are eliminated and only toroidal and toroid-like cavity
modes T(m,n) can survive in the CSND (see Fig. 1). All these modes are resulted from the
coherent cylindrical surface plasmon waves, described by the second type Hankel function, with
approximately the Dirichlet boundary condition. The out-of-plane electric field is dictated by

Ez(r, ϕ, z) = A(z)[H(1)
m (kr) + rmH

(2)
m (kr)]eimϕ. (1)

In summary, we show that using the Fano resonance resulting from the interation between a
toroidal mode with conventional modes, e.g., electric dipole or SPP waves may present a good
way to examine the elusive properties of toroidal moments. Experimentally, it is not difficult to
fabricate nanoshell disks and measure the LEES or the PL spectrum to achieve that.



Figure 1: Field pattern under the excitation of a dipole source. (a)-(c) are for the close cavity while (d)-(f)
for the corresponding open cavity. The resonance frequency is labeled in each panel. The fundamental gap
plasmon mode T(1, 0) (magnetic toroidal dipole), higher order gap mode, as well as the exterior SPP waves
are excitable by an electric active dipole, respectively. Their scattering can interference, resulting in Fano
spectrum.
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Abstract: Metal-insulator-metal (MIM) waveguide modes can be guided by a subwavelength 

metallic nanogroove. Here we propose an analytical model for reproducing the dispersion diagram 

and the field distribution of the guided modes in the nanogroove. The model is built up by 

considering the dynamical multiple scattering of the fundamental mode in the nanogroove. With 

the model, the number of propagative modes for finite-depth grooves and the cut-off frequency 

can be obtained. The model reveals that the modes guided by the groove can be understood due to 

an excitation of the fundamental mode. In addition, the amount of calculation can be reduced since 

the mode in the nanogroove is decomposed into two counter-propagating fundamental modes. 

 

With the development of modern nanofabrication techniques, regular metallic structures such as 
nanoapertures and nanogrooves attract considerable attention due to their fundamental importance in near-field 
optics and nanophotonics [1-6]. Metal-insulator-metal (MIM) waveguides can be used for guiding waves 
at deep-subwavelength scale [1,2]. Since nanogroove in a metallic substrate is an important MIM waveguide 
that has applications in plasmonic couplers [3], wavelength filters [4,5] and coupling cavities [6], an 
intuitive model for analyzing the dispersion behavior of modes guided in nanogrooves at a microscopic 
view is crucial. 

The considered nanogroove is shown in Fig. 1. The groove is cut in a gold substrate and is filled 
with air, for which the depth and width are denoted by h and w, respectively. The modes in the groove 
propagate along y-axis. Each mode guided by the groove is considered as a superposition of the down-going 
and up-going fundamental modes excited in the groove. We use a and b to denote the unknown coefficients 
of the down-going and up-going fundamental modes in the groove, which are determined in the model 
by considering a multiple scattering process. 

 
Fig.1 Sketch of the subwavelegth metallic nanogroove. h is the depth of the groove, w is 
the width of the groove, a and b denote the unknown coefficients of the down-going and 
up-going fundamental modes in the groove. 
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Fig.2. Dispersion relation obtained with the model (red-solid curves) and the fully-vectorial 
aperiodic Fourier model method (a-FMM, blue circles). The depth and the width of the 
groove are 1.5μm and 0.05μm. Here, ky is the propagation constant of modes guided in 
the groove. 

The real part of the propagation constant of the modes guided in the nanogroove is shown in Fig. 
2, for which the depth and the width of the groove are h=1.5μm and w=0.05μm, respectively. It is seen 
that the prediction with the model (red-solid curves) agrees well with the fully-vectorial numerical calculations 
(blue circles). Our approach provides an intuitive picture for understanding the dispersion behavior of 
the modes guided in subwavelegth metallic nanogrooves. 
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Abstract- In the work the radiation scattering by metal nanospheres in a dielectric matrix is studied 

theoretically for long and short pulses. Spectral-angular scattering efficiency and total probability 

are calculated and analyzed for different parameters of the problem. It is shown that plasmonic 

interference effects play important role in pulse scattering on metallic nanospheres in matrix with 

high value of dielectric permittivity. 

 

The presentation is devoted to theoretical investigations of electromagnetic pulses (EMP) scattering on 

metallic nanospheres embedded in dielectric matrix. We consider scattering of two types of pulses, namely, long 

quasi-monochromatic and ultrashort EMP. In the first case the spectral-angular scattering efficiency (Q) is 

calculated for various parameters of the problem in the frame of Mie theory [1]. It is shown that the character of 

interference between dipole and quadrupole plasmon in EMP scattering efficiency is strongly depended upon the 

scattering angle as it is shown in fig.1. 

 

Fig.1. Spectra of scattering efficiency of long EMP on silver sphere with radius 40 nm embedded in glass matrix 

for various scattering angles: solid line – backscattering, dotted line – forward scattering, dashed line – scattering 

averaged over the angle 

 

One can see from fig.1 that strong interference effect between dipole and quadrupole contribution in 

scattering efficiency takes place at photon energy near 3.1 eV. At this point there are destructive interference for 

backscattering (deep minimum in spectral efficiency) and constructive interference for forward scattering (sharp 

maximum in spectral efficiency). Note that the spectral efficiency minimum at 3.8 eV does not connect with 

Q 

ħω, eV 



interference effect but is due to the growth of radiation absorption in silver via interband electronic transitions.  

It is shown that interference effects in the EMP scattering reduce with the decreasing of the dielectric 

permittivity of the matrix. So in the air these effects for silver nanospheres are practically negligible. 

 In the second case we calculated and analyzed the scattering probability (W) of ultra-short pulses during all 

time of the EMP action as a function of pulse duration, carrier frequency, scattering angle and radius of the 

target. For the calculation of scattering probability we used the following expression derived in [2]: 
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here   Qr 2   is cross-section of the scattering, r is radius of nanosphere,  E  is Fourier transform of 

electric field strength in the pulse, с is light velocity. Note the  E  depends upon pulse duration, carrier 

frequency and pulse shape. In our calculations we used so called corrected Gaussian pulses [3] which do not 

contain the constant spectral component.  

Dependence of total scattering probability upon pulse duration is shown in fig. 2 for different scattering 

angles () and pulse carrier frequency corresponded to the deep minimum of backscattering efficiency =3.132 

eV (see fig.1). 

 

Fig. 2. Dependence of scattering probability upon the pulse duration for various scattering angles: solid line – 

backscattering, dotted line – =150°, dashed line – =135°, =3.132 eV 

 

From fig. 2 it follows that plasmonic interference effect in scattering appears brightly for the backscattering. 

Corresponding dependence looks as the line with maximum decreasing with the increase of pulse duration in 

contrast with traditional picture when the probability of photoprocess is a linear function of pulse duration. 
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Abstract- Plasmonic nano-structures show diverse optical functions due to their locality and field 

enhancement. For effective use of plasmonic nanostructures, efficient excitation, detection and 

modulation systems are needed. Recently, we proposed the integrated tapered optical nano-fiber 

structures on substrate for such plasmonic applications. The nano-fiber structures are fabricated 

using focused ion beam milling and wet etching. In this presentation, we report the numerical 

analysis and experimental results of these nano-fiber applications for plasmon superfocusing and 

propagation mode control. 

 

Surface plasmon polaritons (SPP) excited at the metal-dielectric interfaces and in metallic nano structures 

can overcome the diffraction limit of light and can be applied for nano optical devices and sensing. Such surface 

plasmons are efficiently enhanced in the tapered metallic structures when excited with appreciate polarized light. 

These special electromagnetic modes are called “superfocusing mode” [1-2]. The electric field of superfocusing 

mode decay rapidly and their scattering field from the apex of taper is reduced. Due to these characteristics, the 

superfocusing of surface plasmons have an advantage for excitation of individual nano-objects including 

molecules with high signal-to-noise ratio. In order to show the possibility of superfocusing of surface plasmons 

to apply to excite nano-metric ensembles, we are investigating the suitable structures. The metal-coat tapered 

optical fibers are commonly used for the probes of near-field microscopy [3] and are suitable for fabrication of 

these superfocusing devices. Furthermore, when these probes are arranged face to face with nano-scale gap, the 

electric fields in the nano-gap effectively are enhanced. Recently, we succeeded to fabricate the tapered optical 

fiber structures on Si substrate [4]. Figure 1(a) shows a schematic picture of nano-fiber-based plasmon focusing 

stricture. We fabricated these structures using focused ion beam (FIB) milling and buffed fluoric acid etching [4]. 

The scanning electron microscope (SEM) images are shown in Fig. 1(b). Because the structures are formed in an 

optical fiber, exciting light are easy to couple the tapers and nano-gap structure. Figure 1(c) shows the numerical 

result of the superfocusing of SPP in the proposed structure using FDTD method. In this case, counter 

propagating TM01 modes (λ=1064nm) excite both taper structures and the longitudinal electric field (Ez) is 

strongly enhanced (110 times of the incident electric field density) at the nano-gap.  

 By controlling the etching procedures, we could also fabricate the exposed nano-fibers with sub-micron 

diameter by the same process. Optical nano-fibers support propagation modes with large evanescent portion 

which are expected for the interaction with the environment outside of core. Therefore, nano-fibers are widely 

used for optical sensing, particle manipulation, quantum optics and so on. Generally, optical nano-fibers are  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

fabricated by the flame-pulling method. Compared with such method, our approach can realize the fabrication of 

nano-fiber with controlled the core diameter and taper length at arbitrary position of a fiber. Furthermore, we can 

design and introduce different nanostructures at each nano-fiber sections. Recently, by introducing metal 

nano-structures into the waveguide, some interesting phenomena including the plasmon induced transparency 

using the coupling between local plasmon resonance and waveguide modes [5] and the propagation-direction 

controllable chiral nano-waveguide based on spin-orbit interaction [6] were proposed. To realize and integrate 

such plasmonic functionalities, we investigated the introduction of plasmonic structures in the nano-fibers. The 

schematic model is shown in Fig. 2(a). About this time, we analyzed the propagation properties of nano-fiber 

(diameter 800nm) with the periodic gold nano-structures (width: 200nm, length: 200nm, thickness: 50nm) using 

FDTD method. Figure 2(b) shows the electric field density in the nano-fiber. We observed the coupling to higher 

mode and the modal interference depending on the size and position of metal nano structures. Until now, we 

could introduce the periodic nano-structures in the nano-fibers shown in Fig. 2(c) and control the transmission 

spectrum. In this presentation, we will present optical properties of nano-fiber with the metallic nano-structures. 

We believe that our integrated nano-fibers with plasmonic structures gather versatile optical functions in optical 

fiber and are applied to optical signal processing and optical sensing at nanoscale. 
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Figure 1 Superfocusing structure (a) Schematic picture 

(b) SEM picture and (c) FDTD simulation results. 

Figure 2 Nano structure in nano-fiber (a) Schematic picture and (b) 

FDTD simulation results for metal nanostructures. (c)SEM images of 

periodic structure in nano-fiber.  
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Abstract – We present a novel method using step phasors to study the early dynamics of light 

transmission through a sub-wavelength slit and to describe transmitted electric field components. 

The resultant transmitted electric field is based on the superposition of the step phasors and can be a 

non-smooth wave function. Besides academic importance, these findings are of immediate interest 

towards applications of pulsed nano-photonics.  

Extraordinary optical transmission (EOT) through sub-wavelength hole arrays in a metallic film [1] has been 

an important topic in nano-photonics. In the past decade, a significant amount of theoretical research has been 

carried out towards understanding the steady light transmission [2, 3]. Mechler et al. [4] analyzed the 

transmission of Gaussian pulses with only a few light periods and found three regimes of resonant excitation, 

determined by their temporal pulse widths. So far, wave mechanics with smooth functions are considered. For 

simplicity, a single subwavelength slit can be used as a basic model to understand the fundamental mechanism 

and its related optical properties. 

We consider polarized light transmitting through a 

sub-wavelength slit. Figure 1 shows an electric field entering the slit, 

a portion of it reflecting within the slit, and exiting the slit with a 

phase of  from the previous exiting electric field. This process 

repeats and each transmitted electric field component Ej can be 

explained using a step phasor that is a product of a step function and 

a phasor, which is zero when t –j≤ 0 and is a regular phasor 

oscillating sinusoidally when t –j≥ 0, j j (Fig. 2), where j is 

the index of the individual component of the electric field.  

 

          

 

 

 

 

 

 

 

 

The resultant transmitted electric field is calculated from the superposition of the electric field components, 

that is, the sum of the step phasors [Fig. 3].  The resultant transmitted electric field has a discontinuous change 

in its amplitude and/or phase whenever there is a new component added.  Figure 4(a) shows the variation of the 
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Fig. 1. Schematic for the components of 

electric field transmitted through the slit.  

Fig. 2. Individual step phasors 

Fig. 3. Summed phasors 
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individual phasor and Figure 4(b-c) show the resultant transmitted electric field. Without loss of generality, we 

let the phase 1 T [Fig. 4(a) and Fig. 4(b)] and the phase 3 T [Fig. 4(c)]. The gray, green, blue, and red 

curves respectively represent the individual components j = 0, 1, 2, and 3 or the summed field n = 0, 1, 2 and 3. 

When 1 T, each electric field component is zero when t < j, and becomes a sinusoidal oscillation when t ≥ j. 

Its amplitude decreases with j. The amplitude of the resultant electric field increases monotonically with time. 

When 3 T, its amplitude is also modulated in a period of three. 

(a)    (b)    (c)  

Fig. 4. (a) Individual components when j = 0, 1, 2, 3. (b) Summed phasors, 1T. (c) Summed phasors, 3T.   

The resultant transmitted electric fields for phases having non-integer periods are shown in Fig. 5. For all 

cases, the first component is sinusoidal and starts at t=0. When 0.25T, the field increases to be larger than the 

one at t=0.25T. This increase is clearly shown to be discontinuous in the first derivative of the wave field 

function. At t=0.5T, the shift of the field phase is visible and the amplitude begins to decrease.  The amplitude 

is shown to decrease and to be less than one at t=0.75T. When 0.5T, the amplitude first decreases, then 

increases, and decreases again. When 2.5T, the amplitude of the resultant transmitted field is also modulated. 

However, it is not monotonic increases with time as the case of 1 T.  Instead, the time variation of its 

amplitude is the same as that for 0.5T.  

(a)   (b)   (c)  

Fig. 5. The resultant transmitted electric fields when (a) 0.25 T, (b) 0.5 T, and (c) 2.5 T.  
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Abstract We propose a metasurface anti-reflection coating for visible light using randomly 

dispersed silver nanodiscs. The effective refractive index of 10nm-thick monolayer of silver 

nanodiscs is about 0.5 for visible light, which enable strong suppression of reflection from substrate. 

This structure is easy to fabricate using conventional wet-coating methods and we report successful 

fabrication of proposed structure in a large area. 
 

Metamaterials and metasurfaces are artificial materials engineered to have optical properties that can not be 

found in nature. They consist of structures to have features smaller than the wavelength of light. It has been 

proposed that metamaterials offers novel phenomena that break conventional optical limits, such as negative 

refraction, perfect lensing and optical cloaking [1-2]. 

One successful example of metasurfaces is a monolayer of randomly dispersed silver nanodiscs [3]. 

Plasmonic resonances of silver nanodiscs show strong reflection in the infrared wavelength, whereas the 

structure is transparent for the visible light. Recently, we have proposed to use this structure for another 

application: a large-area antireflection (AR) coating for visible light [4-5]. Anomalous refractive index of silver 

nanodiscs enables strong suppression of reflection from substrate. In this report, we discuss the optical property 

of the structure in detail and report the successful fabrication of the proposed structure in a large area. 

Fig.1 shows scanning electron micrograph of randomly dispersed silver nanodiscs on polyethylene 

terephthalate (PET) film. The diameter of each nanodisc is about 120nm, and thickness is about 10nm.  

We calculated the optical properties of the structure using an electromagnetic optical simulation based on the 

finite difference time domain (FDTD) method. Estimated effective refractive index of this layer is about 0.5 in 

the visible wavelength, which is far below natural materials. We designed anti-reflection coating consist of silver 

nanodiscs layer and transparent cover layer. The simulated reflectance spectrum of designed structure is shown 

in Fig.2. AR coating with silver nanodiscs shows lower reflectance than the reflectance of conventional 

AR-coating over the visible wavelength.  

The proposed structure is compatible with conventional wet-coating methods. We fabricated the proposed 

structure on PET film in a large area with chemically synthesized silver nanoparticles using the standard 

wet-coating process. In this case, we designed and fabricated three layer anti-reflection coating including a 

monolayer of silver nanodiscs. Fabricated film was laminated on both sides of a glass. Fig.3 shows a photograph 

of a normal glass and an AR-coated glass. The reflected glare is suppressed on the AR-coated glass and we can 

see the other side of the glass clearly. 

 



Fig.4 shows the measured reflectance spectra of fabricated AR-coated glass. The reflectance is less than 

0.3% at 550nm, which is 25 times smaller than the reflectance of normal glass.  

We believe that our results are important for the practical applications of metasurfaces. 
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Fig.1: Structure of monolayer silver nanodisks.      Fig2: Comparison of simulated spectrum of conventional AR 

coating and AR coating with silver nanodiscs. 
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Fig.3: A photograph of normal and AR-coated glass.  Fig.4: Comparison of measured spectrum of normal and 

AR-coated glasses. 

 

REFERENCES 
1. W. Cai, V. Shalaev, Optical Metamaterials: Fundamentals and Applications, (Springer, 2009) 

2. A. V. Kildishev, A. Boltasseva, and V. M. Shalaev, Science,339, 6125 (2013) 

3. T. Tani, S. Hakuta, N. Kiyoto, and M. Naya, Optics Express, 22, 9262, (2014) 

4. H. Yasuda, R. Matusno, T. Tani, and M. Naya, proceedings of JSAP Spring Meeting 2015, Kanagawa, Japan, 

March 2015, in press (in Japanese). 

5. H. Yasuda, R. Matusno, T. Tani, and M. Naya, proceedings of the 10th Asia-Pacific Conference on Near-field 

Optics, Hakodate, Japan, July 2015, submitted. 



            

Controllable surface plasmon polariton excitation by usage of a 

nanoantenna metasurface 

 

H. Mühlenbernd
1*

, P. Georgi
1
, N. Pholchai

2,3
, L. Huang

4
, S. Zhang

5
, and T. Zentgraf

1
 

 

1
Department of Physics, University of Paderborn, Germany 

2
Laser and Optics Research Group, King Mongkut´s University of Technology North Bangkok, Thailand 

3
Department of Industrial Physics and Medical Instrumentation, King Mongkut´s University of Technology 

North Bangkok, Thailand 


4
Beijing Institute of Technology, Beijing, China 

5
School of Physics & Astronomy, University of Birmingham, United Kingdom 

*
corresponding author: holger.muehlenbernd@upb.de 

 

Abstract - Surface plasmon polaritons (SPPs) are used for many technical and scientific 

applications, reaching from integrated optics to bio sensing. For many applications it is necessary to 

control the amplitude and phase of SPPs. This challenge we solved by using a metal insulator metal 

metasurface containing nanoantennas. With this structure we can change the phase and the 

amplitude of the excited SPPs continuously simply by changing the polarization state and angle of 

the incoming light.  

 

The control of SPPs is a necessary ability to generate, modify or even use plasmonic devices of different 

kinds, such as graphene plasmonics [1] or integrated optics [2, 3]. To couple light from the far field into a 

propagating SPP the usage of a periodic structure or a prism is required. Periodic surface structures, e.g. gratings, 

have the advantage that they provide the necessary momentum kspp for the excitation of the SPP mode. However, 

no control of the SPP phase during this excitation has been demonstrated so far. Recently, it was demonstrated 

that metasurfaces can be used to obtain a directional SPPs excitation by utilizing the polarization state of the 

light [4, 5, 6]. With the same technique it should be possible to directly control the phase of a SPP. 

Here, we use a metasurfaces made of plasmonic nanoantennas on an MgF2/Au interface to couple light into a 

SPP. By using circularly polarized light for the excitation a topological phase can be locally generated at each 

nanoantenna. Hereby, the local orientation of each nanoantenna determines the phase. In such a way we 

generated a phase gradient with the antenna array along the surface. Equation (1) shows the needed momentum 

for a SPP. Here m is the diffraction order, s is the lattice constant and  is the phase difference between two 

antennas.  represents the helicity of circularly polarized light. For right/left circularly polarized light (RCP/LCP) 

 is +1/-1, respectively. 

                                𝑘𝑆𝑃𝑃 = 𝑚
2 𝜋

𝑠
+ 𝜎 

2 ∆𝜑

𝑠
                           (1) 

To demonstrate the control about the excitation strength of a SPP we fabricated a structure with two gratings 

etched into a gold layer and an antenna layer (metasurface) between the gratings. The nanoantennas excite the 

SPPs and the gratings couple the light back into the far field to determine amplitude and phase of the SPPs. By 

changing the polarization state of the incoming light, we are able to change the intensity of the SPPs 



continuously (Fig. 1a). For a linear polarized excitation beam SPPs are launched to both sides of the 

metasurfaces with equal amplitudes. For this configuration we measured the relative phase change between the 

two SPPs (to the left and to the right) by rotating the incident plane of the linearly polarized light (Fig. 1b).  

 
(a) 

 

 

 

(b) 

Figures 1: a) Intensity of the recorded light intensity at the right (red stars) and left (blue crosses) grating 

over the polarization angel of a quarter wave plate. An angle of 0° or ±90° represents linearly polarized light 

whereas ±45° corresponds to a circular polarization. b) Far field interference pattern of the light from the two 

gratings at linear polarization of the incident light. From the shift of the interference pattern we determined the 

relative phase of the SPPs in dependents of the polarization state. 

 

With a suitably designed metasurface made of plasmonic nanoantennas on top of a metal layer we are able to 

tailor a SPP excitation in amplitude and phase simply by changing the polarization state of the excitation light. 

Such a tailoring might be useful for integrated optics or other scientific applications, where coherent processes 

play an important role. 
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Abstract- The possibility to develop nano-architectures with appreciable magnetic response at optical 
frequencies has been matter of intense study in the last few years. Here we introduce matrices of 
nanodisk trimers as a viable platform for the generation of extremely intense and localized magnetic 
hot-spots. Exploiting the Fano resonance condition, the optical magnetic fields can be squeezed in 
strongly sub-wavelength regions, opening promising scenarios for spin-wave engineering. 

 
In the last decade, several efforts have been spent in the investigation of the so-called “artificial magnetism” 

[1-2]. Within this context, plasmonic Fano resonances can be a key-element for revealing and modulating the 
magnetic properties of matter, especially in frequency ranges where the saturation of the magnetic response 
strongly hinders resonant phenomena [3-4]. 

 

Figure1: (a) electric and (b) magnetic field enhancement distributions in Fano resonance condition. (c) SEM micrograph of 
the fabricated structures. (d) Extinction efficiency spectra of trimer arrays for upper disk diameters equal to 160 nm, 210 nm, 
310 nm and 350 nm. (e) LSPs de-phasing, around the Fano resonance position. (f) Magnetic field enhancement associated to 
the triemr gap region, as a function of the upper disk diameter. 
 



Here, we present matrices of planar trimer nano-assemblies able to sustain a coil-type plasmonic mode in Fano 
coupling condition. The proposed configuration compensates the ohmic losses with the intense displacement 
current triggered inside sub-10 nm inter-particle gaps. Furthermore, the plasmonic nature of the involved 
resonances induces the sub-wavelength concentration/generation of magnetic hot-spots at optical frequencies 
(see Fig. 1a,b) [3]. 

Arrays of planar disk trimers supporting close current resonances were fabricated on CaF2 (100) substrates 
by means of electron beam lithography and physical vapor deposition (Fig. 1c). The samples have been 
characterized via far-field transmission spectroscopy (normal incidence condition), and the associated extinction 
efficiency spectra have been reported in Fig. 1d. By applying a morphological symmetry breaking [5], associated 
to the upper nanodisk diameter variation (from 160 nm to 350 nm), we were able to induce a radical 
modification in the optical response of the plasmonic system. In particular, the gradual increasing of the upper 
disk diameter (see Fig. 1d) has promoted the arising of a pronounced extinction dip inside the broad trimer 
spectrum, i.e. a clear signature of a Fano-like hybridization. The appearence of a magnetic hot-spot inside the 
gap region, is attributed to the mutual de-phasing of the localized surface plasmons supported by the three disks. 
In Fano resonance condition the plasmonic currents, initially in phase (see left inset of panel e), undergo a 
re-arrangement producing a coil-type plasmonic mode in the gap region (see right inset of panel e). The 
magnetic character of the Fano resonance has been further confirmed by the near-field analysis inside the trimer 
gap region (see panel f). For small disk diameters, the local magnetic field enhancement is around the unity 
(black dots in panel f). However, beyond 250 nm diameter, the magnetic enhancement in Fano resonance 
condition presents a steady increase towards a factor of around 10. 

In conclusion, we were able to induce a Fano coil-type resonance in a planar disk trimer nanoassembly for 
the generation of intense magnetic hot-spots. These results are particularly remarkable considering that we 
conducted our study for exciting radiation orthogonal to the substrate and therefore without external magnetic 
component aligned to the trimer magnetic moment. Finally, due to the low-less character of Fano coil-type 
resonances, the proposed device can promote the optical modulation of the local magnetic susceptibility, with 
straightforward implications in spintronics, superlensing, cloaking, and nonlinear spectroscopy. 
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3FCENA, Universidad Nacional del Nordeste, Corrientes, Argentina
mochan@fis.unam.mx

Abstract— The surface of the nanoparticles in a composite metamaterial may be a source of
strong SH radiation, but only if their geometry is itself non- centrosymmetric. We present an
efficient scheme for its calculation.

The nonlinear dipolar second order third rank susceptibility tensor responsible of second har-
monic generation (SHG) vanishes due to selection rules within centrosymmetric media. Neverthe-
less, at surfaces the centrosymmetry is necessarily lost and a large second order dipolar polarization
may be induced within a thin region close to the interface of an otherwise centrosymmetrical sys-
tem [1]. Thus, it may be expected that nanoparticles made up of centrosymmetrical materials
could be sources of a large SH signal, given their large surface to volume ratio. Unfortunately, for
simple geometries which are themselves centrosymmetrical, such as that of a sphere, the strong SH
contributions from opposite sides of the particle cancel out, leaving only a multipolar SH signal
[2]. The quadrupolar nature of the SH radiated by arrays of nanoparticles has been confirmed
experimentally and techniques have been developed to enhance their SH signal [3].

In this paper we study the SH polarization produced by an ordered array of nanoparticles made
up of centrosymmetrical materials when their geometry is not centrosymmetrical. In this case,
the surface SH signal is not cancelled out when adding contributions all around the particles. To
study this case we extend a formalism used previously to calculate very efficiently the macroscopic
dielectric response of nanostructured metamaterials of arbitrary geometry and composition [4]. This
formalism uses using Haydock’s recursion to obtain a basis in which the longitudinal microscopic
dielectric function is represented as a tridiagonal matrix, allowing its efficient inversion, from which
the macroscopic tensor may be identified. As a bonus, this method yields a set of Haydock states
which allow the calculation of the microscopic electric field.

As the microscopic field has rapid spatial variations across the surface of the nanoparticles,
it produces an appreciable second harmonic polarization, which we calculate using a continuous
dipolium model applied to flat surfaces [1].

Fig. 1 shows the magnitude and direction of the microscopic linear field within a 2D square
lattice of holes within a conductor. The holes are pear shaped so that the system is not invariant
under a x → −x reflection, although it is invariant under a y → −y reflection. The conductor
is described by a Drude dielectric function characterized by its plasma frequency ωp and lifetime
τ = 100/ωp. The macroscopic electric field points along the vertical y direction. The frequency
was taken as ω = 0.55ωp. Notice there are several hot regions along the surface of the holes where
the field is particularly large due to a resonant excitation of localized surface plasmons.

Fig. 2 shows the magnitude of the nonlinear polarization induced by the field shown in Fig. 1.
Notice that the polarization is strongly concentrated at the surface of the holes in the neighborhood
of the hot spots mentioned previously. Averaging the nonlinear polarization we obtained the macro-
scopic nonlinear polarization which turns out to point along x, as expected from symmetry, and
the nonlinear susceptibility χxyy. Considering other field directions we obtain all the components
of the second order susceptibility.

Whenever their geometry is noncentrosymmetric, nanostructured metamaterials have a finite
dipolar quadratic susceptibility even if their components are centrosymmetric. The suceptibility
we obtained is smaller than that of non-centrosymmetric materials, but it is not negligible, and it
may be continuosly tuned, as well as the linear dielectric tensor, by modifying the geometry of the
system. These results suggest that novel sources of SH radiation, such as phase matched non-linear
optical fibers using glass or other ordinary materials may be designed by tuning a few appropriate
geometrical parameters.
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Figure 1: Magnitude and direction of the microscopic linear field for a 2D square array of pear shaped holes
within a conductor
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Figure 2: Magnitude of the nonlinear polarization for the same system as in Fig. 1.
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Abstract By coating the Au nanospheres with dielectric shells, strong Fano resonances can be 

induced without any structural symmetry breaking. Dimer structures composed of Au and silicon 

nanospheres can exhibit interesting unidirectional light scattering behaviors in the visible range. On 

the other hand, exotic avalanche multiphoton emission properties can be observed from the hybrid 

dielectric and plasmonic nanostructures based on anodic aluminum oxide (AAO). Such hybrid 

structures can further be used for tailoring the light emission spectra of the quantum dots. 

Tailoring and enhancing the optical processes, such as light absorption, emission, scattering, and various 

nonlinear optical properties, at the nanoscale is very important for future nanophotonics applications, which have 

attracted more and more interests in recent years.
1
 The prerequisite for such purpose is platforms that can induce 

strong enough light–matter interactions. One promising candidate is the hybrid nanostructures composed of 

semiconductor and plasmonic metals. Many extraordinary optical properties can be derived from such hybrid 

nanostructures due to the synergistic interactions between the different optical resonance modes in these two 

components, which open new opportunities for novel photonic and optoelectronic devices. Here we will 

demonstrate our recent progresses on studying the optical properties of several dielectric–metallic hybrid 

nanostructures, including metallic core–dielectric shell nanostructures, Janus dimer nanostructures, and dielectric 

nanostructure arrays coated with a thin metal layer. 

Due to their importance in unraveling the physics governing various coherent processes, Fano resonances 

have been observed and studied in atomic physics, optics, condensed matter physics, and electronic circuits. In 

recent years, plasmonic Fano resonances in metal nanostructures have received much attention.
2
 Most of the 

reported structures usually involved geometrical symmetry breaking mechanisms to induce the efficient coupling 

between different plasmon modes. We have realized plasmonic Fano resonances in Au nanosphere 

core−dielectric shell nanostructures with spherical symmetry.
3
 The dielectric shell can generate a strong and 

broad scattering background due to its large refractive index. Such a scattering background couples efficiently 

with the narrow plasmon resonance of the Au nanosphere core, giving rise to a prominent Fano resonance on the 

scattering spectrum of the core−shell nanostructure. The obtained Fano resonance is strongly dependent on the 

gap between the core and shell, which opens an avenue for tuning the operation frequency of the Fano 

resonances. 

Steering the incidence light into specific directions is very important for future signal processing and 

transduction. One prerequisite for such purpose is nanostructures exhibiting unidirectional light scattering 

behavior. From a theoretical point of view, we conceived a Janus dimer structure composed of Au and silicon 

nanospheres. By carefully tuning the sizes and separations of the two nanospheres, strong magnetic and electric 



dipolar resonances can be induced in the dimer. The hybridization between these two modes can give rise to 

unidirectional light scattering with enhanced forward scattering and suppressed backward scattering in a specific 

narrow wavelength range.
4
 Such behaviors have been experimentally corroborated via the dark-field scattering 

spectroscopy. 

On the other hand, one of the ongoing aims of nowadays nanophotonics is to manipulate light at the 

nanoscale by resorting to subwavelength structures such as photonic crystals, metallic nanostructures, and 

dielectric particles. In our study, we propose to use the dielectric anodic alumina oxide (AAO) template to 

modulate the light emission from the semiconductor QDs, including their spectrum, intensity, and lifetime.
5
 

Compared to the emission of the QDs on cover glass, the light emission from the QDs deposited onto the AAO 

template exhibits pronounced oscillation behavior. The oscillation period is equal to that of the transmission 

spectrum of the AAO template. The modulation of the QDs emission can be owed to the Fabry‒Perot (FP) type 

resonance of the AAO template itself. Furthermore, by coating the AAO templates with a thin Au layer, 

dielectric core–Au shell nanorod arrays can be obtained. Such hybrid nanorod arrays can act as a plasmonic 

metamaterials with collective plasmon modes that are dependent on the angles of the incidence light. Under 

intense pulse laser excitation, the nanorod array structures can exhibit exotic multiphoton avalanche emission 

behavior. The luminescence band can cover ~300 nm from the visible into the near infrared region, indicating its 

potential applications in supercontinuum generation light sources. 

In summary, we have demonstrated our recent results on studying the optical properties of several 

dielectric–metallic hybrid nanostructures, including metallic core–dielectric shell nanostructures, Janus dimer 

nanostructures, and dielectric core–gold shell nanorod arrays. We believe that our study can pave the way for 

future novel nanophotonic structures which utilize strong couplings between various optical resonance modes. 
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Abstract In our study, by combining the silicon nanosphere with the Au nanosphere, we 

demonstrated theoretically and experimentally the unidirectional visible light scattering behaviors 

of the Janus dimer structures. Such exotic behavior originates from the hybridization of the electric 

and magnetic dipole mode in the dimers. We further showed that by coating the silicon nanosphere 

with a molecular layer, strong coupling effect can be induced between the exciton transition of the 

molecules and the magnetic dipole resonance in the silicon nanosphere. 

In recent years, high-refractive-index dielectric nanoparticles exhibiting strong magnetic resonance in the 

visible range have received enormous attention.
1–4

 Driven by their intrinsic low dissipative losses, all-dielectric 

nanostructure-based nanophotonics have been presented. On the other hand, recently, hybrid nanostructures 

composed of dielectric and metallic nanostructures have attracted extensive interest owing to their extraordinary 

optical properties derived from the synergistic interactions between the various optical resonances in the two 

components, which open new avenues for novel photonic applications. Studying the optical processes in the 

hybrid structures can not only favor various photonic applications but also further our understanding on the 

light–matter interactions at the nanoscale. 

In our study, we theoretically conceived a Janus dimer structure composed of Au and silicon nanospheres. By 

carefully tuning the sizes and separations of the two nanospheres, strong magnetic and electric dipolar 

resonances can be induced in the dimer. The hybridization between these two modes can give rise to 

unidirectional light scattering with enhanced forward scattering and suppressed backward scattering in a specific 

narrow wavelength range (Figure 1a).
5
 Such behaviors have been experimentally corroborated via the dark-field 

scattering spectroscopy. 

We also study the resonance coupling behavior between the molecular exciton transition and magnetic dipole 

mode of the silicon nanosphere, which to our best knowledge has not been considered in previous studies. We 

used both the Mie theory and finite element method (FEM) to calculate such resonance coupling effect. In the 

specific calculations, the silicon nanosphere was coated with a molecular layer with distinct exciton absorption 

peak around the magnetic dipole mode of the silicon nanosphere. The exciton transition of the molecular layer 

was modeled using a homogeneously one-oscillator Lorentzian oscillator as 
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where εbg is the high-frequency component of the dielectric function, ω0 is the frequency of the molecular 

transition, γ is the line width of the resonance and ƒ is the oscillator strength. The results clearly indicate that due 



to the strong coupling effect, new hybrid resonance modes can be induced around the magnetic dipole mode of 

the silicon nanosphere (Figure 1b). These new modes exhibit distinct electric and magnetic near-field 

distributions compared with those of the pristine silicon nanosphere (Figure 1c). 

 

Figure 1: (a) Experimental forward (orange) and backward (green) scattering spectra of an individual Janus 

dimer compoased of Au and silicon nanospheres. The uppermost images are colored forward (marked with letter 

F) and backward (marked with letter B) dark-field scattering images, and SEM image, respectively. The blue 

arrows indicate the maximum in the forward scattering and the sink in the backward scattering. (b) Mie and 

FEM spectra in a silicon core–molecular shell nanostructure. The parameters used to model the molecular layer 

are γ = 0.02 eV and ƒ = 0.5. The diameter of silicon core is 150 nm and the thickness of dye shell is 2 nm. (c) 

Distributions of magnetic field and current density corresponding to the three positions marked in Figure 1b. 

In summary, by combining the silicon and Au nanospheres to form Janus dimers with small separations, 

unidirectional light scattering can be achieved by taking advantage of the hybridization between the electric and 

magnetic dipole resonances in the Janus dimers. We also demonstrate the strong resonance coupling between the 

magnetic dipole mode of the silicon nanosphere and the exciton transition of the molecules by coating the silicon 

nanosphere with a molecular shell. We believe that our study can pave the way of future novel nanophotonic 

structures which utilize strong couplings between various optical resonance modes.  
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Abstract-Plasmonic nanostructures may facilitate second harmonic generation (SHG) in non-linear 

optic media by local enhancement of optical electric fields in their immediate vicinity. We 

demonstrate computationally that by tailoring the material and shape of the plasmonic 

nanostructure, localized surface plasmon resonances can be tuned to occur simultaneously at the 

fundamental and the doubled frequencies. We report on metal nanorods and nanotubes that are 

optimized for the enhancement of SHG with incident radiat ion in the infrared and emission in the 

visible.  

 

Enhancement of the second harmonic generation (SHG) in non-linear optic media may be achieved by 

coupling to a plasmonic nanostructure that exhibits localized surface plasmon resonances (LSPR) at the 

fundamental and the 2ω frequencies [1]. At the fundamental frequency, the near field intensity will be 

augmented by the surface plasmon; and at the second harmonic frequency, coupling to the surface plasmon will 

enhance emission rate. 

The localized surface plasmon resonances (LSPR) of a metallic nanostructure appear at characteristic values 

of the permittivity of the metal that depend on the shape of the nanostructure and the permittivity of the 

surrounding medium ( 0) [2]. Various computational strategies have been used to opt imize the shape of the 

nanostructure (and thus its set of LSPR modes) to best satisfy a designer’s criterion [3-4]. For efficient 

computation of the LSPR modes and permittivity values, methods based on surface integral equations are 

preferred. Here, we utilize an eigenvalue approach to a surface integral equation [5] to analyze the longitudinal 

LSPR modes in metal nanorods, nanotubes and hybrid structures, and find the designs that meet the double 

resonance condition with potential SHG enhancement applications. 

The design criteria call for a plasmonic nanostructure with at least two non-degenerate LSPR modes. If the 

fundamental dipolar mode of the nanostructure resonates at frequency ω1, a second mode must resonate at 

ω2=2ω1. Both modes must present a dipole in order to couple to (incoming and outgoing) free-space radiation. 

These modes should also have the same E-field polarization selection rule to allow for forward scattering of the 

2
nd

 harmonic radiation (conservation of momenta). The two LSPR modes should originate from the same 

nanostructure so that the associated near-fields spatially overlap and so that only one geometry needs to be 

fabricated. 

We studied nanostructures with the “linear” hD point group symmetry – nanorods (NR), nanotubes (NT) 

and their hybrids (hybrid-NR/NT, Fig. 1) – that are known to display in their absorption spectra “longitudinal” 

LSPR when excited with light polarized along their major rotational axis. In such structures, the design criteria 

outlined above can be satisfied. To reduce the parameter space of the design, we set the outer diameter of the 



nanostructures to a constant, except for the purpose of rounding sharp 

edges.  

By varying the length-to-diameter aspect ratio (AR) we identified 

that for a given shape, NR or NT, only one AR value led to the 

design criteria being met (Fig. 2). The optimal AR was found to be 8 

for Ag NR, 7 for Ag NT, 12 for Au NR and 10 for Au NT. 

Interestingly, the optimal AR for hybrid-NR/NT was higher than 

these values for hybrid-NR/NT with up to 55%NT character.  

Ag NR that met the design criteria had resonances at 891 nm and 

446 nm, while Au NR had resonances at 1296 nm and 647 nm. These 

plasmonic nanostructures are thus attractive for non-linear conversion 

of IR to visible radiation. Fine tuning of the resonance wavelength 

can be achieved using hybrid-NR/NT structures. 
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Fig. 1 : (left) Surface mesh geometry 

of a hybrid-NR/NT. (right) Surface 

charge density associated with two 

dipolar LSPR modes of the NR. Blue 

and red are for opposite sign charges. 
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Fig. 2 : Calculated resonance wavelengths for the first two longitudinal dipole LSPR modes in (left) Ag NR and 

(right) Ag NT as a function of length-to-outer diameter. The OD:ID ratio in the NT is 2. The cross point between 

the dashed line and the solid black line corresponds to ω2=2ω1, the condition for plasmonic SHG enhancement. 
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Abstract: We theoretically and experimentally investigate the ultrafast dynamics of circular 

plasmonic disc nanoantennas with the help of photoemission electron microscopy. The 

investigations show detailed insights into the spatio-temporal properties of the plasmonic resonance 

mechanism without the need for any disturbing interacting probe. 

 

Plasmonic nanoantennas are a subject of great interest in nanooptics due to their applicability for directional 

emission, sensing, or enhancement of nonlinear interaction. We present here an advanced antenna concept. The 

plasmonic resonance of a gold disc can be regarded as a standing wave interference of in- and outward 

propagating Hankel plasmon solutions [1]. The reflection of the outward propagating plasmon mode at the 

circumference of the disc is the important parameter. This quantity can be influenced by surrounding the disc 

with a Bragg mirror structure for Hankel plasmons, enhancing the modal reflection and hence the resonance 

strength of the antenna [2]. Moreover, if the period of the grating rings is chosen as 𝑝 = 2𝜋/𝑘𝑠𝑝𝑝, the structure 

also provides phase matching from incident plane wave radiation to Hankel plasmons. This makes the 

enhancement mechanism twofold, leading to a nanoantenna with higher Q factor and tailored angular behavior. 

  

Fig. 1. (left) SEM picture of the structure produced by focused ion beam milling (FIB). Diameter of the last 

ring is 8.4 µm. (center) Photoelectron yield image excited in TE polarization. Sum of marked area is analyzed in 

next diagram. (right) The pulsed Hankel plasmon model is in excellent agreement with the experimentally 

observed period and decay rates.  
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To investigate this concept, we first performed full-wave FDTD simulations which promise an approximate 

sevenfold enhancement of the electric field strength. We then designed the optimal structure based on our 

simulation data and fabricated it by milling it into a thick gold layer using a focused ion beam, see Fig. 1 (left). 

The resulting sample was placed in a photoelectron emission microscope (PEEM) [3]. As illumination we 

used a 30 fs ultrashort Ti:Sa laser system at 800 nm wavelength under 4° incidence. The high photon density on 

the sample during the pulse is able to trigger the photoelectric effect in a 3-photon process. 

The photoelectron emission microscope provides detailed information about the plasmonic excitation of the 

structure with high spatial and temporal resolution, without the need for any interacting probe as in near-field 

microscopy, see Fig. 1 (center). We observe a strong dipolar resonance in the middle of the advanced antenna. 

Outside the structure, outward propagating Hankel plasmons are excited. To understand the fringe period and 

contrast decay, we developed a pulsed Hankel plasmon interference model. Figure 1 (right) shows a cut through 

the PEEM picture in upward direction beginning at the last ring. A detailed analysis needs to take into account 

the pulse lengths of the plasmon and driving laser pulse as well as their group velocities. We arrive at an 

equation for the PEEM yield Y as a function of the distance from the center in the cut direction as 

 𝑌(𝑟)~ |𝐴 · [𝑘𝑠𝑝𝑝 𝑟]
−

1

2𝑒𝑖𝑘𝑠𝑝𝑝𝑟𝑒
−

𝑛𝑔
2 𝑟2

(𝜏𝑐)2  + 𝐵|

2𝑚

 (1) 

where 𝑛𝑔 is the group velocity of the Hankel plasmon, 𝜏 is the pulse length and 𝐴, 𝐵 are fit constants, 

while 𝑚 =  3 for a 3-photon process. This model is shown to be in excellent agreement with our measurements, 

see Fig.1 (right). The spatio-temporal extent of the pulse is found to be the main factor that influences the fringe 

visibility instead of the plasmon damping, which is orders of magnitudes weaker. This enables to take temporal 

snapshots of the optical process using PEEM. 

In conclusion, we have demonstrated that photoelectron emission microcopy is able to provide detailed 

insight into the physics of optical nanoantennas. Spatio-temporal information is available with very high 

resolution without the need for any disturbing interacting probe. The resulting electron emission images directly 

relate to the optical properties of the nanoantenna. We demonstrated the dipole mode operation of a gold 

disc-ring antenna and the enhancement of the corresponding resonance. The observed excitation of Hankel-type 

plasmon solutions was shown to be in excellent agreement with our spatio-temporal model of the PEEM yield. 

This technology promises to become one of the experimentally most informative techniques to investigate 

nanooptical structures with advanced optical functionalities. 

Acknowledgments We gratefully acknowledge financial support by the Federal Ministry of Education and 

Research (PhoNa), by the German Research Foundation DFG in the Priority Program SPP 1391 (PE 1524/5-2), 

and the Carl Zeiss Foundation. 

 

REFERENCES 

1. R. Filter, J. Qi, C. Rockstuhl, and F. Lederer, “Circular optical nanoantennas: an analytical theory,” Phys. 

Rev. B 85, 125429 (2012). 

2. J. Qi, T. Kaiser, R. Peuker, T. Pertsch, F. Lederer, and C. Rockstuhl, “Highly resonant and directional 

optical nanoantennas.” JOSA A 31, 388 (2014). 

3. P. Kahl, S. Wall, C. Witt, C. Schneider, D. Bayer, A. Fischer, P. Melchior, M. Horn-von Hoegen, M. 

Aeschlimann, and F.-J. Meyer zu Heringdorf, “Normal-Incidence Photoemission Electron Microscopy 

(NI-PEEM) for Imaging Surface Plasmon Polaritons,” Plasmonics 9, 1401 (2014). 



            

Evolution of plasmon modes  

in the effective permittivity of polygonal arrays. 

 

M. D. Arnold
1,2,3*

, A. Garruzzo
1,2

, and M. B. Cortie
1,2

 
1
School of physical and Mathematical Sciences, University of Technology Sydney, Australia 


2
Institute for Nanoscale Technology, UTS, Australia 

3
Materials and Technology for Energy Efficiency, UTS, Australia 

*
corresponding author: matthew.arnold-1@uts.edu.au 

 

Abstract-We investigate the effective permittivity of arrays of columns with polygonal 

cross-section, including regular tessellations of triangles, squares and hexagons.  The evolution of 

the resonant positions and strengths is determined as a function of the fill factor.  Complicated 

mode interactions at moderate fill factor are observed, and we explore the possibilities of 

manipulating the modes by additional variations to the shape variations.    

 

The effective response of metamaterials has fascinated researchers since the birth of electromagnetics.  We 

will focus on the two dimensional electrostatic problem, since this greatly simplifies investigations and the 

results are still approximately valid in many practical situations.  The spectrum of modes uniquely determines 

the behavior for any combination of constituent materials at all frequencies[1], and is a convenient framework 

for studying the problem.  The response of the simplest geometries has been extensively studied.  Arrays of 

circles have a single resonance at the dilute limit but a greatly increasing number of resonances as percolation is 

approached, the threshold being higher for hexagonal[2] than square arrays[3].  The development of convenient 

techniques for arbitrary structures and increased computing power opens the door for the study of more complex 

structures.  It has been shown that the effective response of polygons [4-7] approaches simple effective medium 

models at high and low fill factors.  Multimodes are mentioned but not fully explored in most of these studies.  

Here, we undertake a systematic survey of arrays of polygonal columns, examining the full spectrum of evolving 

resonances of tessellated polygons across the entire range of fill factors (Fig 1), and consider the effect of 

additional variations in the shape. 

 

 

 

Figure 1: Illustration of some of the shapes in this investigation. 



 

In our investigation we make extensive use of the boundary integral approach[8, 9], which is relatively 

efficient for the geometries considered here and can give the resonances directly.  We adapted this to arrays by 

using a lattice sum with careful consideration of the effect of termination.  The methodology was verified using 

a commercial finite elements package (COMSOL) and comparison to some of the aforementioned literature 

results. We find that arrays of polygons have multimode resonances that exhibit complicated interaction at 

moderate fill factors, and that some of these multimodes are significantly affected by shape variations. 
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Abstract- In this work, experimental result of the coupling efficiency of light to surface plasmon 
polaritons (SPPs) is presented. The SPP modes were excited at a polymer-metal interface. The 
measurements were made at different incidence excitation angles using a polymer edge 
nanostructure for SPP launching. The structure is similar to that used in dielectric-loaded surface 
plasmon polariton waveguides. The analysis of the coupling efficiency dependence might lead to a 
compensation solution for SPP propagation length losses. 

 
Plasmonics is a very active research area dealing with fundamental studies of Surface Plasmon Polaritons 

(SPPs), and opening promising technological perspectives within nano-optics [1]. SPPs are oscillations of 
surface electron charge density that exist at a metal/dielectric interface. Such oscillations are travelling waves 
with well defined frequency, wave vector, and are evanescently confined in the perpendicular direction to the 
propagation [2]. Even though, SPPs basic properties have been known for long by now, the relevance in 
nanophotonics applications has brought a renewed interest in such topic. In recent years, plasmonic manipulation 
has been one of the top research areas, due to its focus on the exploitation of the optical properties of SPPs for 
the improvement of existing photonic and electronic devices. Various types of plasmonic guiding mechanisms 
have been intensively studied. Some examples are metallic photonic crystals, thin metal strips, metal 
nanoparticle chains and metal nanorods [3]. However, in those structures, the field is weakly localized in the 
transverse section, which in terms of confinement for the implementation on nanoscale devices is a disadvantage. 
Therefore, an efficient launching of SPPs in small spaces is essential for the development of plasmonic circuits. 
In this work, we report on experimental results of the coupling efficiency of SPP (defined as the ratio of the 
power in the excited SPP and the power of the incident beam) at a Polymer-metal interface. The plasmonic maps 
were recorded by using leakage optical microscopy. The SPP excitation was made at different incidence angles 
using a polymer edge nanostructure for SPP launching similar to those used in Dielectric-loaded Plasmonic 
Waveguides (Figure 1). The structure is composed of a 300 nm thick layer of polymethylmethacrylate (PMMA) 
deposited on a gold thin film, lying on a glass substrate. The scattering produced by the edge structure generates 
a continuum of wave vectors, some of them fulfilling the excitation condition, thereby launching the supported 
mode. Theory suggests that, for this geometry, the coupling efficiency is dependent of the light incidence angle 
[4,5]. Analysis of such coupling efficiency dependence results interesting as it might lead to a compensation 
solution for SPP propagation length losses. 

 



 
 

Figure 1. Schematic of the studied polymer-metal (PMMA-gold) interface deposited upon a glass substrate. 
A focused beam is used for SPP excitation on the edge structure at an incidence angle θ. 
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Abstract— We address the role of cooperative effects in energy transfer (ET) from an ensemble
of donors to an acceptor near a plasmonic nanostructure. We demonstrate that in cooperative
regime ET takes place from plasmonic superradiant and subradiant states rather than from
individual donors leading to a significant increase of ET efficiency. The cooperative amplification
of ET relies on the large coupling of superradiant states to external elds and on the slow decay
rate of subradiant states.

Efficient energy transfer (ET) at the nanoscale is one of the major goals in the rapidly developing
field of plasmonics. Förster resonance energy transfer (FRET) [1] between spacially separated donor
and acceptor fluorophores, e.g., dye molecules or semiconductor quantum dots (QD), underpins
diverse phenomena in biology, chemistry and physics. During past decade, significant advances were
made in ET enhancement and control by placing molecules or QDs near plasmonic materials such
as metal films and nanoparticles (NPs) [2, 3, 6]. While Förster transfer is efficient only for relatively
short donor-acceptor separations ∼10 nm [7] a plasmon-mediated transfer channel supported by
metal NPs [8] can significant increase the transition rate at larger distances between a donor and an
acceptor. The fraction of the donor energy absorbed by the acceptor is determined by an interplay
between transfer, radiation and dissipation channels, so that an increase of ET efficiency implies
either increase of the transfer rate or reduction of the dissipation and/or radiation rates [10].

Here we describe a cooperative amplification mechanism for ET from an ensemble of donors to
acceptors that takes advantage of the subtle balance between energy flow channels in a plasmonic
system. In a typical experimental setup, a large number of donors are deposited on top of a silica
shell around a gold or silver core of a spherical core-shell NP, while the acceptors are attached to the
NP surface via linker molecules (see schematics in Fig. 1). If the donors’ separation from the metal
surface is not so small that dissipation is the dominant channel, then the donors’ coupling through
NP plasmons gives rise to new system eigenstates – superradiant and subradiant states, [11] which,
in the presence of a NP, are considerably more robust due to a strong plasmonic enhancement of
radiative coupling [12, 9]. In this case, ET to an acceptor takes place from these collective states
rather than from each of many individual donors. Importantly, the energy flows in a system in the
cooperative regime differ dramatically from those in a system of individual donors. While a few
superradiant states carry only a small fraction of donors’ energy, the large matrix element with
external electric fields leads to a huge decay rate that scales with the system size. In a similar
manner, the large coupling of superradiant states with the electric field of an acceptor spatially
separated from the donor layer increases the transfer rate and ensures, as we demonstrate below, a
much more efficient plasmon-assisted ET than from the same number of individual donors.

On the other hand, the multitude of subradiant states which store the nearly entire system energy
are characterized by a much slower decay rate than individual donors coupled to a NP implying
lower energy losses through dissipation and radiation channels. We show this this reduction of
losses in the cooperative regime leads to a dramatic ET amplification relative to ET from individual
donors. Importantly, here the reduction of losses does not require continuous pumping to sustain
loss compensation by gain medium, but takes place ”naturally” due to plasmon exchanges by the
donors [13].

Below we show the results of numeriacal calculations for an ensemble of 100 donors randomly
distributed on surface of a spherical core-shell NP of radius R immersed in water, with Ag core
radius Rc and Silica shell thickness L = R − Rc, and an acceptor at distance d = 10 nm from
the NP surface (see in Fig. 1). We assume that the donors’ and acceptor’s dipole orientations are
all normal to the NP surface and their respective emission and absorption bands are Lorentzians
of width 0.1 eV centered at energies ωd and ωa. We expect that, in the cooperative regime, the
superradiant states are dominant at energies near the dipole plasmon resonance, while subradiant



Figure 1: Left: Schematics of metal-dielectric core-shell NP with donors randomly distributed on shell
surface. Right: Amplification factor of frequency-integrated ET relative to that for individual donors vs the
shell-core ratio.

states are best developed at energies close to those of l = 2 and l = 3 plasmons (note that, at a
given distance, dipole-NP interaction rapidly falls with increasing l). Accordingly, we use two sets
of donors and acceptors: set 1 has ωd lying in the dipole plasmon band (at 3.15 eV), and set 2
has ωd lying in the higher-l plasmons region (at 3.85 eV); in both cases, ωa is redsifted by 0.1 eV
from the corresponding ωd. Note that high-l plasmons with energies above 4.0 eV are damped by
electronic interband transitions in Ag. In all calculations, we used experimental Ag permittivity
with size-induced corrections, and included angular momenta up to lmax = 75.

In Fig. 1 we show the calculated frequency-integrated ET relative to that for individual donors
(amplification factor). With increasing shell/core ratio, as cooperative regime is established, ET
gets amplified for both superradiant and subradiant states (sets 1 and 2). The onset of the cooper-
ative regime corresponds to amplification factor ∼ 1 and takes place at shell/core ratio ∼ 1. With
increasing shell thickness, amplification factor reaches ∼ 5 for 20 nm core NP and ∼ 20 for 30 nm
core NP. The larger NP with 30 nm core radius shows significantly larger ET amplification due to a
stronger plasmon-enhanced radiative coupling between the donors [10] that leads to a more robust
cooperative regime [12, 9].

Support by the AFRL Materials and Manufacturing Directorate Applied Metamaterials Program
is acknowledged. Work at JSU was supported through the NSF under Grant No. DMR-1206975,
the CREST Center, and the EPSCOR program.

REFERENCES

1. T. Förster, Ann. Phys. 437, 55 (1948).
2. J. R. Lakowicz, J. Kusba, Y. Shen, J. Malicka, S. DAuria, Z. Gryczynski, I. Gryczynski, J.

Fluoresc. 13, 69 (2003).
3. P. Andrew and W. L. Barnes, Science 306, 1002 (2004).
4. J. Zhang, Y. Fu, and J. R. Lakowicz, J. Phys. Chem. C 111, 50 (2007).
5. J. Zhang, Y. Fu, M. H. Chowdhury, and J. R. Lakowicz, J. Phys. Chem. C 111, 11784 (2007).
6. F. Reil, U. Hohenester, J. R. Krenn, and A. Leitner, Nano Lett. 8, 4128 (2008).
7. J. R. Lakowicz, Principles of Fluorescence Spectroscopy, (Springer, New York, 2006).
8. J. I. Gersten and A. Nitzan, Chem. Phys. Lett. 104, 31 (1984).
9. V. N. Pustovit and T. V. Shahbazyan, Phys. Rev. B 82, 075429 (2010).

10. V. N. Pustovit and T. V. Shahbazyan, Phys. Rev. B 83, 085427 (2011).
11. R. H. Dicke, Phys. Rev. 93, 99 (1954).
12. V. N. Pustovit and T. V. Shahbazyan, Phys. Rev. Lett. 102, 077401 (2009).
13. V. N. Pustovit, A. M. Urbas, and T. V. Shahbazyan, Phys. Rev. B 88, 245427 (2013).



SPASER as a complex system: femtosecond dynamics traced by
ab-initio simulations

Juan Sebastian Totero Gongora1,∗,Andrey E. Miroshnichenko2,
Yuri S. Kivshar2 and Andrea Fratalocchi1

1PRIMALIGHT, King Abdullah University of Science and Technology (KAUST),
Thuwal 23955-6900, Saudi Arabia

2Nonlinear Physics Centre, Australian National University, Canberra, ACT 0200, Australia

*js.totero@kaust.edu.sa, http://primalight.org

Abstract— We study the temporal and spatial dynamics of the spaser emission by means of ab-
initio simulations at the femtosecond scale. We reveal that the spaser’s dynamics demonstrates
different operating regimes which range from multipolar pulsed emission to coherent emission
with rotational dynamics. These complex dynamics are explained by exploiting a novel quantum-
mechanical approach which describes the spaser emission in terms of a dynamically-disordered
magnetic system.

The possibility of implementing the spaser as a nanoscale source of coherent light is a topic
of great interest [1, 2, 3]. While recent theoretical and experimental studies have provided useful
insights on the lasing conditions, many fundamental questions regarding the spaser’s action are
still unanswered. In analogy with laser physics, the ”spasing” action is generally interpreted as a
non-equilibrium phase transition from spontaneous to stimulated emission [4]. However, the details
of the spaser’s transition are still debated. Different spaser configurations, in fact, have been
reported to exhibit distinctive emission regimes, ranging from pulsed to purely coherent emission
[5, 6]. The origin of these distinct operating regimes in the lasing stage could be a signature of
the different temporal dynamics leading to the spaser’s action. At the same time, the mutual
interaction of the spatial modes of the system could play a key role in the way the system achieves
a coherent spaser’s phase. In this context, the use of ab-initio numerical simulations could provide
new insights on the dynamics underlying the spaser emission, due to the possibility of describing its
temporal and spatial dynamics with femtosecond and nanometer accuracy. In order to address these
fundamental questions, we investigate the spaser’s action by means of Finite-Differences in Time-
Domain (FDTD) simulations of a single core-shell spaser. We model the interaction between the
resonant medium, the metallic structure and the electromagnetic radiation by means of a quantum-
mechanical set of dispersive Maxwell-Bloch equations, which are solved using our own-made FDTD
solver NANOCPP [7, 8]. In our simulations, the material parameters describing the amplifying
medium are taken from the literature and correspond to Rhodamine 800 doped silica [9, 10]. The
pumping rate, which is assumed to be constant, is controlled by varying the density of polarizable
atoms in the excited state Na. The emission dynamics can be further controlled by setting the
characteristic relaxation times of the excited and ground state τ1 and τ0. In order to characterize
the different regimes of the spaser, we conducted an extensive campaign of massively parallel
simulations for different values of τ0/τ1 and Na whose results are shown in Fig. 1. Interestingly,
once the system meets the ”spasing” conditions, it is characterized by different regimes of operation
(Fig. 1-a). For low values of τ0/τ1, the spaser exhibits a pulsed multipolar emission at lower
pumping rates (Fig. 1-b), while at higher pumping rates the system reaches a fully CW rotational
emission (Fig. 1-d). By increasing the ratio τ0/τ1 an additional intermediate state appears, and it
is characterized by temporal incoherence and by the lack of any definite spatial distribution (Fig.
1-c). The origin of such diverse regimes can be identified by developing a thermodynamic model
for the spatial modes of the system. In our model the emitted field is expressed as a superposition
of angular plane waves, with each mode identified by an angle α and a complex-valued amplitude
aα = σα∗exp(iθα). By employing the Coupled Mode Theory formalism, the dynamics of the system
are related to the evolution and mutual interaction of the amplitudes σα and phases θα of the single
modes. In our model, these quantities play the role of interacting spin variables in an equivalent
magnetic-like thermodynamic system, whose thermodynamic temperature is proportional to the
pumping rate Na. Consequently, the different operating regimes of the spaser can be interpreted
as thermodynamic phases of the overall system, with the multipolar emission corresponding to
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Figure 1: (a) Phase diagram of spacer’s emission from FDTD simulations. (b-d) Electric field evolution (left)
and electromagnetic energy distribution (right). By varying the pumping rate Na and the ratio between
the excitation and emission characteristic times τ0/τ1, the system exhibits different regimes of operation,
including (b) pulsed emission, (c) metastable incoherent emission, and (d) purely CW emission. These
different regimes correspond to different spatial phases for the emitted field: multipolar (b, right), non-
stationary superposition of modes (c, right) and purely rotational emission (d,right).

an ordered ferromagnetic phase and the rotational emission corresponding to a high-temperature
paramagnetic phase. The existence of an intermediate metastable phase is due to the different time
scales of evolution of the amplitudes and phases, which are directly related to the characteristic
decay times τ0 and τ1 of the gain medium. As a result, the complex dynamics underlying the
spaser’s emission are explained as the competition of two interacting systems evolving at different
time scales. The ability to characterize and predict the occurrence of specific spaser’s regimes can
be exploited to design novel spaser applications, such as in the case of the coherent rotational
evolution, which can be used to produce unidirectional emission.
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Abstract—We demonstrate in this paper stable optical trapping and accurate 3D manipulation
of a single dielectric nanoparticle with a scanning optical near field probe.

1. INTRODUCTION

Back in the 90’s, several theoretical studies predicted the strong optical concentration produced at
the tip of a sharply elongated metallic probe, should create optical forces strong enough to stably
trap dielectric objects as small as a few nanometers [1, 2, 3, 4]. Despites these predictions, that
has never been demonstrated experimentally, mainly prevented by photothermal effects [5, 6]. In
this work, we demonstrate the first experimental manipulation of an individual nano-object at the
extremity of a scanning near field (NSOM) probe. Our optical nano-tweezers consist of a metal
coated tapered optical fiber patterned with a Bowtie Nano-Aperture (BNA), exploiting the so-called
self-induced back-action (SIBA) mechanism [8, 9]. We present here, stable optical trapping of a
single 50 nm polystyrene bead (PS) and accurate 3D manipulation in water with a local intensity as
small as 109 W/m2. Such level of intensity sits well below what would be required for conventional
optical tweezers (typically from 1011 to 1012 W/m2) and are compatible with heat-sensitive objects
like bio-specimens.

2. RESULTS AND DISCUSSION

The trapping experiments were performed on a home-made inverted microscope using a 1064 nm
laser. The process of fabrication was adapted from [5]. Briefly, a single mode optical fiber was
tapered by laser pulling and coated with 200 nm aluminium to prevent light leakage. Focused
ions beam milling was used to cut the tip extremity to obtain a flat facet that was subsequently
metallized with 100 nm of gold. Finally, the BNA was milled at the center of the 1-µm diameter gold
platform (see Fig.1 (a)). In SIBA trapping, the resonant optical nanostructure is designed such that
its optical properties (resonance spectrum, local field distribution and intensity) significantly depend
on the presence of the trapped object. For a trapping laser slightly red-shifted with respect to the
central resonance wavelength of the nanostructure, the trap becomes stiffer when the specimen
tends to escape as the result of the induced resonance shift[8]. In practice, implementing SIBA
trapping at the end of a tapered fiber requires to determine the optimum geometry enabling stable
trapping under low laser illumination. Extensive 3D numerical simulations based on COMSOL
multiphysics were performed to identify the most suitable design to achieve SIBA trapping at 1064
nm on a 100 nm-thick gold covered with water. A BNA of 180 nm length, 140 nm large and
a gap of 85 nm fulfilled all the above mentioned conditions. For the trapping experiments, the
fabricated fiber was mounted on a 3D piezoelectric scanner and introduced into a fluidic chamber
containing a solution of 50 nm PS beads diluted in 1% concentration of sodium dodecylsulphate
(SDS) to prevent aggregation. The fiber was then connected to a polarization maintaining (PM)
fiber coupler. The incoming polarization was set at the entrance of the PM fiber to maximize
the transmission through the BNA. The 1064 nm reflected light by the end face of the fiber was
then collected and focused on a photodetector. Additionally, the transmission collected by a 40x
objective (0.65 NA) was imaged on a charge coupled device (CCD) camera.

A typical time trace of the reflected signal through the fiber is plotted in Fig. 1(c). We have
also represented its histogram on the left part. The distribution (green points) is perfectly fitted
with a two Gaussian function (in red) related to the different states of the system (black dot lines):
no particle trapped (higher level) and one particle trapped (lower level). In this configuration,



Figure 1: a) Artistic view of a single nanoparticle trapped near a bowtie plasmonic aperture at the end of
a near-field optical probe. b) Composite image reproducing the displacement of the trapped object. This
displacement takes place during the time t=180s and t=210s. c) Experimental time trace of the reflected
signal through the fiber and on the right its associated histogram.

the trapping signature is inverted compared to previous experiments [8, 9]. This effect is related
to the light scattering from the trapped object combined with the low numerical aperture of the
fiber. From t=180s until t=210s, the fiber was raster scanned in all 3 directions of space [10]. The
scan trajectory is shown in Fig. 1(b) in which we have superimposed different CCD images from
different time instances. The displacement of the tip was around 15 µm in the plane (x,y) and
around 5 µm in the z direction. Finally, we verified that the trapped nanobead did not stick to the
BNA and can be released by blocking the trapping beam (t=215s). Soon after, the trapping laser
was switched back on, and the signal clearly restored back to its initial level.

3. CONCLUSIONS

In conclusion, we have developed the first optical nano-tweezers capable of 3D manipulating of sub-
100 nm dielectric objects over large ranges with nanometer accuracy . We envision this approach
could become a novel enabling nanotool that could potentially open new opportunities in various
fields of science, with the possibility to isolate, manipulate and controllably arrange nano-objects
including tiny biological specimens.

ACKNOWLEDGMENT

This work was partially supported by the Spanish Ministry of Sciences (grants FIS2010 14834),
the European Community’s Seventh Framework Programme (grant ERC-Plasmolight; no. 259196)
and Fundaci privada CELLEX.

REFERENCES

1. L. Novotny et al. Physical Review Letters, 79(4), 645-648, 1997.
2. P.C. Chaumet et al. Physical Review Letters, 88(12), 3-7 (2002).
3. O. J. F. Martin and C. Girard. Applied Physics Letters, 70(6), 705 (1997).
4. K. Okamoto and S. Kawata. Physical Review Letters, 83(22), 4534-4537 (1999).
5. L. Neumann et al.Nano letters, 11(2), 355-60 (2011).
6. Z. Fang et al.Nano letters, 13(4), 1736-42 (2013).
7. J.S. Donner et al.ACS nano, 5(7), 5457-5462 (2011).
8. M. L. Juan et al.Nature Physics, 5(12), 915-919 (2009).
9. Y. Pang and R. Gordon. Nano letters, 11(9), 3763-3767 (2011).

10. J.Berthelot et al. Nature Nanotechnology, 9, 295-299 (2014).



            

Tuning and Enhancement of the Magneto-Dielectric Behavior of 

Semiconductor Nanoparticles 
 

B. García-Cámara*, J.F. Algorri, V. Urruchi, J.M. Sánchez-Pena and R. Vergaz 
Displays and Photonic Applications Group, Electronic Technology Department,  

Carlos III University of Madrid, Spain 
*corresponding author: braulio.garcia@uc3m.es 

 

Abstract. Magneto-dielectric response of semiconductor nanoparticles has been recently shown as 

a useful phenomenon for several applications, e.g. sensors. The enhancement and spectral tuning of 

this behavior is a keynote aspect for some of these approaches. In this work, we show that the Mie 

resonances of nanoparticles composed of AlxGa1-xAs can be enhanced and tuning in a fine way by 

controlling the relation between the particle size and the concentration of Al atoms (x). 

 

Recently, it has been shown that high-refractive-index particles (e.g. Silicon, Germanium) with a size of few 

hundreds of nanometers present Mie resonances, both electric and magnetic [1, 2]. The appearance of these 

effects has been a revulsive in the field of Metamaterials because interesting phenomena, like the directional 

scattering proposed by Kerker et al. [3], have been experimentally demonstrated [4, 5]. Thus, the idea of a 

control over the light is closer. In addition, the similarity of the resonances with plasmon ones in metallic 

nanoparticles encourages the idea to reproduce some plasmonic applications, such as biosensors [6], with 

semiconductor nanoparticles, without the drawback of the thermal heating and the advantage of the CMOS 

compatibility. However, the potential relevance of these phenomena and their application in futuristic devices 

goes through the possibility to control them. 

  

In this work, we have theoretically studied Mie resonances in small spherical particles made of a quite 

interesting composite, AlxGa1-xAs. This material is obtained by replacing Ga atoms for Al atoms in the zincblende 

structure of GaAs. With optical properties between GaAs and AlAs [7], this composite offers a new freedom 

parameter to control its scattering response: the concentration of Al. Figure 1 shows both the spectral position 

(Figure 1a) and the maximum extinction efficiency (Figure 1b) of the first four Mie resonances of a sphere of a 

AlxGa1-xAs with a radius of 100 nm, as a function of the concentration parameter x. As can be seen, the spectral 

position of every resonance changes in a quasi-linear way with x. This effect is more remarkable in the dipolar 

magnetic resonance because a previous work [6] shows the invariability of the spectral position of the magnetic 

resonance with the particle size. However, here we show that this resonance could be tuned along a wide range 

(∆λ~100 nm) in a fine way by changing the Al concentration.  

 

On the other hand, the variation of the maximum extinction efficiency (Qext) with x presents a non-linear 

relation. In fact, a maximum extinction can be achieved at a certain concentration in the dipolar resonances. This 

fact is crucial, because the application of these phenomena on futuristic application will involve the 

maximization of the signal-to-noise ratio and then light scattering. We have already studied that the Al 

concentration at which a maximum extinction is obtained can be also modified by a correct election of the 



particle size. In such a way, that a certain relation between the particle size and the Al concentration could 

optimize the scattering response of the nanoparticle. Once again, we have paid attention on the dipolar magnetic 

resonance, because the maximum is more remarkable. In addition, the observance of phenomena like 

minimum-forward scattering or zero-backward scattering [4-5] or the design of the biosensor based on these 

resonances requires large values of the extinction efficiency at this resonance.     

             

Figure 1. Spectral position (a) and maximum extinction efficiency (b) at the first four Mie resonances, both 

electric and magnetic, dipolar and quadrupolar; of a spherical particle of AlxGa1-xAs with a radius of 100nm as a 

function of the Aluminium concentration (x). 
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The efficiency of novel near-field plasmonic transducer designs, as can be used in HAMR 

(heat-assisted magnetic recording) systems, are analyzed with simulations performed using 

the finite-element method (FEM). To validate the simulations, the data of the new transducer 

designs were compared with the published results of the lollipop transducer [1] where our 

simulations (Fig.1) show a good agreement with the reported experimental data. The 

investigated transducer shows a five-fold improvement in terms of the electric field 

enhancement while achieving a spot size of 20-30nm and a ratio between the hotspot and 

side-lobe which exceed 36 which is at least 8 times higher compared to the lollipop 

transducer. 

The transducer was designed to excite quadrupole-like and higher order modes to ensure 

better impedance matching with a recording media and, consequently, better coupling of 

power to the recording media. In addition, it ensures better heat dissipation to the surrounding 

media which will lead to improved transducer reliability.  

 

 

Figure 1. (a) Cross-sectional distribution of the electric field of the lollipop design from 

Seagate. (b) Comparison of electric field enhancement of the lollipop design (red line) and 

novel proposed transducer (blue line). 

1
 W. A. Challener et al.,”Heat-assisted magnetic recording by a near-field transducer with 

efficient optical energy transfer”, Nature Photon. 3, 220–224 (2009). 
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A single-crystalline silver nanoparticle was directly fabricated into the (111)-oriented large grain by 
focused ion beam milling. Electron backscatter diffraction (EBSD) methods elucidate the 
grain-growth mechanism in deposited silver films and the crystal orientation of the silver 
nanoparticle. Furthermore, the light intensity of scattering spectrum was obtained for the 
single-crystalline silver nanoparticle, and observed surface plasmon resonance. These results 
provide information for direct fabrication of the single-crystalline silver nanoparticle using physical 
processing methods. 

 

INTRODUCTION 
When dealing with a metallic material, the grain-growth mechanism is of key importance. The nanoscale 
crystallographic texture attracts much attention in plasmonics. A recent report states that single-crystalline 
metallic flakes were fabricated by chemical processing methods [1]. In contrast, a single-crystalline metallic 
nanostructure produced by physical processing methods is poorly understood. In this research, we investigated a 
single-crystalline Ag nanoparticle produced from Ag films on SiO2 substrate. 
 

EXPERIMENTAL DETAILS 
The Ag films were deposited onto a SiO2 substrate by radio frequency (RF) magnetron sputtering. Samples were 
produced by varying the substrate temperature (Tsub.= 22–500 ºC), the film thickness (150–1000 nm), and the 
power supply (50–90 W) at the argon working gas pressure of 1.0 Pa. Furthermore, we have fabricated a 
single-crystalline Ag nanoparticle into the growing grain by focused ion beam milling. 
 The crystal orientation and density distribution of the Ag films and the Ag nanoparticle were evaluated by 
electron backscatter diffraction (EBSD) methods. Additionally, we performed grain-size analysis using the 
crystal orientation map of EBSD. Finally, the single-crystalline Ag nanoparticle (diameter: 100 nm) was 
evaluated using a microscopic spectrophotometric system with the light intensity of scattering spectrum. 
 

RESULTS & DISCUSSIONS 
Figure 1(a) and (b) show crystal orientation maps of the Ag films at different Tsubs.. The modal grain diameter 
was approximately 80 nm at 22 ºC as shown in Fig. 1(a). Moreover, EBSD analysis suggested that the Ag films 
deposited on SiO2 at 22 ºC have a strong (111) texture. In contrast, when the substrate temperature increased to 
500 ºC, most grains grew to a size of approximately 700 nm as shown in Fig. 1(b). In addition, the preferred 



orientation was not achieved. This means that the migration of atoms become easier in the growing films. Figure 
1(c) shows grain-size distribution at different Tsubs.. It was found that the growing rate has changed from 
approximately 400 ºC. Increasing film thickness results in an increase in the modal grain diameter. However, it 
was clarified that most grains stopped growing at approximately 800 nm depending on the substrate temperature. 
The power supplies have no influence on grain growth for the same film thickness. 

Figure 1(d) shows SEM image of the single-crystalline Ag nanoparticle. The conical nanoparticle with an 
undersurface diameter of approximately 450 nm was observed. Furthermore, the crystal orientation map 
elucidated that the single-crystalline Ag nanoparticle has a (111) orientation as shown in Fig. 1(e).  

Figure 1(f) shows the scattering light spectrum of the single-crystalline Ag nanoparticle. Inset in Fig. 1(f) 
shows a dark field image of nanoparticle. The scattering spectrum in Fig. 1(f) has a peak at around 650 nm. This 
peak was attributed to the surface plasmon resonance. 
  
  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. (a), (b) Crystal orientation maps of Ag films with different Tsubs.. (c) Grain-size distribution with different 
Tsubs.. (d) SEM image of single-crystalline Ag nanoparticle. (e) Crystal orientation map of single-crystalline Ag 
nanoparticle. (f) Scattering light spectrum of the single-crystalline Ag nanoparticle. 
 
CONCLUSIONS 
The crystal orientation and grain-size analysis using EBSD methods elucidate the grain-growth mechanism in 
deposited silver films. We have fabricated the (111)-oriented single-crystalline Ag nanoparticle into the large 
grain (> 700 nm). Furthermore, the light intensity of scattering spectrum was obtained for the single-crystalline 
silver nanoparticle.  
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Abstract- Many important biological and pharmaceutical molecules are chiral and their chirality is 

fundamentally linked to their biological function. Sensitivity to this biomolecular chirality is 

essential in applications such as biomedical diagnostics and pathogen detection. In this talk we 

demonstrate the potential of high -throughput chiral plasmonic metamaterials as tool for the 

ultrasensitive detection of a range of biomolecules.        

 

In recent years plasmonic metamaterials have attracted significant attention in fields such as biosensing, 

imaging and optics [1,2] due to their unique physical properties and interaction with light. Nanostructures 

possess areas of strong electric field enhancement in the near field, localized around specific regions. It is the 

interaction of matter with these sculpted evanescent fields that form the basis for the development of 

nano-photonic devices. The potential of plasmonic metamaterials for use in chiroptical spectroscopy has been 

well studied both theoretically and experimentally leading to chiroptical enhancements of several orders of 

magnitude [3].   

Our ongoing bio-plasmonic research focuses on the development of high-throughput nano-imprinted chiral 

plasmonic substrates as a resource for ultrasensitive chiroptical spectroscopy of biomolecules. Previous linear 

spectroscopic measurements [4] reveal such nanostructures exhibit a heightened sensitivity to protein secondary 

structure due to an enhancement of the quadrupolar contribution to optical activity. In this talk we will 

investigate the potential of non-linear spectroscopic techniques, specifically chirally sensitive second harmonic 

generation, as a means of probing protein secondary structure. This is driven by the fact that theoretically, non 

linear optical techniques are more sensitive to molecular chirality than linear optical techniques due to an 

intrinsic difference in the symmetry of linear and non linear techniques [5].                  

 

 Figure 1: Nano-imprinted chiral plasmonic substrates. 

 



 

Chiroptical measurements were performed by measuring the polarization dependence of the second 

harmonic response produced by resonant chiral gammadions of opposite handedness. The sensitivity of these 

gammadions to a variety of protein secondary structures and the effect such proteins induce on the relative 

dipolar and quadrupolar contributions to the non linear response of the nanostructures will also be discussed.          
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Figure 2: Second harmonic response of right and left handed gammadions in the presence of buffer (blue) 

and Concanavalin a (red). 



            

Super-Collimation of Light Beyond Heisenberg’s Uncertainty Principle   

Kuan-Ren Chen
1*

 and Jian-Shiung Hong
2
 

1
Department of Physics, National Cheng Kung University, 1 University Road, Tainan 70101, Taiwan, ROC 

 2
Department of Photonics, National Cheng Kung University, 1 University Road, Tainan 70101, Taiwan, ROC 

*corresponding author: chenkr@mail.ncku.edu.tw 

Abstract- Heisenberg’s Uncertainty Principle is based on a smooth wave function without 

involving phase and sub-wavelength scale. The resultant wave function of light transmitted through 

a sub-wavelength slit may not be smooth; also, it involves length and phase in sub-wavelength scale. 

With plasmonic sub-wavelength structures in a metallic film, super-collimated light beam can be 

produced.  As a fundamental scientific breakthrough, this novel phenomena and physics are 

studied by analytics, simulation and experiment.  

Heisenberg studied the diffraction of light after its transmission through a hole (or slit) larger than the 

wavelength. The light is a wave package whose width is much larger than the wavelength. He considered the 

wave function expanded in reciprocal space and a situation that the minimum scale of the eigenfunction is the 

wavelength.  Furthermore, the wave package is located in a homogenous media without boundary and 

continuous in both amplitude and phase.  The wave function is smooth.  In fact, all the related studies we 

know are for wave mechanics with smooth functions; also, the phase of the wave package does not play a role. 

The resultant Heisenberg’s uncertainty principle (HUP) [1] restricts the minimum value of the product of the 

angular divergence and the width of a light beam.  HUP is a foundation to develop quantum mechanics and to 

understand the nature of universe.  The uncertainty of a Gaussian beam is minimum.  All light beams 

propagating in free space are considered to have a divergent (or convergent) angle.    

The extraordinary optical transmission (EOT) through 

sub-wavelength hole arrays in a metallic film [2] has been an 

important topic in nano-photonics.  A single sub-wavelength slit is 

the simplest configuration to understand the fundamental mechanism 

and its related optical properties.  Extensive works have been 

carried out towards understanding the steady light transmission.  

Basically, it is a Febry-Perot like resonance and still belongs to 

smooth wave mechanism.  However, our study of light transmission 

through a single sub-wavelength slit at the early stage shows that the 

resultant transmitted field can be non-smooth.  A non-smooth wave 

function is not necessary to be constrained by HUP.  In our previous 

work on the focusing of light, we demonstrated an innovative 

approach and the mechanism to focus light beyond the diffraction 

limit with a metallic film including a special double-slit and a 

patterned exit structure [3, 4].   

Sub-wavelength aperture pierced in metallic film has been 

shown to have the capability to collimate light beam [5].  

Concerning the aspect of angle divergence of the diffraction limit or 

HUP, we simulate the generation of super-collimated light beam 

Fig. 1. Super-collimated light beam 

from simulation. The wavelength of the 

incident light is 436 nm. 

mailto:chenkr@mail.ncku.edu.tw


through a novel metallic nano-structured sub-wavelength film with the finite-difference time-domain (FDTD) 

method.  The time-averaged Hz energy from the simulation result is shown in Fig. 1.  The peak intensity and 

the full-width-at-half-maximun (FWHM) remain almost constant for a distance longer than 20 wavelengths, 

while its FWHM is only about four wavelengths. To verify this simulation result, an analytical function has been 

obtained through a point source model involving perturbation. The highly collimated beam light has also been 

measured experimentally with a near-field scanning optical microscopic.  As a plane wave, the incident light is 

focused on our plasmonic structure for higher intensity.  The transmitted light is measured by NSOM at 

different distances.  The light intensity and the FWHM measured agree well with those of simulation, as shown 

on Fig. 2. The physics and the implications of this fundamental scientific breakthrough will be discussed.       

(a)    (b)  

Fig. 2. Comparison of the FDTD simulation and the NSOM measurement of (a) the peak light intensity, and 

(b) the FWHM vs. the distance from the metallic film with the sub-wavelength structures.   
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Abstract— The rotation and ellipticity of polarization of the light propagating through a meta-
material film with periodic nanostructure for arbitrary direction of the applied static magnetic
field is studied. In the Voigt configuration the strong dependencies of the above mentioned effects
on the direction of the applied field are found.

Recently we predicted that the strong field dc macroscopic or bulk effective conductivity σ̂e

of periodic metamaterials [where the cubic or square array of insulating (conducting) inclusions
are placed inside a conducting (insulating) host medium] exhibits a strong dependence on the
precise orientations of the external magnetic field B0 (with respect to the main crystal lattice axes)
and the volume averaged current density 〈J〉. Since σ̂e can be measured directly, our predictions
for σ̂e(B0) were already verified experimentally (see references in Ref. [1]). A similar magneto-
induced anisotropy should exist in the case of ac conductivity, i.e., for the macroscopic or bulk
effective permittivity tensor ε̂e of metal-dielectric metamaterials and consequently for their optical
properties. However, since ε̂e cannot be measured directly, our prediction for ε̂e(B0) has not yet
been tested experimentally.

What can be measured directly is the Faraday-like rotation. However, for the case of an in-plane
magnetic field B0 in a metamaterial film the relevant effect is Voigt rotation, for which general exact
analytical expressions (as far as we know) are not published. In this work we derive such exact
expressions for the general case and verify our predictions numerically [1].

When an applied magnetic field has an arbitrary direction with respect to the lattice axes of a
periodically microstructured or nanostructured metamaterial (see left part of Fig. 1), the effective
permittivity tensor, ε̂e, of the metamaterial sample becomes anisotropic and all its components can
be nonzero (see Fig. 1).

It is found that the strong magneto-induced anisotropy which appears in the macroscopic re-
sponse leads to an unusually strong anisotropic behavior of the Voigt effect and other magneto-
optical (MO) effects. That is, these phenomena become strongly dependent on the direction of the
applied static magnetic field, B0, as well as on the direction of the time dependent electromagnetic
field, E with respect to the symmetry axes of the periodic nanostructure.

In our calculations, the permittivity tensor ε̂M of the metallic component of the metamaterial
was taken in the quasi-static approximation ε̂ = ε̂0+i4πσ̂/ω, where ω is the light frequency, σ̂ is the
Drude conductivity tensor in which the plasma frequency ωp and the conductivity relaxation time
τ are such that ωpτ = 20. This tensor depends on the magnetic field B0 (measured in conventional
units) through the the dimensionless magnetic field H = µH |B0| = ωcτ , where µH is the Hall
mobility and ωc is the cyclotron frequency.

We have studied analytically and numerically the rotation and ellipticity of polarization of the
light propagating through a metamaterial film with periodic nanostructure for arbitrary direction
of the applied static magnetic field, including both Voigt (when the static magnetic field is in the
film plane) and Faraday (when that field is perpendicular to the film) configurations [1]. In the
Voigt configuration we found strong dependencies of the above mentioned effects on the direction
of the applied field B0 (see Fig. 2).
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Figure 1: Left part: A metal film with a periodic array of holes. x, z are the fixed coordinate axes, while
x
′
, z

′ are rotating coordinate axes. The applied static magnetic field B0 ‖ z
′ lies and rotates in the film

plane. The light wave vector is normal to the plane (i.e., k ‖ y). Right part: Real (solid blue lines) and
imaginary (dashed red lines) parts of the diagonal (top part) and off-diagonal (lower part) components of the
macroscopic permittivity tensor ε̂e of the metamaterial, made of a simple-square array (with lattice constant
a) of circular cylinder holes (of radius R = 0.3a) in a metal film. ω = 0.4ωp, H = 10.

Figure 2: Rotation angle (in the Voigt configuration) β, tan 2β, ellipticity κ, sin 2κ vs the angle of rotation
θ (see Fig. 1). H = 5, ωpτ = 20, ω = 0.8ωp, R = 0.3a.
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Abstract— Spatially resolved optical second harmonic generation (SHG) is reported for single
gold nanoprisms and compared with two-photon photoluminescence (TPL). We demonstrate that
the corresponding 2D maps obtained by scanning the sample are partially uncorrelated due to
the specific nature of the second order nonlinear sources. Hence, the TPL maps, which have
been widely used to image the electric field distribution in plasmonic nanostructures, cannot be
directly invoked in order to anticipate the efficiency and localization of the SHG response.

The unique optical properties of plasmon resonances in noble metal nanoparticles have been
extensively investigated owing to their ability to enhance the electric field amplitude but also
to tailor its spectral and spatial distribution. Among all application domains, nonlinear optics
plays a singular role since the efficiency of the underlying physical processes are driven by specific
symmetry properties and local density of states, being drastically affected by the metal response.
In particular, these resonances enable the observation of non-linear optical responses such as second
harmonic generation (SHG) and two photon luminescence (TPL) [1, 2]. The latter has been widely
used to infer the field localization at the nanoscale, becoming a key tool for investigating the
plasmon resonances even in the context of gap induced hot spots formation. Thought, as we
have recently demonstrated [3], this technique fails in providing a clear view on another popular
nonlinear response, the SHG, which also involves two excitation photons to generate a single and
more energetic photon. Here, we use a specific particle geometry (a gold nanoprism with a triangular
base) to evidence the main differences between SHG and TPL but also between the two mechanisms
involved in the SHG process. The main idea is that i) the coherent versus incoherent behavior of
SHG and TPL signals must have a fingerprint in the polarization response of the particle and ii) the
SHG currents associated with local surface and nonlocal bulk contributions must lead to different
spatial localization of the electric fields.

The nonlinear currents responsible for SHG in metal nanostructures arise from the breakdown
of the centrosymmetry at the metal surface (local response jsurf,⊥) or from intensity gradients ∇E2

inside the bulk (nonlocal response jbulk), according to the following expressions[4]:

jsurf,⊥(r, 2ω) = χ⊥⊥⊥E
2

⊥
(r, ω), jbulk(r, 2ω) = γbulk∇E2(r, ω) (1)

where ⊥ indicates the vector component perpendicular to the particle surface and refers to the
gradient of the electric field intensity. As we show in this work, the introduction of the gradient
in the bulk contribution critically tailors the electric field distribution compared to linear optical
properties. In particular, we demonstrate that it is possible, owing to the specific particle mor-
phology, to create nonlinear sources localized at a corner of a 100nm wide prism corresponding to
a node for the fundamental electric field distribution.

In order to reveal these unusual behaviour using conventional nonlinear microscopy, we have
investigated larger gold nanoparticles (typically 800 nm wide) involving higher plasmon modes.
This required to develop a new set of numerical simulations accounting for the field focusing by
high numerial aperture objectives, the presence of the substrates and of oil immersion and finally
the collection of the SHG fields by the same objective (reflection mode). The extensive resource
cost in order to obtain a 2D map of the SHG signal has motivated deploying the simulation on a
cluster at the Neel Institute. Typical results are shown in Figure 1 for the non-local bulk current (a)
and the local surface current (b) in a crossed polarization configuration (the SHG being polarized
horizontally). Clearly, the SHG intensity collected in the far-field by scanning the sample under



the focused excitation beam are dissimilar for both contributions. In addition, we show that for
these very thin gold prisms (typically 25 nm), the SHG is dominated by the bulk currents owing
to the large field gradients, emphasizing the importance of this contribution often disregarded [4].

The numerical simulations can be quantita-
tively compared to the experimental data ob-
tained on a new setup developed at the Neel In-
stitute for nonlinear measurements. This setup
provides long term nanometer-scale stability, ow-
ing to a particle tracking algorithm, and a few
photon noise level thanks to a time gated pho-
ton counting detection scheme. The measured
SHG and TPL maps are shown in Figure 1 for
the same polarization configuration as the sim-
ulations. There is a clear qualitative agreement
with between the experimental SHG maps and
the simulated one when the nonlocal bulk cur-
rents are considered. This further sustains that
the dominant contribution arises from the field
gradient and not from the symmetry breaking
induced by the surface. Furthermore, we show
that SHG and TPL are partially uncorrelated as
evidenced by the intensity lobes observed at the
two lower corners of the prism for SHG and not
for TPL. This is a direct consequence of the in-

tensity gradient responsible for the nonlocal bulk
contribution as discussed previously for smaller
prisms.

Figure 1: Intensity maps of the simulated SHG signal
with nonlocal bulk (a) and local surface (b) contribu-
tions. Panels c) and d) correspond to the experimen-
tally measured SHG and TPL intensities respectively.

Finally, we have performed polarization resolved measurements at the upper prism corners for
both SHG and TPL. We found drastically different laws as a function of the incident polarization,
the TPL showing a typical ”dipolar” like response while the SHG reveals a more complex angle
dependence. This is attributed to the incoherent nature of the physical process at play for TPL,
which leads to a maximum emitted intensity at the positions where the plasmon resonance leads
to an enhanced electric field. For SHG, the coherent nonlinear currents will lead instead to a less
intuitive field cancellation [3] owing to the symmetry properties of the optical process. This effect
will be discussed in detail in the presentation for the specific configuration of Figure 1.

In conclusion, we have investigated the SHG and TPL in gold nanoprims and showed that i)
local surface and nonlocal bulk SHG currents lead to different plasmon mode excitation, ii) the bulk
contribution is dominant in thin gold nanoprisms due to the large field gradients, iii) 2D intensity
maps recorded for SHG and TPL by scanning the sample leads to partially uncorrelated results in
terms of spatial field localization and polarization response.
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Abstract— We designed a nanostructured absorber that shows an exceptional darkness, with
an extremely high absorption > 98% between 400 nm and 1200 nm. By introducing an optical
amplifier to the system, we show how to create a new type of source with the aid of the structural
darkness, generates monochromatic emission without the need of any resonance. This behavior is
achieved through a process of light condensation, which spontaneously transfer all the available
spectral energy into a single frequency.

In many applications, it is very important to develop broadband light absorbers that is indepen-
dent to light incidence angle and polarization [1]. An ideal absorber is the one like a black-body
that absorbs light at all angles polarizations and frequencies, with zero reflection and transmis-
sion. Light absorbers available with the current technology, however, are still far away from ideal
black-body performances.

Guided by the concept of chaotic energy harvesting [2, 3, 4] and transformation optics [5],
we engineered random nanoplasmonic structures that are able to absorb light with exponential
efficiency, independent to both incident angle and polarization. We implemented measurements in
the visible and infrared between 400nm to 1200nm under isotropic illumination angles (sketched in
Fig. 1a). Figure 1b demonstrates a quite flat absorption spectrum between 98%− 99% maintained
over a window of 800nm. These values of absorption are the highest reported for a material with
oblique incident illumination and arbitrary polarization [6].

The black-body is well-know for either its strong absorption or incoherent emission of radiation,
such as the light from a star following Plank radiation law. The possibility of harnessing the large
emission of radiation from black-body to create a new type of source with coherent amplification
opens a very interesting question. For a classical coherent source such as a laser, the coherent
emission of radiation is achieved by the amplification of one (or few) resonances through stimulated
emission [7]. However, there is no resonance in a black-body due to the complete darkness. Very
Interestingly, the system can manifest nontrivial emission dynamics when immersed into an optical
amplifier.

In performing the experiments, we diluted a standard dye inside the dark material and illumi-
nated the solution by a 10 ns pulse laser at 532nm, characterized by a repetition rate 10Hz. We
selected Rhodamine B( RhB) as the gain material, with fluorescence peak at 625nm. Figure 2a
demonstrates the emission spectra Ω(ω) at different pumping power P, varied from P = 50 mW
to P = 450 mW. We observed a broadband emission 60 nm wide around 628 nm at low pumping
power, resulted from the fluorescence of the RhB. With the increment of the power, we observed
the spontaneous creation an optical condensate [8, 9]. The system systematically builds up all the
available spectral energy to the highest frequency state around 590 nm, demonstrating a nonlinear
enhancement of emission with exponential efficiency.

To better understand the dynamics of this process, we fit each emission spectrum Ω(ω) with a
series of Gaussian lineshaped functions:

Ω(ω) =
∑
n

an · e
(ω−ωn)2

δωn2/2 (1)

where an, ωn and δωn are the amplitude, central frequency and linewidth for the Gaussian expansion
respectively. Figure 2b reports the results of the spectrum analysis, illustrating the distribution
of linewidth δωn as the evolution of pumping powers P . We observed a strong shrink process of
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Figure 2: Black-body emission via light condensation. (a) The emission spectra Ω(ω) of the sample pumped
at different pump powers P. (b) The distribution of linewidth δω as the evolution of pump powers P.

the linewidth from 50 nm at the initial spectrum to 5.6 nm at the final stage, providing a clear
view of the condensation process. We also developed a quantum statistical model of light-matter
interaction to investigate the dynamics in the black-body emission with a gain material, which
perfectly matches the results from our experiments.

ACKNOWLEDGMENT

The authors acknowledges the funding from KAUST (Award No. CRG-1-2012-FRA-005).

REFERENCES

1. Teperik, T. V., et al., ”Omnidirectional absorption in nanostructured metal surfaces,” Nat.
Photon., 2, 299, 2008.

2. Liu, C., A. Di Falco, D. Molinari, Y. Khan, B. S. Ooi, T. F. Krauss and A. Fratalocchi,
”Enhanced energy storage in chaotic optical resonators,” Nat. Photon., 7, 473, 2013.

3. Liu, C., A. Di Falco and A. Fratalocchi, ”Dicke phase transition with multiple superradiant
states in quantum chaotic resonators,” Phys. Rev. X, 4, 021048, 2014. .

4. Fratalocchi, A., ”Chaotic Energy Harvesting,” Nat. Nanotechnol., 10, 11, 2015.
5. Leonhardt, U., ”Optical conformal mapping,” Science, 312, 1777, 2006
6. Huang, J., C. Liu, S. Masala, E. Alarousu, Y, Han, A. Fratalocchi, ”Experimental realization

of a black-body at visible and infrared wavelengths: harnessing structural darkness for a new
source of light,” (submitted)

7. Verdeyen, J. T., Laser electronics, Prentice Hall, New Jersey, 1995.
8. Fratalocchi, A., ”Mode-locked lasers: Light condensation,” Nat. Photon., 4, 502, 2010.
9. Weill, R., B. Fischer, O. Gat, ”Light-Mode Condensation in Actively-Mode-Locked Lasers,”

Phys. Rev. Lett., 104, 173901, 2010.



            

Modulated Light Transmission through a Subwavelength Slit at Early Stage 
Jian-Shiung Hong1, Alexander Ewen Chen2, and Kuan-Ren Chen3* 

1Department of Photonics, National Cheng Kung University, 1 University Road, Tainan 70101, Taiwan, ROC 
 2Department of Electrical Engineering, The Pennsylvania State University, University Park, PA 16802, USA 
3Department of Physics, National Cheng Kung University, 1 University Road, Tainan 70101, Taiwan, ROC 

*corresponding author: chenkr@mail.ncku.edu.tw 

Abstract- The early dynamics of light transmission through a subwavelength slit in a 
finite-difference time-domain simulation shows that the amplitude of the transmitted light can be 
modulated.  This underneath physics is studied with a new model.  Besides academic importance, 
this phenomena and its understanding is essential to photonic applications utilizing short temporal 
pulses in a width of several to tens of light periods. 

The extraordinary optical transmission (EOT) through a subwavelength hole array in a metallic film [1] 
inspires researchers in the area of plasmonics to explore the possibility of applications on optical devices, such as 
ultrafast active plasmonics [2], light shape manipulation [3], and … et al.  A single subwavelength slit is the 
simplest configuration to understand the fundamental mechanism and related optical properties.  

Extensive theoretical works have been carried out for understanding the steady light transmission of this 
kind of configuration in the last few decades [4, 5].  Mechler et al. [6] analyzed the transmission of Gaussian 
pulses with only a few light periods and pointed out that there are three regimes of resonant excitation according 
to their temporal pulse widths.  To the best of our knowledge, there is no discussion about the dynamics of the 
transmission at the early stage. 

We study the early dynamics of the light transmission through a subwavelength metallic slit with 
finite-difference time-domain (FDTD) simulation and find that the amplitude of the transmitted light can be 
modulated due to the round-trip reflections within the slit as similar to a Fabry-Perot resonance.  In order to 
understand this novel phenomena and its underneath physics, a new analytical model is developed.  Each wave 
period of the light is considered here as an individual unit; the time difference of neighborhood in this unit train 
is one period.  Now, focus on the dynamics of just one unit for different thickness that optimizes the light 
transmission through the slit whose width is 40 nm while the wavelength of incident wave is 560 nm. The unit is 
partially transmitted through the slit as the first subunit, as shown in Fig. 1.  The portion reflected from the exit 
interface travels a round trip in the slit and then partially transmitted out as the second subunit.  If the round trip 
time is equal to one light period, the second subunit begins at the end of the first one, as shown in Fig. 1(a).  
There may be a gap in time between these two subunits when the round trip time is longer, as shown in Fig. 1(b) 
and 1(c).  This process repeats so that this unit produces a subunit train.   
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Fig. 1 The electric field of the first wave unit where h = 205 nm (a), 470 nm (b), and 730 nm (c), respectively. 



The transmitted light is resulted from the superposition of the subunit trains.  We show that, when the 
round-trip time is an integer multiple of period, the amplitude of the transmitted light is modulated in a period of 
the multiple number, as shown in Fig. 2. The gap time is one light period less. The modeling results agree well 
with those from the corresponding simulation. 
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Fig. 2 The results from modeling and simulation when h = 205 nm (a), 470 nm (b), and 730 nm (c), respectively. 

An ultrashort incident Gaussian pulse could be approximated as a wave unit. From the viewpoint of the 
wave discretizing model, we expect that the transmitted field can be periodically produced when the round trip 
time is about or larger than the temporal pulse width, which is consistent with the theoretical findings in ref. [6]. 

Besides academic importance, this phenomena and its understanding is essential to photonic applications 
utilizing short temporal pulses in a width of several to tens of light periods. 
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Abstract— Applying EELS to ultra-sharp convex grooves in gold, we directly probe extremely
confined gap surface-plasmon (GSP) modes excited by swift electrons in nanometer-wide gaps.
We reveal the resonance behavior associated with the excitation of the antisymmetric GSP mode
for extremely small gap widths, down to approximately 5 nm. We argue that excitation of this
mode, featuring very strong absorption, has a crucial role in experimental realizations of non-
resonant light absorption by ultra-sharp convex grooves with fabrication-induced asymmetry.
The occurrence of the antisymmetric GSP mode in plasmonic waveguides is an important factor
that should be taken into account in the design process.
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Figure 1: Artistic impression of the gold nanogroove studied in this work, with the electron probe moving
parallel to groove axis. The groove is filled with silicon dioxide and the substrate is silicon. The groove
height, depth and periodicity are approximately 450 nm, 150 nm and 350 nm, respectively.

We report an experimental study of GSPs in ultra-sharp gold convex nanogrooves using EELS [1].
The geometry of these nanogrooves is characterized by gradual and relatively slow variations in
the gap width when moving deeper inside a groove. This means that the groove GSP modes can
be considered as being formed by local metal-insulator-metal (MIM) GSP modes (that is, by GSP
modes supported by constant-gap MIM configurations) that are weighted accordingly, a representa-
tion which is widely used in integrated optics and plasmonics for effective-index approximation. In



EELS experiments (Fig. 1), the strongly confined electrical fields of moving electrons excite thereby
local MIM GSP modes, corresponding to the position of the electron beam inside the groove. Note
that a sample should necessarily be thin along the groove (Fig. 1) in order to be transparent for
an electron beam, but not too thin with respect to the GSP wavelength. Overall, the considered
groove geometry is ideal for studying MIM GSP modes, as the width of the insulating layer (gap
size) decreases as the position of the electron probe is moved down the nanogroove, thus allowing us
to map the evolution of MIM GSP modes for varying gap size in a single groove. We intentionally
propagate the electron beam along the axis of the groove within the mirror-symmetry plane (yz
plane, cf. Fig. 1) in order to allow for probing of modes near the groove bottom and to study the
optically dark modes. We verify experimentally the existence of the MIM GSP mode in the crevice
of the groove, i.e., at extremely narrow gaps of only 5 nm.
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We demonstrate the use of femtosecond direct laser writing combined with argon ion beam etching 

to prepare homogenous and large-area nanoantenna arrays with feature sizes below the diffraction 

limit of the laser light. Such nanoantennas provide tunable and high quality plasmon resonances in 

the mid-infrared spectral range which are well-suited for surface-enhanced infrared absorption 

(SEIRA). We demonstrate that and experimentally investigate the influence of plasmonic coupling 

between neighboring nanoantennas on the SEIRA enhancement effect. 

 

Infrared (IR) spectroscopy is a standard technique in chemistry and life science for the identification of 

different molecules based on their infrared absorption. The main limitation of infrared spectroscopy, however, is 

the relative low absorption cross-section of molecular excitations. Special designs of metal structures, known as 

plasmonic antennas [1], are utilized to overcome this problem. Such plasmonic antennas concentrate 

electromagnetic radiation in nanometer-sized volumes and therefore provide huge near field enhancement. The 

molecular vibrations of species located in these hot spots can be enhanced up to five orders in comparison to 

conventional infrared spectroscopic measurements [1]. However, the nanoantennas are typically fabricated by 

electron beam lithography [2] which provides geometries for surface-enhanced infrared spectroscopy (SEIRA) 

on a small area while large-area fabrication methods are required for real-world applications. 

In this work, we demonstrate the use of direct laser writing lithography as a fast and reliable method to 

prepare homogeneous and large-area nanoantenna arrays for vibrational sensing in mid-infrared range. Also, we 

investigate the effect of plasmonic coupling between neighboring nanoantennas on the SEIRA enhancement. 

Particularly, we prepare nanoantenna arrays with different longitudinal (dx) and transversal (dy) spacing in 

between (see Fig. 1c), and then measure the vibrational signal enhancement of 

4,4’-bis(N-carbazolyl)-1,1’-biphenyl (CBP) molecules evaporated on these arrays. 

Prior to direct laser writing, we evaporate a 100 nm thick layer of gold as a plasmonic material onto clean 

CaF2 substrates. Then, a thick layer of photoresist is cast on top of the gold surface. For direct laser writing, we 

use a femtosecond laser (λ=780 nm) as a light source. Lengths (L) and widths (W) of the nanoantennas are 

adjusted by changing writing length and laser power, respectively. Subsequent argon ion beam etching provides 

nanoantennas with feature sizes below the diffraction limit of the laser light. As a result, we obtain homogenous 

nanoantenna arrays (typical antenna length and width in the range of 1.7 to 2.8 µm and 105 to 350 nm, 

respectively) on large scales (up to 7 × 7 mm2). Figure 1a shows a scanning electron micrograph of an array as 

an example. Typical relative transmittance spectra taken at different positions of the sample are shown for IR 

radiation polarized parallel to the long antenna axis (Fig. 1b). As seen in the inset, the resonance frequencies 

(transmittance minimum) deviate less than 2 % over the sample, confirming the excellent homogeneity of our 

nanoantennas on large scales. 



 
Figures 1: (a) SEM image of an antenna array (length= 2.4 µm, width= 140 nm) and (b) relative 

transmittance spectra (parallel polarization, E║) measured at different positions. (c) Antennas with different 

distances (dx, dy) are covered with a 5 nm thick layer of CBP. (d) Relative transmittance spectra of the 

nanoantenna arrays providing different SEIRA enhancements visible as vibrational peak strength. 

To investigate the influence of plasmonic coupling between neighbouring antennas on the SEIRA 

enhancement effect, we prepare gold nanoantennas separated by different spacing in x- and y-direction as 

illustrated in Fig. 1c and covered them with a 5 nm thick layer of CBP which acts as a molecular probe. 

Different relative transmittance spectra of selected antenna arrays show a varying enhancement CBP vibration 

(dashed lines). Their enhancements strongly depend on the separation dx and dy as shown in Fig 1d. After a 

baseline correction, we find that the optimum SEIRA enhancement is observed when the antennas are placed at 

transverse distances close to gy = λres/n (close to the Rayleigh anomaly), in direction perpendicular to the long 

antenna axis, where λres is the resonance wavelength and n is the refractive index of the substrate. 

In conclusion, we utilize direct laser writing for the fabrication of homogeneous large-area arrays of 

plasmonic nanoantennas with dimensions below the diffraction limit of the laser light featuring plasmon 

resonances in the mid-infrared spectral range. The applicability of such nanoantennas for surface-enhanced 

infrared absorption studies is approved by enhancing the vibrational signals of evaporated CBP molecules on 

nanoantennas. In these SEIRA experiments we find a maximum enhancement of four orders of magnitude close 

to the Rayleigh anomaly ((dx, dy) = (1, 5) µm). 
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Fig.1. In the first column, we show the forward signal; in the 
subsequent rows, we appreciate the transition of the signal 
beyond the semicircle due to constructive interference. The 
second column corresponds to the backward signal. In this case, 
the signal cannot propagate to the left side. 
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Abstract-We present theoretically three devices based in exciton polaritons, namely, an optical diode, a 

complete photonic logic gate architecture and an implementation for hardware neural networks: a 

perceptron. 

 

The demand for a new generation of computers, more powerful and more compact, have lead the scientist the task to 

improve current processors that use electronic devices to perform calculations with boolean algebra. In order to 

answer the question: how to improve this system? Different paths have been walked. Here we approach this problem 

by two sides, first we propose to substitute electronics for photonic systems [or more precisely polaritonics], this 

would allow faster calculations, where the low carrier resistance would reduce heat losses; specifically we present a 

fully optical diode and a complete classic photonic logic gate architecture based in exciton-polaritons in microcavities. 

The second approach is inspired in replacing the boolean logic for hardware neural networks. As it is well known, 

neural networks exploit massive interconnectivity to become highly efficient at certain tasks such as classification, 

and pattern recognition. Here we present theoretically a general scheme to realize a perceptron, a device capable to 

perform Hebbian learning with applications in pattern recognition. We show as well, how it can be implemented in 

polariton systems. Polaritons are quasi-particles resulting from the strong coupling of photons and quantum well 

excitons, they are ideal building blocks to develop this technology since they are compact nonlineal phonic systems. 

In the following ,we briefly describe the mention devices. 

 

Optical Diode-A diode is a device that ideally allows full 

signal transmission in one direction, with signal suppression 

in the other. We present a design for an optical diode 

composed of an optical microcavity, where the polaritons 

within are subjected to a fixed potential. By varying the 

laser intensity, it is possible to drive the system into a 

bistable regime, where a switched state survives indefinitely 

and the loss is compensated by a continuous wave laser that, 

together with interactions, sets the bistability in the system. 

In this regime, signals can be sent through a propagating 

domain wall. Using a mean field approach, we show [1] that 

an asymmetric response in the transmission of the signal, 

can be achieved by making use of a fixed C-shaped spatially 

patterned potential, which favours the bridging of particles in 

one direction only [see Fig.1]. 



Fig.3. a) Training phase. An input set corresponding to number one, is activated 
simultaneously with the desired output (red ray).  b) Operation phase. The input set 
represents a digit with defects, here there is no driven field over the output. Scattering 
with the potential allows the number to be recognized. 

Photonic logic gate architecture- We use the nonlinearities of the system due the polaritons-polariton interactions to 

produce a signal in the form of a moving domain wall. These signals can be optically controlled and the spin degree of 

freedom of light can be used as a bit. Then, using the transverse electric-transverse magnetic splitting of light while 

propagating in 2D channels, a spin precession is induced in polaritons as they propagate: every time the spin switches, 

a NOT logic gate is realized. Moreover, since the external potential where the polaritons move can be easily patterned, 

a network can be constructed as shown in Fig.2, where each node will work as a NOT gate and each junction of two 

nodes will work as an AND gate, fulfilling the requirements to construct a complete logic circuit. The dynamics of the 

system can be described using the spinor Gross-Pitaevskii equation, a mean-field approach that allows to obtain the 

coherent polariton field via the solution of a coupled system of nonlinear equations [2]. 

 

 

Perceptrons. A perceptron is an artificial neural network where a large number of signals experience a linear 

transformation to produce the desired output. Furthermore, a neuron can be trained such that it preserves its “memory” 

and applies the same linear transformation for a similar set of inputs. This allows the system to perform interesting 

tasks such as pattern recognition. We propose a scheme where the inputs and outputs can be sent optically and the 

linear transformation that preserves the memory can be controlled either by nonlinear systems where the response is 

induced by the input wave functions or 

by linear systems where the response is 

adjusted independently of the input. 

Here the proof of the concept was 

realized by solving the Schrodinger 

equation for different scenarios, in 

particular we will discuss the system’s 

memory associated by the phonon 

polaritons interaction. In Fig.3 we 

show a scheme of the system where 

the “number one” is used to perform 

pattern recognition. 
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Abstract- Plasmonic gratings have been fabricated using laser scribing in a refractory metal 

(molybdenum) for high temperature applications. The molybdenum micro-structures have been 

designed to generate heat from plasmon excitation in the mid-infrared (10.6m). Real time 

temperature measurements have been done achieving an increase of temperature of more than 

150% when compared to flat molybdenum. The heat generation from light absorption will be 

analyzed in detail as a function of the plasmon excitation efficiency and temperature. 

 

Integration of plasmonic structures in photonic devices has been limited due to the optical losses inherent to 

the material properties of metals [1]. These losses are directly related with the imaginary part of the permittivity 

that is responsible for heat generation by the Joule effect. However we can give a different perspective to the 

problem and use these losses as an advantage for energy converters [2, 3]. Diamond materials have fuelled 

thermionic electron emission as an alternative technology for solar energy where energy converters turn heat into 

electricity. [4] The basic thermionic solar converter structure is a solar power heated cathode separated from a 

cooler anode by a vacuum gap. The hot cathode should be a perfect light absorber stable at high temperatures. 

Designing lossy plasmonic structures that could efficiently generate heat by light absorption using metal 

micro-structures while they are simultaneously able to work at high temperatures is the next breakthrough for 

real solar thermionic applications. Plasmonic and metamaterial structures seem to be the best candidates. 

However no real measurements at high temperatures have been performed in real devices with compatible 

materials for diamond deposition. Therefore our approach will be to study how working at high temperatures 

could affect the performance of a plasmonic device compatible with diamond fabrication by using real time 

temperature measurements. 

Noble metals are an excellent platform for plasmonic applications, however they have a poor performance at 

high temperatures forcing us to work with unusual metals such as refractory metals. In this work we study the 

enhancement of the heating efficiency of those metals when microstructures suitable for surface plasmon 

polaritons excitation are used. Molybdenum has been the chosen as refractory metal due to its negative values of 

the real permittivity similar to gold and silver but with better thermal stability at high temperature with a melting 

point above 2000 °C. Also, Molybdenum shows high values of the imaginary part of the permittivity producing 

high losses through Joule heating. As a proof of principle, we have designed gratings couplers on Molybdenum 

substrates suitable for the excitation of plasmons in the mid-infrared using a CO2 laser source (10.6 m). The 

CO2 laser allows us to compare at high temperatures the behavior of bare molybdenum with the photonic 

structures on molybdenum substrates. We have studied the coupling efficiency and heat generation as a function 

of grating pitch and groove morphology. Figure 1.a shows the absorptivity obtained by Finite Difference Time 



Domain (FDTD) simulations for three different samples. We can achieve absorptivity values close to 50% with 

the proper grating parameters design, working on morphology of grating grooves changing both width and 

depth.

 

The temperature achieved on the samples has been measured using a thermocouple for low temperatures and 

a two color pyrometer for high temperatures at the back side of the sample. Real time temperature measurements 

require homogeneous gratings on large area substrates (around 1cm2) that have been produced by laser scribing 

with a Nd:YAG laser (= 532nm, t = 10-15 ns, 15 kHz). The spatial energy distribution of the Gaussian beam 

profile combined with the high ablation threshold of the molybdenum allow us to obtain micrometer features 

compatible with plasmonic couplers at 10.6um. The groove deep is controlled by the number of laser passes. 

Therefore gratings with groove widths between 3 and 8 m and depths between 0.5 to 4 m have been prepared 

and analyzed.  

Our results show that the temperature achieved on the samples strongly depends on laser polarization 

orientation with respect to the grating grooves, proving that the enhanced heating process occurs when the 

plasmon excitation conditions are fulfilled. Increases in temperature of more than 150% have been obtained for 

the optimum samples achieving temperatures above 1000 ˚C (see Figure 1.b). In our presentation I will analyze 

in detail the heat generation as a function of the grating absorption efficiency and temperature. We will also take 

into account how radiation losses and material non-linear processes could affect the performance of the 

refractory plasmonic grating. 
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Figure 1.- a) Absorptivity obtained by FDTD simulation (Lumerical version 8.11) at normal incidence with polarization 

perpendicular to grating grooves for Molybdenum gratings with a 10 m period but different grating groove depths and a 

Molybdenum bare substrate. Inset: microscope image of the surface of one of the gratings. b) Temperature achieved in the samples 

with different morphologies as a function of the laser power.  
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Abstract-The tunability of the frequency and polarization of surface plasmon resonances of 

nanostructures is crucial for their implementation in nanophotonics applications. We report FTIR 

spectroscopic data of gold and aluminum plasmonic nanorods with resonance frequencies spanning 

the mid-infrared regime (2-10 microns). The effect of the nanorod material and dimensions as well 

as substrate material is investigated. Bending of the nanorods results in additional resonances with 

polarizations not observed in straight nanorods.  

 

In recent years, the field of plasmonics has rapidly grown and a vast amount of research has shown the great 

potential of plasmonic nanostructures in a wide range of nanophotonics applications such as photovoltaics [1], 

chiroptical spectroscopy [2], and infrared detection [3]. The utility of plasmonic structures in these applications 

is highly dependent on the polarization and frequency of the surface plasmon modes. The ability to engineer 

appropriate plasmonic structures for given applications relies on the ability to understand and tune the 

resonances. Several factors influence the plasmon resonance frequency of a nanostructure including its shape, 

size, and material, as well as the dielectric environment surrounding the nanostructure. In this work we report 

spectroscopic analyses of plasmonic nanorods with localized surface plasmon resonances spanning the 

mid-infrared (MIR) regime, and demonstrate the tunability of the resonance frequency and polarization by 

varying the nanorod dimensions, bending angle, plasmonic material, and substrate. 

Arrays of metal nanorods were patterned by electron beam lithography (EBL) on either silicon wafers (Si) or 

pre-cleaned glass coverslips coated with 40nm of aluminum (Al/glass). After development, either 40nm of gold 

(Au) or aluminum (Al) was deposited by electron beam evaporation or thermal evaporation, respectively, 

followed by lift-off in n-methyl-2-pyrrolidone heated to 80°C. 

Samples with nanorods patterned on Al/glass were then anodized in 

0.3M sulfuric acid, converting the aluminum to transparent 

aluminum oxide. Spectroscopic measurements were carried out 

using a Fourier transform infrared (FTIR) spectrometer with a 

microscope attachment. 

Metal nanorods were patterned with lengths ranging from 300 

to 1500nm, a 6:1 length:width aspect ratio, and a thickness of 40nm. 

Separation between individual nanorods was at least 500nm. The 

nanorod arrays were approximately 100x100μm in area, with 3.4% 

areal coverage by the metal. The effect of bending was tested by 

also patterning bent nanorods with a 90° central angle, as shown in Fig. 1.  

  

Figure 1. SEM micrographs of Al 

nanorods on Si. Left: straight (0°). Right: 

bent (90°). Scale bar: 200nm 

600nm 600nm 



Fig. 2 shows the reflectance spectra of 600nm, 900nm, 

and 1000nm straight Au nanorods and 900nm and 1000nm 

straight Al nanorods on Si normalized to the reflectance of 

the bare Si substrate. Surface plasmon resonances are 

manifested as reflectance peaks. For both materials, we 

observe a red-shift in the resonance with increasing rod 

length due to the increasing length:thickness aspect ratio. Al 

nanorod surface plasmon resonances are blue-shifted with 

respect to Au nanorod resonances, as expected from the 

difference in permittivity values for these metals. 

Fig. 3 shows the reflectance spectra of 1000nm straight 

and bent Au nanorods. When bending a rod, a blue-shift is 

observed due to a decrease in the effective length of the 

nanostructure with bending. Furthermore, bending the 

nanorod changes the symmetry of the structure, resulting in 

dipolar plasmon modes at even shorter wavelengths that are 

not present in straight nanorods (arrow in Fig. 3).  

Significant tunability is achieved by modifying the 

substrate permittivity. Spectral signatures from nanorods 

patterned on glass are strongly blue-shifted compared to the 

same patterns on Si (by up to 5000 nm), as shown in Fig. 3. 

In this work, we demonstrate the tunability of plasmonic 

nanorods through the variation of structure size, bending 

angle, nanorod material and substrate material. By changing 

these parameters, we have fabricated plasmonic structures 

with resonances across the mid-infrared regime, specifically 

from 2 µm to 10 µm. The tunability of the resonances shown 

in this work can be applied to engineer structures that will 

have useful resonances with unique polarizations for a wide 

range of nanophotonics applications.  
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Figure 2. FTIR reflectance spectra of gold and 

aluminum straight nanorods. The Au traces were 

shifted vertically for clarity. 

 

Figure 3. FTIR reflectance spectra of 1000nm 

straight (0°) and bent (90°) Au nanorods on Si or 

glass. Traces were shifted vertically for clarity. 
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Abstract- During this talk, we will present our recent advances in the study of second harmonic 

generation (SHG) in plasmonic nanoantennas. The mechanisms of SHG enhancement in 

multiresonant nanostructures will be discussed in details and the role played by the different 

eigenmodes in the nonlinear response of plasmonic nanostructures will be addressed pointing out 

the influence of the symmetry at the excitation and emission wavelengths.  

 

It is well known that metallic nanoantennas are able to enhance and control light-matter interactions down to 

the nanoscale. Indeed, optical antennas have the ability to concentrate the electric field inside their nanogap 

beating the diffraction limit. The enhancement of the electric field enables the observation of nonlinear optical 

processes. For instance, second harmonic generation (SHG) from metallic nanoantennas, the process thereby two 

photons at the fundamental frequency are converted into one photon at the second harmonic (SH), has been 

experimentally reported recently [1]. Recently, multiresonant nanostructures (structures supporting one 

resonance at the fundamental wavelength and one resonance at the SH wavelength) have been proposed for 

increasing the nonlinear conversion down to the nanoscale [2, 3]. 

During this presentation, we provide a full understanding of the mechanisms that lead to SHG in 

multiresonant plasmonic structures. By combining experiments on aluminum plasmonic nanostructures with 

surface integral equation simulations, we have investigated the SHG modulation from double resonant 

nanoantennas (DRAs) with a broad variety of geometries. For this purpose, the long bar L2 of the DRA has been 

optimized and fixed at 160 nm, while the short bar L1 is varied from 20 to 200 nm (see Fig. 1). We clearly 

observe that the SH intensity is maximum when the short bar has also a maximum scattering cross section in the 

linear regime at 400 nm. The corresponding SH near-field distribution confirms that the near-field of the 

quadrupolar SH sources from the long bar L2 excite the dipolar mode of the short bar L1, Fig. 1(b). If the short 

bar L1 is increased, it becomes out of resonance and the SH intensity decreases dramatically, indicating the role 

of energy transfer between both bars, Fig. 1(c). SHG increases again when the short bar L1 is such that the 

structure becomes symmetric, L1=160 nm in Fig. 1(c). The agreement between calculations (red line) and 

experiments (blue line) is excellent, Fig. 1(c). 

 

 

 

 



Figure 1: Near-field distributions of the DRA with L1=47nm. (a) Fundamental intensity (b) second harmonic 

intensity (c) SH intensity versus different L1 cases.  

 

We will show that SHG can also provide information on the underlying modes supported by a given 

plasmonic nanostructure. Indeed, a combination of modes at the fundamental frequency can generate SH waves 

supported by modes that cannot be excited at the fundamental frequency, the so called dark modes [4]. SHG can 

then be used to measure the radiation pattern of those dark modes. If the fundamental frequency matches a 

resonance of the structure, the high field enhancement will yield a high SHG. Additionally, if the SH frequency 

matches another higher frequency mode, the SH emission will be stronger and thus more easily measurable as in 

the case of the DRAS. Being able to optimize the structure so that both SHG and fundamental frequencies match 

resonant modes is then very useful for practical applications as nonlinear plasmonic sensing [5]. 

 

Acknowledgements: Funding from the Swiss National Science Foundation (SNSF, Project 200021_132694) 

is gratefully acknowledged. 

 

REFERENCES 

 

1. Butet, J.; Duboisset, J.; Bachelier, G.; Russier-Antoine, I.; Benichou, E.; Jonin, C.; Brevet, P.-F. “Optical 

Second Harmonic Generation of Single Metallic Nanoparticles Embedded in a Homogeneous Medium,” 

Nano Lett. 10, 1717-1721, 2010. 

2. Thyagarajan, K.; Rivier, S.; Lovera, A.; Martin, O. J. F. “Enhanced second-harmonic generation from 

double resonant plasmonic antennae,” Opt. Express 20, 12860-12865, 2012. 

3. Thyagarajan, K.; Butet, J.; Martin, O. J. F. “Augmenting Second Harmonic Generation Using Fano 

Resonances in Plasmonic Systems,” Nano Lett. 13, 1847-1851, 2013. 

4. Butet, J.; Dutta-Gupta, S., Martin, O. J. F. “Surface Second-Harmonic Generation from Coupled Spherical 

Plasmonic Nanoparticles: Eigenmode Analysis and Symmetry Properties,” Phys. Rev. B 89, 245449, 2014. 

5. Butet, J.; Russier-Antoine, I.; Jonin, C.; Lascoux, N.; Benichou, E.; Brevet, P.-F. “Sensing with Multipolar 

Second Harmonic Generation from Spherical Metallic Nanoparticles,” Nano Lett. 12, 1697-1701, 2012. 

 



            

Bowtie Nanocavities for Single Plasmon Lasing Devices 
 

C. Deeb1†, A. Yang2, Y. Hua2, and T. W. Odom1,2* 
1Department of Chemistry, Northwestern University, Evanston, Illinois, 60208, USA 

 2Department of Materials Science and Engineering, Northwestern University, Evanston, Illinois, 60208, USA 
*corresponding author: todom@northwestern.edu 

†Current address: Laboratoire de Photonique et de Nanostructures LPN-CNRS, Route de Nozay, 91460 
Marcoussis, France 

 
Abstract-We demonstrate a three-dimensional (3D) active bowtie nano-resonator that has 
directional emission, high radiative efficiency, effective cavity feedback, ultrafast response, and 
room-temperature operation. The 3D bowtie structure consists of a dimer of Au nanoparticles with 
a gap size of tens of nanometers, arranged in a pattern with tunable periodicity and embedded in 
dye solution. 
 

 Reducing the dimensions of photonic and electronic components is critical for applications ranging from 
ultra-fast data processing1 to ultra-dense information storage.2 The ability to generate coherent light sources at 
the nanoscale is important for probing light-matter interactions in confined volumes and for realizing 
sub-wavelength on-chip optical devices.3-4 
Metal nanostructures support localized surface plasmons, which have no size limits when it comes to confining 
light. This work develops a new class of lasers having sub-wavelength dimensions, with a laser cavity that is 
made out of metal nanoparticle dimers, structures with a 3D bowtie shape (Figure 1a,b).5 By changing the array 
spacing, we access different coupling regimes, and ultimately exclude the photonic effect and separate it from 
the plasmonic effect. Lasing from a single nano-resonator is feasible due to high electric field intensity within 
the gap, ultra-small mode volume, and low metal loss: all within one nanoscale device that has the size of a virus. 
The lasing signal has a threshold at around ~0.08 mJ/cm2 and a linewidth as narrow as 1.3 nm (Figure 1c). The 
contribution of the gap in getting the nanolasing signal was also validated by pumping along and perpendicular 
to the dimer axis.  
Our results reveal the importance of understanding the fundamentals in single cavities for making scalable 
plasmon laser devices that occupy a small volume on a chip and operate at room temperature. These plasmonic 
nanolasers could be readily integrated into silicon-based photonic devices, all-optical circuits and nanoscale 
biosensors. 
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Figure 1. 3D plasmonic nanocavities with tunable periodicities and spectrally engineered gap 
mode resonance. (a) Schematic of bowtie cavities embedded in a liquid gain medium. (b) 
Representative SEM image of 1200-nm Au bowties. (c) Evolution of lasing spectra from 3D Au 
bowties under pump polarization parallel to the dimer axis. Inset: Cartoon showing the direction of 
the pump beam.  
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Abstract-Interactions between infrared light and polar dielectrics yield fundamental collective 
oscillations of lattice charges (surface phonon polaritons) that give rise to plasmonic-like effects 
with low optical losses. We explore such excitations through polarized, mid-infrared spectroscopy 
performed on asymmetric, rectangular silicon-carbide nanopillar arrays. Spectra reveal over 8 
resonances that strongly depend upon the nanopillar geometry and incident polarization. 
Measurements are in excellent agreement with finite element simulations, which provide insights 
into the nature of the surface phonon polariton modes. 

 

High optical losses in metal-based plasmonic materials have resulted in an extensive search for 
alternative low-loss materials that can support plasmonic-like effects, such as sub-diffraction 
confinement of optical fields.1-2 One such alternative employs phonon-mediated collective charge 
oscillations (surface phonon polaritons, SPhP) that can be optically excited in nanostructured polar 
dielectrics.3-6 In this study, we use polarized infrared reflectance spectroscopy to investigate the 
behavior of localized SPhP modes in fixed-height (950nm), fixed-length (400nm) 4H-SiC, cuboidal 
nanopillars that vary in width (400nm-6,400nm), and thus aspect ratio (AR=width/length), see Fig. 1a. 
Overall, these nanopillar arrays yield a rich set of high Q-factor (30-300), polarized SPhP resonances 
that strongly depend on the nanopillar geometry. As shown in Fig. 1b-d, more than four distinct 
localized SPhP resonances are excited by each polarization (oriented parallel or perpendicular to the 
width of the nanopillar). Only a single resonance (labeled by ‘M’ in Figure 1b-d) is stimulated by both 
parallel and perpendicular polarizations, which is consistent with a monopole mode that arises due to 
an interaction between the substrate and a longitudinal dipole aligned along the height of the 
nanopillar2,6. Normal incidence reflectance measurements confirm the monopole mechanism, where the 
absence of a height-oriented polarization component fails to stimulate a longitudinal mode (i.e., along 
the height of the nanopillar), leading to an observed suppression of the monopole resonance. No other 
resonances are extinguished by changing the angle of incidence, indicating that unlike the monopole, 
they are not associated with longitudinal dipole modes in the nanopillars. Rather, these resonances are 
associated with dipole and higher-order multipole transverse modes. Furthermore, the spectral position 
of localized SPhP resonances is highly dependent upon the nanopillar AR, as shown in Fig. 1d. The AR 



evolution of the monopole and low-order transverse dipole modes is in good quantitative agreement 
with finite element method simulations of the cuboidal nanopillar systems.  

Overall, the elongated cuboid geometry is of particular interest, since each polarization can 
stimulate SPhP resonances that span different spectral ranges; thus, providing a tunable system without 
having to change the physical geometry of the nanostructure. Such behavior remains attractive for 
molecular sensing via the SEIRA effect and provides an avenue towards tunable thermal emission 
sources. Furthermore, by employing other polar dielectrics (e.g., Al2O3 AlN, GaN, etc…), it is expected 
that SPhP resonances can be tuned over a wide spectral range, from 6-70 µm4, 

 

 
Figure 1 (a) Scanning electron microscope image of AR=4 SiC nanostructures. Difference in polarized 

reflectance spectra (black curves) for bare SiC and nanopatterned SiC with polarization oriented (b) 
perpendicular and (c) parallel to the length of the cuboidal nanopillars with AR=4. Peaks fitted to these results 
(colored curves) highlight the individual SPhP resonances present in the spectra. (d) AR evolution of localized 
SPhP modes excited by perpendicular (open symbols) and parallel (closed symbols) polarizations.   
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Abstract-This paper demonstrates up to 23-fold increase in fluorescence emission in the near UV 

from aluminum nanoantenna arrays. A series of aluminum nanorod arrays were fabricated using 

Focused Ion Beam (FIB) milling and subsequently spin-coated with Exalite 392E dye. Scanning 

photoluminescence measurements revealed a significant increase in the peak emission over the 

nanoantennas compared to the surrounding un-patterned aluminum or glass.   

 

Nanoantenna research is of growing interest due to advances in both fabrication and characterization 

techniques. There has been a strong focus on demonstrating the capabilities of both the single nanoantennas and 

arrays to plasmonically enhance [1] and modify the emission from a local source. Arrays of nanoantennas have 

been shown to shape, steer and collectively further enhance light emission [2]. The near UV spectral region has 

garnered interest in recent years as it pushes the boundaries of plasmonics and also encompasses emission 

wavelengths from naturally occurring compounds and molecules [3]. Aluminum (Al) is one of the most promising 

metals for use in the near UV spectral region due to its relatively low losses, low cost, abundance and durability. 

In this paper, we demonstrate resonant enhancement of near UV fluorescence from aluminum nanoantenna arrays 

using scanning photoluminescence measurements.   

A series of 8 x 12, 10 x 12, 11 x 12 and 12 x 12 Al nanoantenna arrays 

were fabricated by Focused Ion Beam (FIB) milling on commercially 

acquired (EMF Corp) 50 nm thick Al on glass. The arrays are based on a 220 

nm x 50 nm (l x w) nanorod/monopole geometry (see Fig 1). A 5 µm border 

surrounds the arrays, for increased visibility. The arrays were spin coated 

with a 1.73 mM solution of Exalite 392E dye in ethylene glycol. Atomic 

Force Microscopy (AFM) of the sample determined the thickness of the dye 

layer to be in the region of 30-50 nm.  UV luminescence measurements 

(line scans) were performed using a Renishaw RM2000 spectrometer 

equipped with a 325 nm He-Cd laser as an excitation source. The laser was 

focused on the sample using a 0.4 NA, 40x UV microscope objective lens 

and subsequent emission collected over the sample surface using motorized 

XY-stage (see Fig 2a). The line scans comprised intensity measurements, integrated over the 379-400 nm spectral 

region scanning across the center of each array parallel to the long axis of the nanoantennas in 1 µm steps. These 

lines were made sufficiently long to span the border groove, Al layer and array. Figure 2b shows the line scan 

across the 10 x 12 array (see inset). From left to right, a sharp increase in intensity occurs in over the array area; it 

Figure 1: SEM image of Al nanoantenna 

array; the 10 x 12 array consists of 

nanorod elements of length 220 nm, width 

50 nm and uniform pitch of 400 nm  

 



peaks near the center of the array and gradually decreases, as the lens was moved away from the array area and 

toward the un-patterned Al layer. Relatively little emission is measured over the un-patterned Al. Another peak in 

intensity can be seen in the region over the 5 um border (Fig 2b).  

Fig 3 shows consistent enhancement in the emission with respect to two different reference areas, ranging 

from 12x to 23x relative to that over the un-patterned Al layer (Al ref), and from 1.2x to 1.78x relative to the 5 µm 

etched groove (Border ref). Good spectral overlap between the nanoantenna array resonance (405 nm) and the dye 

emission peak (390 nm) caused the resonant enhancement of the dye emission. AFM testing of the border groove 

indicates that it is significantly deeper than 50 nm, which suggests that its apparent enhancement may result from 

a larger volume of dye. Further studies are planned to investigate the effects of the array parameters on 

enhancement and beam properties. These results are promising for nanoantenna applications in the blue-NUV 

spectrum such as sub-diffraction limit imaging. 

 
Figure 3: Enhancement from nanoantenna arrays relative to the un-patterned Al layer (Al ref  ) and the 5 µm border (Border ref  )  
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Figure 2: Line scan measurements; intensity measurements (between 379 nm and 400 nm) were carried out while scanning across the array, 

Al layer and border groove (b) Spatial intensity map produced from line scan measurement over array A1. Scan direction relative to the 

array shown in the inset. 
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Abstract: In this work we have developed an efficient analytical method for the design of 

plasmonic filters. We demonstrate the usefulness of this model by designing a plasmonic 3D 

directional light sensor based on the bulls-eye structure.  

 
Though largely described by classical electromagnetic theory, the field of plasmonics boasts a wide range 
of seemingly exotic technology with applications including sensing, imaging, and nonlinear optics [1]. 
Fundamental to this field are surface plasmon polaritons (SPPs); which are charge oscillations existing 
between the interface a metal and a dielectric. Advances in theoretical understanding and the discovery 
of enhanced transmission has led to highly wavelength sensitive spectral responses, such as seen with 
periodic groove or hole arrays [2]. This wavelength sensitive spectral response is useful for color filtering 
in sensing, display, and imaging devices [1, 3]. We have recently discovered that an aperiodic 
slit-grooved-array (SGA) can act as a wavelength-dependent plasmonic directional light filter (PDLF) 
[4]. A time consuming FDTD approach to SGA design is feasible for 1D devices, however extending 
this approach to 3D results in impractical computation times.  

     We have constructed an analytical 1st-order model for SGA device that allows for a FDTD-free 
filter design process. The model is defined by coupling (β) and transmission (β') coefficients that represent 
the amount of energy lost during coupling of incident light into SPP modes and its subsequent propagation 
respectively, as well as the corresponding phase shifts (ϕ and ϕ') accrued during these processes. The 
transmission coefficients are defined as in [5]. The normalized output field from the SGA device can 
be expressed as: 
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Here n  is the number of the individual groove with 0n  corresponding to the slit aperture. Figure 1 illustrates 
the spectral output for two SGA devices, each with 5 grooves on both sides of the slit. These grooves 
are selected to achieve one spectral peak at 0 degrees and another at 20 degrees. Using this approach 
we have condensed days of simulation time to a few minutes. Another advantage to this model is its 
use in the construction of 3D filters as described in Figure 2.  
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Fig 1. (a) 250nm thick Ag film. 100nm wide slit. The spectral output for an SGA device created with the model represented 

by equation (1). The SGA gives a peak at 615nm for 0̊, and 480nm for 20̊. The FDTD prediction is also shown 

for comparison. (b) The 2nd SGA device gives a peak at 570nm for 0̊, and 430nm for 20̊.  

 

 
Fig 2. (a) 250nm thick Ag film. 150nm diameter aperture. Each slice is constructed as an SGA from the model given 

by equation (1). (b) The spectral response as a function of angle of incident light in 3D. Shown is the SGA model 

prediction compared to the FDTD prediction for the 3D bulls-eye structure. 

In this talk, we will discuss how the plasmonic filter design model is constructed and demonstrate the 
immense time saving factor this produces in the plasmonic filter design process. We will describe our 
fabrication approach to 3D directional light sensors as well as experimental device characterization. 
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Abstract: We present experimental realizations of two active mid-IR plasmonic metadevices that 

are based on the integration of the phase change material Ge3Sb2Te6: a wavelength tunable, 

plasmonic perfect absorber with multispectral thermal imaging capability and a wavelength-tunable 

and handedness-switchable chiral metamaterial. 

 

The first metamaterials were fully static, i.e., their geometrical and therefore optical properties were predefined 

by their design. In order to gain greater control over the effective material behaviour, it is desirable to introduce 

handles that allow for subsequent tailoring of certain functionalities. In this work, we demonstrate a 

wavelength-tunable, pixelated perfect absorber for thermal imaging applications and a tunable and handedness 

switchable chiral metamaterial that utilize the mid-IR transparent Ge3Sb2Te6 (GST-326) phase change material. 

The working principle of these devices rely on the high sensitivity of nano-antennas to their immediate dielectric 

environment. GST-326 exists in two stable phases (amorphous and crystalline) with drastically different 

dielectric constants (na=3.25 to nc=4.0 ) between which one can optically switch on fs-timewith scales [1].  

 

Our plasmonic perfect absorber [2] consists of an array of square aluminum nanopatches stacked above a GST 

spacer layer and an aluminum mirror (Fig. 1 (a)). When light impinges on the structure, localized plasmon 

oscillations are excited in square 

aluminum patches that lead to the 

antiphase oscillation of a mirror plasmon 

in the aluminum mirror below, giving rise 

to a circular current distribution and 

consequently a magnetic response of our 

structure. Thus, the incident light can be 

coupled efficiently into the structure, 

where it is asbsorbed. The flexibility of 

our design allows us to precisely tune the 

switchable absorption of our structure 

into the desired spectral range. The demonstrated tunability is possible for a single fixed GST spacer height, 

enabling multiband perfect absorption on a single wafer by incorporating square patches with different side 

lengths. We have successfully fabricated such structures and have observed, in FTIR reflectance measurements, 

highly tunable absorbance features with A >90% and a spectral tuning range of 25% (Fig. 1 (b)) .  

 

 

Figure 1: (a) Active perfect absorber layout. (b) Switching behavior. 



Furthermore, suitable combination of GST-326 material with a chiral metamaterial [3] consisting of 

corner-stacked vertically-displaced dimers leads to a shifting circular dichroism signal (Fig. 1a,1b) with 

19% tuning range between the amorphous and crystalline states. Most importantly, we additionally 

demonstrate that precise design of a passive bias-type layer superimposed on the active metamaterial 

achieves the effect of configurational enantiomer switching of the underlying material (Fig. 1c).  

 

 

Figure 2. (a) Active chiral dimer layout (b) Circular dichroism spectra for left- and right-handed active chiral dimers in the 

amorphous (lighter curves) and crystalline (darker curves) states. (c) Circular dichroism spectra for a right-handed active chiral 

dimer superimposed with a passive bias-type layer is shown for the amorphous (lighter plot) and crystalline (darker plot) case. At 

4050 nm, the CD signal switches sign upon crystallization of the phase change material. 

We believe that our concepts will open the door towards novel active plasmonic devices, where hybrid materials 

including phase change and plasmonic materials enable new complex functionalities. 
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Abstract-An experimental and theoretical study of the surface plasmon excitation via a finite 

number of sub- defects at a metallic interface when it is illuminated for a Gaussian transverse 

magnetic polarized beam, is presented. The defects are grooves, for the case of gratings, or “wells” 

for the case of bi-gratings. The samples are fabricated by exposing photo-sensible films in the 

region of interferences of two beams. The maximum coupling strength is measured with the 

minimum of the specular reflection.   

 

Surface Plamons (SP) are electromagnetic modes that are localized at the interface between a metal and a 

dielectric medium with positive real dielectric constant . Its amplitude decay exponentially as function of the 

distance perpendicular to the surface and it exist for frequencies below the plasma frequency divided by the 

square root of 1+. The coupling of SPs and photons with metallic gratings is very well kwon issue [1, 2]. 

Recently a study of the interaction between a SP and defects at the surface of a metal was presented [3], in that 

paper the SPs were excited with the Attenuated Total Reflection (ATR) technique. Several approaches have been 

used in order to solve the problem of diffraction of light by bigratings [4-9]. On the other hand, studies about the 

scattering, interference and controlling of SP by surface defect and other type of structure have been published, 

from the experimental point of view [10-13] as well as the theoretical one[14]. 

The modern field of plasmonic requires a compact and efficient mechanism to excite and to address the 

direction of SP. These requirements can be supply for finite number of sub- defects at a metallic interface.  

In this paper, the problem of the diffraction of light, based on the Rayleigh criterion, by a finite number of 

sub- defects is presented in order to explain the experimental observation. 

The electric or magnetic field can be written as a Fourier-Rayleigh expansion  

 

where  is the incidence wave-vector, and  are two vectors of the reciprocal lattice, and 

. 

From the Maxwell laws and boundaries conditions a matrix equation is found, 

 



In order to solve the matrix equation n and m take values from -1028 up to 1028. The length of integration 

was a=512 the width of the Gaussian beam was 32, and K=128 grooves were used. The geometry of the 

triangular defects are wr=500 nm, hr=-44 nm and ar=1000 nm. In the inset is shown the schematic structure 

studied.  

In figure (left hand) the specular reflection as a function of the angle of incidence for a fixed wavelength 

=1155 nm, is presented. The minimum in reflection is reached at sp=8.1 
o
 with a value of 0.600. 
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This minimum is associated to the excitation of SP. Then, the SP leaves the structure and travel freely until it 

reaches a small defect (it is shown at left in the inset) and they interact. The strength coupling between SP and 

photons can be increased by using more defects or by changing the geometrical parameter of the grooves, etc.    

In figure (right hand) the scattering pattern as a function of the scattering angle in resonant condiction is 

shown. The overall scattering is enhanced in resonant condition. The peak at -8.0 o indicates that there is another 

SP excited in opposite direction to first one. 

Comparison between experimental results and theoretical ones for two-dimensional defects will be presented 

at the meeting.  
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Abstract- We propose a tri-layer planar structure to realize photonic waveguiding in the deep 

nanoscale. The structure consists of silver (Ag) and silicon (Si) separated by an ultra-thin layer of 

low-index magnesium oxide (MgO). With proper selection of materials and corresponding 

geometries, we show that a sub-10 nm thick MgO layer can sustain a low-loss hybrid plasmonic 

(HP) mode. It enhances the energy density in the layer and provides extreme confinement with a 

mode area which is 100 times smaller than a diffraction-limited waveguide. 

 

Nanoscale optical waveguides are fundamental elements to realize integrated photonic circuits. Conventional 

dielectric waveguides are diffraction-limited and hence do not offer a realistic solution to miniaturization on the 

sub-wavelength scale. This size limit can be overcome by using a metallic waveguide that sustains surface 

plasmons (SP), surface waves that exist at the metal-dielectric interface. SPs possess the ability to confine light 

to a dimension that is significantly sub-wavelength. However, inherent propagation losses due to absorption in 

the metal have restricted the widespread application of SPs. Recent research shows the presence of a hybrid 

plasmonic (HP) mode when a high index dielectric waveguide is brought into nanoscale proximity with a 

metal-based plasmonic waveguide [1-3]. Such a HP mode offers a better compromise between the loss and 

confinement of the plasmonic and dielectric waveguides. 

  
Figure 1: a) Normalized energy density of the hybrid modes in MgO layer (schematic of the structure is in the inset). b) Propagation 

length of the HP modes as a function of MgO layer for three different thickness values of Si layer 

In this work, we use finite-difference frequency domain method to demonstrate confinement of light in a 

nanoscale layer of a planar hybrid structure. The structure consists of a low-index dielectric of nano-scale  

(a) 
(b) 



 

 

Figure 2: a) Normalized mode area as a function of MgO layer (Si-layer thickness is kept 50 nm). Simulated field intensity 

are shown in the inset.  b) Scanning electron microscopy snapshot of the developed HP waveguide. 

thickness, which is sandwiched by a metal and a high-index dielectric layer. By tuning the constituent 

geometries and material properties of these layers, it is possible to selectively control the modes that can sustain 

in the structure. Our proposed tri-layer planar structure consists of silver (Ag), magnesium oxide (MgO) and 

silicon (Si) as the metal, low-index dielectric and high-index dielectric, respectively. The thickness of Ag is kept 

to 100 nm, while the thicknesses of MgO and Si are varied from 6 to 20 nm, and 50 to 150 nm respectively; the 

width of all the layers is kept at 100 nm.  

The HP modes sustained by MgO layers are characterized by energy density, propagation length and mode 

area. We find increasing energy density with the reduction of MgO thickness, as low as 6 nm (shown in Figure 

1a). We calculate the mode propagation length (Lprop), the distance at which the amplitude of the field attenuates 

to 1/e - see Figure 1b. It shows an enhanced propagation distance of about 63 m for MgO and Si thickness of 9 

nm and 50 nm, respectively, for an incident wavelength of 530 nm. This propagation length is nearly 10 times 

larger than that of a purely plasmonic waveguide at this wavelength. 

To characterize the spatial confinement, we calculate the mode area by using following equation [1]: 

 ,                        (1) 

where W (r) is electromagnetic energy density per unit length along the direction of propagation. There is a steep 

reduction in mode area with the reduced MgO layer. For example, an HP structure with an MgO layer thickness 

of 6 nm yields a mode area, which is 100 times smaller than the diffracted-limited mode of a silicon waveguide. 

A representative SEM image of a preliminary, fabricated HP waveguide is shown in Figure 2b. 
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Abstract- We observed significant enhancement of the photoluminescence (PL) intensity from 

ZnO/Ag nanogratings. Polarization dependence of the PL and angle-resolved reflectance spectra 

showed that the cavity resonance in the gratings as well as grating-coupled surface plasmon 

polariton (SPP) excitation played crucial roles in the optical characteristics. The SPP and resonance 

mode excitation caused strong optical field confinement in the ZnO layers, resulting in distinct 

surface photovoltage behaviors depending on the incident light polarization. 

 

A grating is an optical component commonly used to manipulate light propagation based on diffraction 

phenomena. Additionally, metallic gratings can exhibit anomalous reflection spectra, due to excitation of surface 

plasmon polariton (SPP). Semiconductor–metal grating structures exhibit interesting optical properties: tunable 

spectral response and high responsivity, improved light emission, and broadband enhanced optical reflectance. 

ZnO is a key material in various applications due to its wide band gap energy, large refractive index, and 

material compatibility. Thus, the application of ZnO includes photodetectors, field effect transistors, 

light-emitting diodes, and transparent electrodes for thin-film solar cells.1-4 In all these studies, understanding the 

plasmonic effects in the ZnO/metal structures is very important to improve the device performance.  

We report on the fabrication and optical characterizations of ZnO/Ag nanograting structures (Fig. 1).5,6 The 

experiment data clearly show that the grating structures have largely different optical properties than those of 

planar counterparts. In particular, significant enhancement of the PL intensity was notable. The SPP excitation 

well explained the PL spectra, confirmed by the reflectance spectra and optical simulation results (Fig. 2). The 

surface photovoltage behaviors, determined by the spatial distribution of the photo-excited carriers, showed clear 

dependence on the incident light energy and polarization, assuring the plasmonic effects. 

 

 

Figure 1 (a) A top-view and (b) cross sectional view scanning electron microscope (SEM) image of Si 

nanograting, fabricated by electron-beam lithography patterning and subsequent dry etching and (c) 

Schematic diagram of ZnO /Ag nanograting structure. 



 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2 Electric field intensity distributions in the ZnO/Ag and ZnO/PEC nanogratings for several 

photon energies. The scale bar is 100 nm. (a−c) TM modes for ZnO/Ag, (d) TE modes for ZnO/Ag, and 

(e−f) TM modes for ZnO/PEC. 
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Abstract - We report the interaction of tightly localized plasmons and absorption resonances of few 

(~10-20) isolated methylene blue molecules in the strong coupling regime. Ultra-small mode 

volumes in self-assembled nanoparticle-on-mirror geometry are coupled to molecular resonances 

with controlled orientation of dipoles to induce strong coupling. Dark-field and surface enhanced 

Raman scattering measurements (SERS) show plasmon-exciton coupling at the nanoparticle gaps. 

Dispersion curves obtained from analysis of ~100 nanoparticles, show anticrossing behavior with 

Rabi splittings ranging from 120-260meV at room temperature. 

 

Creating light-matter interactions in the strong coupling regime opens many interesting opportunities in 

science, from photosynthesis to quantum information. The ability to control such interactions down to the single 

molecule level is a critical challenge in nano-optics and nanophotonics. Surface plasmon resonances of metal 

nanostructures, which are coupled oscillations of light and free electrons at the metal-dielectric surface, have 

been employed to address these challenges. While plasmons have the ability to confine light down to sub-

nanometer scales, one difficulty lies in fabricating practical and reliable structures on a large scale.  Self-

assembled plasmonic structures such as the nanoparticle-on-mirror geometry provides a unique architecture in 

which the gap between the metal film and nanoparticle can be precisely controlled by the monolayer of 

molecules [1-3]. 

 

Fig.1: (a) Nanoparticle on mirror constructs, with dye-loaded CB molecules in 0.9nm gap. (b) Schematic  

nanoparticle-on-mirror geometry with the two different dye orientations in the intense gap field. (c) Typical 

strong coupling spectra with dashed line marking absorption of isolated dye molecules. 

We demonstrate strong coupling in the few molecule (~10-20) regime using the nanoparticle-on-mirror 

geometry (Fig. 1) with controlled dipole orientation of methylene blue (MB) molecules [4]. The absorption 



            

spectrum of MB molecule encapsulated inside cucurbit[7]uril (CB7) is a sharp absorption line centered at 

665nm. Single monolayers of height 0.9nm of these supramolecular gust-host complexes (CB7-MB) are self-

assembled onto a planar gold surface, which results in a unique construct in which the MB molecules are all 

aligned with vertical transition dipole orientations. The scattering spectra of many nanoparticles attached onto 

this mirror geometry both with and without MB molecules encapsulated in the gap reveal the clear presence of 

strong coupling (Fig.1c). We further analyze scattering from more than 100 nanoparticles in the presence of MB 

and map the dispersion curves. The results show an anticrossing behavior at the exciton transition energy and 

Rabi splittings which range between 120 and 260 meV depending on the number of molecules trapped inside the 

core gap region.  

We find that as few as 10 molecules are required to produce the strong coupling response, and suggest that 

single molecule strong coupling may be achievable in this system. This thus produces a reliable room 

temperature construct to develop a host of quantum optics and molecular switching applications, including single 

photon devices.  
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Abstract-Incorporating a resonant tunneling structure inside the gap of plasmonic nanoantennas 

can lead to manifold increase of the efficiency of electrical excitation of the surface plasmon 

polaritons, and may enable future electrically-driven nanoplasmonic circuits.  

 

The field of plasmonics has made significant strides in the last decade, one of the remarkable developments 

has been the excitation of surface plasmon polaritons (SPP’s) by electron tunneling [1]. Although known since 

1970’s [2], SPP excitation via tunneling has become a focus of active research due to potential applications of 

this process in future electrically-driven nanoplasmonic circuits. In spite of advantages in size and complexity 

relative to optical SPP excitation, the quantum efficiency (QE) of SPP excitation using tunneling through a 

single barrier is still weak, typically 10-5-10-6 even though SPP field is strongly confined. The cause of such a 

low QE is a very short, femtosecond scale, tunneling time that results in weak coupling between electrons and 

SPP’s. Therefore, a substantial increase in the electron-SPP coupling can be expected with the increase of the 

tunneling time. A straightforward way to achieve it is to engineer structures where a resonant tunneling via a 

state inside the barrier takes place, as was suggested in [3]. 
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Fig. 1. Metal nanowire with thin 
dielectric as tunneling barrier.  
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Fig. 2. Energy diagram of structures with nonresonant (a) and resonant (b) 
tunneling. 

 

To this day, however, no quantitative estimate of the benefits of the tunneling via a resonant level has been 

made. Here we obtain such an estimate using an example of a gap plasmonic antenna consisting of a cylindrical 

metal rod with a gap as shown in Fig.1. The gap is filled either with a single dielectric layer with relative 

permittivity d  (Fig2.a) or with two such barrier layers separated by a metal or semiconductor layer (Fig2b). 

The structure in Fig.1 is capable of supporting fundamental SPP mode whose electric field is normal to the 

barrier and whose frequency is 
21r p     and whose effective volume is commensurate with the 

nanowire volume 2

nano yV L a  . The excitation of SPP mode thus experiences Purcell enhancement, and once 

mailto:alexusk@lebedev.ru


SPP mode is excited, it, in turn, excites radiating mode of the free space. 

An electron, incident to the barrier (Fig.2a) with the velocity ov , can tunnel either elastically (without 

energy loss) with the probability elp  or inelastically with the excitation of plasmon (which is spontaneous 

emission of SPP caused by the "vacuum" field  
2 2

24 1vac r y oE L a        ) with the probability inelp . 

The QE  inel el inelp p p    of SPP excitation is  

                             (single) 2 2 2 38 1 vfs d o r nanoc V                                     (1) 

where  2
4 1 137

fs o
e c    . Estimations with Eq.(1) for gold or silver structures, gives (single) 5 610 10     

as in [1,2].  On the other hand, calculation of QE for the tunneling structure with potential well inside the 

barrier (Fig. 2b) when inelastic tunneling with excitation of SP occurs resonantly through the energy level, is  

                      2 24 4(res-tun) 2 2 2 3 (single)8 1 v
b b

fs d o r nanoc V e e
                                (2) 

where 2b  is the thickness of the right barrier in Fig.2b, 2
B

mU   is the decay constant of electron wave 

function through the right barrier after emission of SPP.  In Eq. (2), valid for not very large 2b , QE for 

resonant tunneling structure, is higher than QE for single barrier structure, Eq.(1), by factor 24 b
e

  which can be 

of several order in magnitude, depending on structure parameters.  2b
e

2  is inversely proportional to the 

transmission of the right barrier, and thus to the number of round trips the electron makes inside the potential 

well between the barriers. Thus the dwelling time of the electron inside the gap is increased leading to increase 

in the probability that the electron emits a photon into the SPP mode.  In Fig 3, calculated for arbitrary 2b , QE 

increases by a few orders of magnitude as function of barrier height and thickness. Ultimate enhancement of the 

probability of SPP emission is limited by the loss of coherence of electron wavefunction. So, using 

semiconductor potential well, where scattering times are longer than in the metal, is preferable to using the metal 

one. 

In conclusion, our work demonstrates that using resonant tunneling to excite SPP’s in metal nanoantennas 

can results in efficiencies exceeding 10% and potentially lead to practical electrically excited SPP sources for 

future nanoplasmonic circuits. 
 

 

 

 

 

 

 

Fig.3. Increase in the QE of SPP emission for various values of barrier 

thickness 2b , the barrier height bU  and the electron mass m .   
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Abstract - Gold nanoparticles deposited on a metal-insulator-metal junction act as optical 

nanoantennas and locally enhance the absorption of radiation. As a consequence the electron gas in 

the top electrode is heated and thermionic emission dominates the carrier injection upon excitation 

with ultrashort laser pulses. The injection current is sufficiently large to allow the detection of 

single nanoparticles. The optically driven nonlinear carrier injection mechanism demonstrated here 

opens new perspectives for nanoantenna based photodetectors and ultrafast switching.     

 

Controlled carrier transport and switching of electronic nano-devices is essential for future nanolocalized 

information processing on ultrashort timescales. Hence, the nonlinear response in a nanophotonic device is of 

interest. Here, we present such a device that is capable to detect optically injected currents that vary highly 

nonlinear with the incident intensity. Gold nanoparticles deposited on a metal-insulator-metal heterojunction 

(MIM) enhance the absorption and give rise to strong local enhancements of the injection current. In contrast to 

previous experiments using MIM junction without nanoparticles [1] this effect cannot be explained by a 

conventional multiphoton process. Plasmonically enhanced electron emission is commonly discussed in the 

context of multiphoton processes [2] or strong field phenomena [3]. However, for sufficiently strong excitation, 

fast thermalization, and small barrier height the local electronic system is heated to high temperatures leading to 

dominant thermionic emission. The present work demonstrates that this is achieved by excitation of a localized 

plasmon. We show that the plasmonically enhanced injection currents are quantitatively modelled on the basis of 

a heated electron gas in the top electrode and diffusive and ballistic carrier transport. 

The experimental setup is shown in Fig. 1A. The recently demonstrated scanning internal photoemission 

microscopy method [1] is used to investigate the local laser induced injection current in metal-insulator-metal 

junctions. Few-cycle laser pulses are focused onto the surface using a reflective microscope objective. The 

sample is mounted on a nanopositioning stage and the laser induced currents are measured using a lock-in 

amplifier. Au nanoparticles of about 200 nm diameter (Aldrich) are dispersed on the surface. Comparison of 

scanning electron microscopy (SEM) images and reflected light maps allows for identifying individual 

nanoparticles (inset in Fig. 1B). Hence laser induced injection current scans for single nanoparticles are possible 

(Fig. 1B). Repeated scans for various incident laser power yields the intensity dependence of the locally induced 

currents (Fig. 1C) that are fitted by a power law to determine the nonlinear exponent. 

For a bare MIM junction with a 100 nm thick Au top electrode an injection current signal is measured for 

sufficiently thin parts (< 30 nm) of the wedge-shaped rim. The intensity dependence (black symbols in Fig. 1C) 

yields a nonlinear exponent of 2.6 indicating a mixture of two-photon and three-photon processes as it is 

expected for an internal barrier height of 1.8 eV [1]. For a top electrode thickness of 40 nm this multiphoton 



induced injection current is below the detection limit (≈ 1 pA) and hence such junctions are ideal investigate Au 
nanoparticle enhanced carrier injection (Fig. 1B). In the laser induced injection current map the nanoparticles 

light up as highly localized spots with peak currents in the order of 0.2 nA (example for an individual particle is 

shown in Fig. 1B). 

 

Figure 1: Laser pulse induced internal thermionic injection currents at Au nanoparticles supported on a MIM 

junction. A) Scheme of the experimental setup. B) Spatial map of the local laser induced injection current in the 

MIM junction as the laser spot is scanned across the surface. The inset in the upper left corner shows a SEM image 

of the Au nanoparticle that is positioned in the center of the scan area. C) Power dependence of the laser induced 

current for a bare MIM junction with 100 nm thick Au top electrode (black squares) and a junction with 40 nm top 

electrode and excitation on top of a Au nanoparticle with 200 nm diameter (red circles). D) Contour plot of the 

locally deposited energy density in the Au top electrode for excitation of a Au nanoparticle positioned on top of the 

layer (left part) and for excitation of the bare junction (right part) as derived from FDTD calculations. 

Interestingly the local injection current varies highly nonlinear with the incident laser power. The nonlinear 

exponent of 9.0±1.5 (Fig. 1C) cannot be attributed to regular multiphoton processes. In contrast, thermionic 

emission described by the Richardson-Dushman equation explains such highly nonlinear intensity dependencies. 

As derived from FDTD calculation a gold nanoparticle deposited on a metal-insulator-metal junction enhances 

the excitation of the top metal layer by a factor of 50 compared to the bare junction (Fig. 1D) leading to locally 

deposited energy densities in the order of 108-109 J m-3 corresponding to local electron gas temperature of about 

3000 K. Assuming an electron cooling time constant of about 1 ps and an effective excitation spot radius of 

50 nm yields a local thermionic emission current of about 0.2 nA and a local nonlinear slope very close to 9. 

Thus, thermionic emission explains both the measured laser induced current magnitude and the observed 

nonlinearity. A refined model based on electron relaxation cascades further supports this simple model and 

shows that both diffusive and ballistic carrier transport determine the thermionic injection process. 

 

REFERENCES 

[1] D. Differt, W. Pfeiffer, and D. Diesing, “Scanning internal photoemission microscopy for the identification 

of hot carrier transport mechanisms,” Appl. Phys. Lett., vol. 101, no. 11, p. 111608, 2012. 

[2] J. Lehmann, M. Merschdorf, W. Pfeiffer, A. Thon, S. Voll, and G. Gerber, “Surface Plasmon Dynamics in 

Silver Nanoparticles studied by Femtosecond Time-Resolved Photoemission,” Phys. Rev. Lett., vol. 85, no. 

14, pp. 2921–2924, 2000. 

[3] R. Bormann, M. Gulde, A. Weismann, S. V. Yalunin, and C. Ropers, “Tip-Enhanced Strong-Field 

Photoemission,” Phys. Rev. Lett., vol. 105, no. 14, p. 147601, 2010. 

 



            

Tunable cavity-coupled plasmonic perfect absorber for 

ultra-compact thermo-optical switching 

 

M. Bahramipanah
1
, S. Dutta-Gupta

1
, T. Scharf

2
, and O. J. F. Martin

1*
 

1
 Nanophotonic and Metrology Laboratory, Swiss Federal Institute of Technology, Lausanne, Switzerland 

2 Optics and Photonics Technology Laboratory, Swiss Federal Institute of Technology, Neuchâtel, Switzerland 
*corresponding author: olivier.martin@epfl.ch 

 

Abstract-A tunable cavity-coupled plasmonic perfect absorber based on liquid crystal is 

demonstrated. The optical response of the structure can be controlled by applying an external heat 

source. The physical principles of this phenomenon rely on the interplay between the phase of 

localized surface plasmon resonances in the nanostructures, the Fabry-Perot modes of the cavity 

and the thermo-optical effect of the liquid crystals. Our experimental results demonstrate a large 

tuning range of 39 nm in the absorption spectrum of the structure via this method. 

 

In recent years, localized surface plasmon resonances have attracted significant attention in metamaterial 

research due to their ability to confine light at the nanoscale well below the diffraction limit. However, 

plasmonics studies have almost exclusively focused on pure metallic nanostructures and passive components 

whose properties are determined by their structural parameters. At the same time, several applications require 

active control of plasmonic signals in nano-optical devices to achieve signal switching and modulation, and 

direct generation and detection of plasmons [2-3]. All these applications can be realized when the plasmonic 

nanostructures are coupled with functional materials. The development of electro/thermo-optical materials and 

the integration of such materials with plasmonic nanostructures gives rise to the opportunity for 

electrically/thermally controlled plasmonic devices. In this context liquid crystals (LCs) can be used to provide 

active control of plasmonic signals. Because of their large controllable birefringence, liquid crystals support the 

active manipulation of plasmonic signals via external stimuli such as electric field or temperature, and are 

therefore an outstanding candidate for tunable plasmonic devices [4-5]. In this paper, we propose and study a 

hybrid tunable cavity-coupled plasmonic structure consisting of metallic nanostructures combined with optical 

cavity to enable active functionalities and tunability in the plasmonic circuitry. 

The cavity-coupled plasmonic structure studied here is shown in Fig. 1(a). It consists of two functional 

layers: the top layer with a two-dimensional gold nanodisks array placed on top of an ITO-coated glass substrate 

and the bottom layer with a 200 nm-thick gold metallic ground plane deposited on a SiO2-coated silicon 

substrate, which acts as a back reflector. A 200 nm-thick SiO2 film is also deposited on top of the gold reflective 

film as protection layer. Parylene is used as spacer between these two functional layers to create a microcavity 

with the thickness of 2 m. An ITO-coated glass substrate is placed upside down on the parylene spacer to form 

a Fabry-Perot resonant cavity. In the proposed device, the microcavity is filled with the liquid crystal E7 via 

mere capillary forces. When the structure is illuminated from the glass side, some of the light is reflected from 

the nanodisks array, and some of the light is transmitted into the microcavity. During one round-trip inside the 

Fabry-Perot cavity, the light is partly reflected from the nanodisks array into the cavity and partly transmitted out 

of the cavity. When the geometrical parameters of the nanodisks array and Fabry-Perot cavity are properly 



chosen, the transmitted light from inside the cavity will have an odd multiple of  phase difference with the light 

reflected back from the nanodisks array, and destructive interference for the total reflection from the structure 

can be achieved. In this case, a net absorption at the corresponding wavelengths can be observed, i.e., perfect 

absorption. We experimentally show that the absorption spectrum of the structure changes when LCs change 

their phase from the nematic state to the isotropic state by increasing the temperature. The normalized 

absorbance of the structure is shown as a function of the wavelength and the temperature in Fig. 1(b). This figure 

shows that changing the temperature alters the effective permittivity of the liquid crystals and thus the resonance 

wavelength of the structure. The near unity absorption peak wavelength redshifts from 839 nm to 878 nm as 

temperature increases from 37°C to 90°C. At low temperature, the LCs are in the nematic state; toward the 

transition temperature, the average refractive index of E7 gradually increases that result in consecutive red-shifts 

in the resonant mode. 

 

 

Figure 1. (a) Schematic of the cavity-coupled plasmonic structure and (b) Normalized absorbance as a 

function of the wavelength of incident light and temperature of the structure. The structures are illuminated with 

a plane wave propagating in the z direction and polarized along +x direction. 

The special features of the proposed structure and the device concepts introduced in this work are applicable 

in realization of various integrated components and can play an important role in development of active 

plasmonic circuits for miniaturization and tuning purposes. 
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Abstract- We experimentally and numerically demonstrate the coupling between Fabry–Perot 

modes of the microcavities and the localized surface plasmon resonance of metallic nanostructures. 

Coupling the plasmonic nanostructures to a Fabry–Perot microcavity creates compound modes, 

which have the characteristics of both Fabry–Perot and the LSPR modes. The special features of the 

proposed structure and the device concept introduced in this work are applicable in the realization 

of ultra-high sensitive plasmonic devices for biosensing, optoelectronics, and related technologies. 

 

Recent developments in nanotechnology have led to the fabrication of new optical sensors that can measure 

a broad range of analytes in liquid and gaseous forms [1-2]. The overall figure-of-merit of the sensing response 

of LSP-based sensors harshly suffers from the wide plasmon resonance linewidth associated with the large 

intrinsic absorption of metals at optical wavelengths [3]. In this paper, we demonstrate that coupling the dipolar 

plasmon resonance of a two-dimensional nanodisks array to the narrow bandwidth resonances of an optical 

microcavity creates compound modes, which effectively combine the advantages of Fabry–Perot microrcavities 

with those of plasmonic nanostructures, providing exceptional features such as ultra-high sensitivity and FoM, 

large spatial sensing depth and strongly improved detection resolution.  

 
Figure 1. Light paths through the cavity-coupled plasmonic structure. 

The cavity-coupled plasmonic structure studied here is shown in Fig. 1. When the structure is illuminated 

from the glass side, some of the light is reflected back from the nanodisks array, with a phase change of 1, and 

some of the light is transmitted into the microcavity. During one round-trip inside the Fabry-Perot cavity, the 

light is partly reflected back from the nanodisks array into the cavity and partly transmitted out of the cavity with 

a 2 phase change. When  the geometrical parameters of the nanodisks array and Fabry-Perot cavity are 

properly chosen, the transmitted light from inside the cavity will have an odd multiple of  phase difference with 

the light reflected back from the nanodisks array, i.e., 2 - 1 = (2k-1), and destructive interference for the 

total reflection from the structure will be achieved. In this case, a net absorption at the corresponding 

wavelengths can be observed (perfect absorption). However, when the Fabry-Perot resonances coincide with the 

LSPR mode of the nanodisks array, the transmitted light from the cavity will have an even multiple of  phase 

difference with the light reflected back from the nanodisks array, i.e., 2 - 1 = (2k), and constructive 



interference for the total reflection will be achieved, which leads to a near unity reflection. We study the effect of 

the cavity length on the optical response of the system. The material inside the cavity is assumed to be air. The 

normalized reflectance and the phase difference between the transmitted light from the cavity and the reflected 

light from the nanodisks array are shown as a function of the wavelength and of the cavity length in Figs 2(a) 

and 2(b). This figure clearly shows the Fabry-Perot modes and their number N. In the vicinity of these 

Fabry-Perot resonances, phase differences between the transmitted light from the cavity and the reflected light 

from the nanodisks array exhibit strong variations with a 2 shift. In this case, destructive interference for the 

reflection is achieved. As can be seen in Fig. 2(a) and 2(b), for a fixed wavelength, the higher order modes of the 

cavity-coupled plasmonic structure exhibit the Fabry-Perot resonance condition with increasing microcavity 

length. Moreover, there is one region in Figs. 2(a) and 2(b) where the Fabry-Perot dips vanish, such that near 

unity reflection is achieved. This region, highlighted by a horizontal white dashed line, corresponds to the LSPR 

mode. We observe that when the Fabry-Perot resonances coincide with the LSPR mode of the nanodisks array, 

the transmitted light from the cavity is in phase with the reflected light from the nanodisks array interface and 

constructive interference of the reflected planewaves leads to near unity reflection. When the cavity length is 

varied, this interaction with the plasmon mode occurs whenever the cavity resonance is equal to the LSPR 

resonance. Vertical black arrows in Figs. 2(a) and (b) indicate these resonant modes. This very significant 

narrowing in the linewidth of the cavity-coupled plasmonic structure arise from the high quality factor of the 

microcavity and has a positive influence on the sensing capabilities of the structure.  

 

  

Figure 2. Colormap maps of (a) normalized reflectance and (b) phase difference of the transmitted light outside 

the cavity as a function of the wavelength and cavity length for cavity-coupled plasmonic structures. 
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Abstract- We present a novel self-assembly lithography method to fabricate a large scale cadmium 

selenide quantum dots-silver nanogap metamaterial. We measured spatially resolved 

photoluminescence through the nanogap showing the presence of quantum dots inside the gap. This 

metamaterial will find versatile applications in optical and terahertz technology, for examples, 

cavity quantum electrodynamics, molecular sensing, Nanogap quantum dot photo detectors etc. 

 

Metal naogap provides high degree of confinement of electric field between the gap of two metal 

surface.[Erreur ! Source du renvoi introuvable.] Funneling of terahertz waves leads to huge field 

enhancements through these nanogap [2]. Large spontaneous emission enhancement is made possible by 

coupling a dipolar emitter in the slot waveguide structure even at non resonant conditions due to strong 

confinement of electromagnetic modes between the two metal surfaces. [3]   

Recently quantum dots sensing through the nanogap has been shown where the nanogap was prepared using 

e beam lithography and quantum dots were dropped and dried over the nanogap [4]. Systematic incorporation of 

quantum dots using linker molecule has not been demonstrated yet. 

 Here we show a versatile wafer scale fabrication method combining standard photo lithography and 

functionalized quantum dots incorporated via self-assembly to manufacture cadmium selenide (CdSe) quantum 

dots-silver nanogap terahertz resonators. Conventional e beam lithography requires a lot of time (many hours) to 

pattern a structure on a substrate while photo lithography allows fabricating the pattern rapidly (only limited by 

wafer size and size of the photo mask). Self-assembly of dithiols on metal surface is also a rapid procedure. We 

have combined these two rapid procedures to fabricate the quantum dots inside the nanogap on a faster time 

scale. 

For fabricating the quantum dots – metal nanogap metamaterial, TOPO capped CdSe quantum dots was 

synthesized, functionalized with linker molecules (dithiols) using 1,8 octane dithiol. A silver first layer structure 

was prepared using photolithography and was dipped in the dithiol functionalized quantum dots and a second 

layer of metal was thermally evaporated over it to form a quantum dots incorporated silver nanogap as shown in 

the Figure 1. From the Figure 1 we can see that the CdSe quantum dots assist in formation of metal nanogap, 

INSET in Figure 1b shows the assembly of the quantum dots linked by thiols to both quantum dots and the metal. 

White light (unpolarized) transmittance ring pattern in Figure 1c shows a successful nanogap formation of 20 µ 

m by 20 µ m ring pattern of 200 nm thick silver films. The photoluminescence from the quantum dots inside the 

nanogap was highly quenched as compare to bare quantum dots on the sapphire substrates. The quenching of 

quantum dots inside the metal nanogap is expected due to non-radiative energy transfer from CdSe quantum dots 

to the silver metal. 



 

 

 

 

 

 

 

 

 

 

 

       

 

 

 Figure1: Electron microscopy and optical characterization of quantum dot -nanogap metamaterials  

(a) Top view of the scanning electron microscopy (SEM) cross section of quantum dots silver nanogap 

metamaterials. (b) Side view of SEM cross section of the QD nanogap, inset shows a schematic of 

functionalized quantum dots assembled in the nanogap. (c)  White light (unpolarized) transmittance of 

the 20 µm by 20 µm silver metal ring patterned containing the nanogap and quantum dots. (d) 

Photoluminescence spectra in the transmission  geometry excited by 514 nm and emission is at 600 nm 

from 4.5±0.5 nm  CdSe  quantum dots from the  nanogap.  

 

We expect this metamaterial to work as terahertz resonators (due to ring patterns on micron scale) and a 

prospective candidate for cavity quantum electrodynamics, nanogap photodetectors applications.  
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Abstract- We show lasing in lattices of silver particles in a dye-doped waveguide. Due to 

the strong scattering strength of silver particles, the band diagram shows an 

unconventionally large stop gap. We use these large stop-gap systems to investigate a basic 

question: how much order do we need to obtain lasing?  

 

Over the past ten years, plasmonics has become a very active field of research. Plasmonic particles have 

been used as nanoscale antennas that demonstrate sub-diffraction limited focusing and create huge field 

enhancements that provide control over fluorophore emission rate and direction and has been utilized in 

surface-enhanced Raman and surface-enhanced infrared spectroscopy. In view of the strong field 

enhancement effects, the interplay of gain with plasmon particles to form lasing systems is of large 

interest. 

We propose a type of plasmonic laser consisting of a diffractive lattice of silver particles embedded in a 

dye doped waveguide. The plasmonic lattice acts as a distributed feedback element that provides much 

stronger scattering compared to non-plasmonic scatterers in conventional dielectric distributed feedback 

(DFB) lasers.  Plasmonic particles alter the band structure from which lasing emerges as a result of both 

the much stronger scattering and the disadvantageous loss of metal.   

We demonstrate lasing in lattices of silver particles embedded in a Rh6G doped waveguide in a single 

shot fluorescence microscope (figure 1a), as evidenced from a) spectral line width narrowing and b) 

increase in directionality. We use back-focal plane imaging to map fluorescence intensity in k-space, 

known as fourier imaging.  Figure 1b shows a panchromatic fourier image above lasing threshold. The 

image shows smeared out circles, corresponding to the waveguide mode dispersion populated by 

spontaneous emission, that repeat in the x and y direction due to Bragg diffraction from the particle array. 

We can identify the dominant k-vector that contributes to lasing as the bright spot in the center at k=0.   

In addition, we are able to map the band diagram by spectrally resolving the intensity map in k-space 

along a vertical cross cut of the 2D fourier image. We find that indeed for silver particles the band 

structure is strongly modified compared to the dielectric reference DFB lasers, since the strong scattering 

gives large stop gaps.  As can be seen from figure 1c, in addition to a large stop gap (indicated by the 

arrow) a characteristic avoided crossing is observed near the 2nd order Bragg diffraction condition.  

Solid state band gap theory states that the size of the stop gap scales inversely with the number of unit 

cells required to generate the stop gap. This generates a new fundamental question: how much disorder 

can we introduce into our plasmonic system before we lose lasing, given that the plasmon system shows 

very large stopgaps? And does disorder change the physics behind lasing?  To investigate these questions, 

we randomize our previous square periodic lattice by incrementally introducing disorder using two 

methods. First, we randomly remove particles from the lattice with a probability for removal varying from 

0 to 0.99. Second, we displace particles by placing them with random uniformly distributed probability in 

a box with a size varying from 0 to 100 nm around their ideal grid position. For all combinations, we 

measure fourier images, spectra, and real space images. We find that 2nd order Bragg diffraction condition 

lasing is surprisingly robust against perturbations. Randomly displacing particles by as much as a quarter 

of the lattice pitch, and even randomly removing as many as 99% of the particles does not destroy lasing.  

In addition, we introduce a tool to distinguish between coherent and incoherent light based on the real 

space fluorescence images. Above lasing threshold, real space images of our disordered lasers exhibit 

speckle. As is the standard in speckle analysis, we determine the autocorrelation and intensity histograms 

of the real space images. As threshold is crossed, autocorrelations shows a clear change from essentially 

showing no correlations to showing a distinct autocorrelation of strong contrast. At the same time the 



intensity statistics of the real space images changes from Poissonian to a distribution with longer high-

intensity tail, commensurate with the Rayleigh statistics expected for speckle.  At very low filling 

fractions, the statistics deviate from standard speckle, likely indicating that isolated pockets of random 

lasing emerge. Indeed, the real space images show clusters of speckle, instead of uniform speckle, and 

spectra of these low filling fraction systems show many lasing peaks at different wavelengths then the 2nd 

order bragg peak of the underlying lattice. We postulate that for low filling fractions, the physics of lasing 

is altered as correlated disorder is introduced.  

 

 
Figure 1.  

In (a) a simplified schematic of the set up is show. We illuminate the sample with laser light (λ = 532 nm) 

from the glass side. We measure the fluorescence using the CCD and spectrometer. In figure (b) an above 

threshold fourier image of a sample with a periodic lattice of silver particles with pitch 380 nm is shown. 

In figure (c) an above threshold fourier image of a Thue-Morse lattice with minimum interparticle 

distance of 380 nm is shown. The colormap scale is [128, 941] in (a) and [300, 3000] in (b).  

 

 

Additionally we investigate quasiperiodic and aperiodic particle arrays as an alternative intermediate 

between the periodic case and the random system. Here we remove particles from a square lattice 

according to a prescribed generation sequence.  We find that for a pitch of 380 nm, for which the 2nd order 

Bragg diffraction condition is fulfilled within the emission bandwidth of the Rh6G, we again find lasing 

on the second order Bragg diffraction condition for Fibonacci, Galois, Rudin-Shapiro, Thue-Morse (figure 

1c), and Paperfolding arrays. Yet, fourier images show very different features compared to the periodic 

case, with close correspondence between fourier transforms of the particle lattice, and the above-threshold 

angular distribution of emission.  Also, completely new lasing conditions occur for some lattices such as 

the Fibonacci sequence, owing to sub-Bragg condition stop gaps. 
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Abstract- Plasmonic meta-materials rely on exact nanostructure geometries for the production of 

many extraordinary optical effects. Here, we systematically study how the process of thermally 

driven surface diffusion can disturb and reshape the geometries of these structures, and that it can 

occur at temperatures 1000 K below the melting point of gold. Using a combination of in situ TEM 

heating observations and simulation techniques, we find that thermal stability decreases with 

increasing feature sharpness, impacting many proposed meta-material structures. 

 

The effectiveness of plasmonic based meta-materials relies strongly on the precise geometries of the 
constituent nanostructures of which it’s formed1. Thus any deviation from these geometries during the operation 
of these devices will significantly impact their performance. The thermal reshaping of gold nanorods towards 
the energetically preferred spherical geometry has been observed at temperatures below 500 K2. Given 
the primary decay mechanism of excited plasmons is through thermal absorption, it is entirely possible 
that during operation, these devices are heated sufficiently to undergo thermal blunting of their sharp features2. 
Recently, we have identified thermally activated surface diffusion as the mechanism responsible for this 
reshaping of nanorods, with it acting to reduce the surface energy of the particle3. Additionally, it was 
observed in this work that sharper, higher aspect ratio gold nanorods are significantly less thermally stable 
than shorter aspect ratios. These findings are of acute concern to the meta-materials community, given 
the uptake of high curvature geometries such as nano-crescents1 in proposed devices. Therefore to avoid 
any thermally induced degradation in the performance of plasmonic meta-materials, it is vital we understand 
the thermal reshaping process, and develop strategies to mitigate it.  

Previous works have focused on examining the reshaping observed before and after the application 
of heat to gold nanostructures2,3. While this has yielded many insights, no knowledge is obtained of what 
is happening to the nanostructures during the heating – information which is vitally important to understanding 
the process. We address this lack in the present work by examining the reshaping process of gold nanoparticles 
using in situ TEM heating, allowing for the reshaping process to be recorded from beginning to end, while 
the nanoparticles are heated at a known temperature. The time resolved reshaping dynamics of a 71x18 
nm gold nanorod are shown below in Fig. 1a, with the blue points with error bars denoting the time 
resolved experimental measurements of its aspect ratio, as it reshapes during TEM imaging. The green 
curve indicates the temperature the nanorod is subjected to, via heating of the TEM grid via a thermo-coupled 
heated stage. Evidently, with increasing temperature, the nanorod progressively reshapes towards the 
energetically preferred spherical shape (AR = 1), given the enhanced mobility of the diffusing atoms3. 
This point is reinforced by TEM imagery of the nanorod at various points, shown below in Fig. 1b. The 
red curve shows the theoretically predicted nanorod aspect ratios, calculated by applying the surface diffusion 
theories of Nichols and Mullins4. The gold outlines on the TEM images are the theoretically predicted shapes 



of the nanoparticles at various stages in the heating process. A similar study is shown Fig. 1c-d, for 
a 130x40 nm gold bipyramid, where it can be observed that given the same temperature treatment, the 
bipyramid is far less thermally stable, owing to its sharp features. The close match between the theory 
and experimental results demonstrates the effectiveness of this surface diffusion framework in a priori modeling 
of nanoparticle thermal reshaping.  

We use this framework examine low temperature reshaping occurring for a variety of nanoparticle shapes 
and sizes, including nanorods, bipyramids, and electron beam fabricated structures. We show that with 
increasing feature sharpness, the thermal stability of the nanostructure decreases, which is highly concerning 
for devices with such features. We finally demonstrate that by coating the surfaces of nanostructures the 
reshaping process can be slowed, ensuring a wide range of meta-material based devices can be used, 
while mitigating thermally induced performance degradation.     

 
Figures1: (a) (Blue points) Experimentally observed aspect ratios during of 71x18 nm nanorod as 

it thermally reshapes. (Green Curve) Temperature the nanorod is heated to. (Red Curve) Reshaping 
predicted by surface diffusion based model. (b) TEM images of the nanorod studied in (a) at various 
times. (Gold outlines) Shapes predicted by surface diffusion based model. (c)-(d) Same as (a)-(b), 
except applying to 130x40 nm gold bipyramid.  
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Abstract- We demonstrate electrical tuning of the plasma frequency of indium tin oxides by changing 

the sheet carrier density by electrical gating with an ionic liquid. The significant changes in the optical 

and electronic properties are quantified using optical reflection, sheet conductivity, and Hall 

measurements. The transfer matrix method simulation studies successfully reproduce the experimental 

results. Our observation can therefore offer the capability to develop efficient electro-optic devices. 

 

New electro-optic effects on various materials have continuously investigated to realize novel optoelectronic 

devices. Recently, transparent conductive oxides (TCOs) have gained a lot of attention for the use of 

optoelectronic modulator devices due to high tunability of their optical properties in infrared region
1
. In this 

study, we present the tuning of the plasma frequency of indium tin oxides (ITOs) by modulating the carrier 

density in a large regime with ionic liquid gating.  

Figure 1a schematically shows the setup that was constructed to simultaneously follow the changes in both 

electrical and optical properties of ITO upon gating. 24-nm thick ITO film covers a set of lateral Au electrodes 

that can be used for electrical gating as well as Hall and four probe measurements of the sheet resistivity. When 

a gate voltage is applied between the Au gate electrode and the ITO film, the mobile cations and anions in the 

electrolyte will move towards the oppositely charged electrodes to form electric double layers and induce high 

electric fileds. Simultaneous optical measurement is performed by a Fourier transform infrared (FTIR) 

microscope. By exciting the surface plasmon polariton (SPP) and measuring the attenuated total internal 

reflection (ATR) with high refractive index prism, ZnSe (n=2.4), we can monitor the spectral position of surface 

plasmonic resonance of the ITO because the SPP wave existing in Au-ionic liquid interface is perturbed by the 

presence of the ITO and couples to the propagating wave in ZnSe prism at the surface plasmon resonance of the 

ITO
2
. 

 
Figure 1. Schematic diagram of the experimental setup. 

 

Four probe and Hall measurements are performed to measure sheet resistance RS and carrier mobility μ 

during gating experiment. As shown in Fig. 2(a) and (b), the sheet resistances of the ITO film decrease from 380 



ohm/sq to 320 ohm/sq as the gate voltage is increased and the carrier mobility μ are measured around 26 cm
2
/Vs. 

We measured changes in the optical properties of the ITO film as inferred from ATR spectra. Surface 

plasmonic wavelength of the ITO film is measured at 2.7 μm at zero bias. To clearly show the change in optical 

properties of the ITO, we analyze the normalized differential reflectance (RVg – R0)/(100-R0,min), which is the 

difference between the reflectance at a given applied gate voltage, RVg, and the reflectance at a zero gate voltage, 

R0, normalized by the depth of reflection dip at zero gate voltage, (100-R0,min). Figure 2(c) presents normalized 

reflection change spectra highlighting the optical change of the ITO due to the presence of the accumulation 

region. Electrical bias up to 1.2 V across ionic liquid results in a significant reduction of the reflection intensity 

of up to 9% near 2.1 μm because of an increase in carrier density and plasma frequency within the accumulation 

layer. Due to the decrease in the thickness of a bulk ITO, which is subtracted from the total ITO thickness by the 

accumulation thickness, the normalized reflection change also shows significant reflection increase up to 6% at 

3.3 μm. To further understand the experimental results, we calculated normalized reflection change spectra using 

transfer matrix method simulations by again assuming a Drude response for the ITO and using the carrier 

densities and mobility from the electrical measurements data (Fig. 3(d)). It is notable that this simulation result 

provides a good agreement with the experimental data. 

 

Figure 2. (a) Measured sheet resistances of the ITO film by a four probe measurement. (b) Carrier mobility 

of the ITO film as determined from a Hall measurement. (c) Measured normalized differential reflectance 

spectra and (d) simulated spectra of the normalized differential reflectance with applied bias. 

 

In summary, we successfully observed electrical tuning of plasmonic properties of the ITO film by gating 

with a liquid electrolyte. This result opens up the new possibility of highly efficient optoelectronic modulator by 

employing the large electro-optical effect in thin ITO film. 
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Abstract-We investigate hot electron photoelectric conversion based on nanospikes array 

metasurface nanostructures. The proposed structures consist of heavily doped silicon and ultrathin 

gold films deposited on nanospikes substrate. Well design features of this plasmonic nanostructure 

including large localized field enhancement, high absorptivity, broad-band and wide-angle. The 

spectral bandwidth and photoresponsivity can be manipulated through engineering the geometric 

parameter of the metasurface structure. 

 

 

While the nonradiative decay of surface plasmons was once regarded as only a adverse process that limits 

the performance of plasmonic devices, it has recently been show that it can be harnessed in the form of hot 

electrons for use in photocatalysis, photovoltaics, and photodetectors.
1
 However, the quantum efficiency of hot 

electron devices remains low due to poor electron injection and in some cases low optical absorption. Hence, 

recently many researchers have showing great interested in improving the hot electron devices’ performance. 

Various metallic nanostructures have been extensively explored as active materials for the efficient improvement, 

such as metal gratings
2
, metal antennas

3
, optical microcavitys, and others. However, these elaborate 

nanostructures required high resolution photolithography and electron beam lithography to process. 

A large scale, flexible and aluminum nanospikes array can  be fabricated by a facile and low cost 

anodization process.
4
 The fabrication schematic of the nanospikes array metasurface nanostructures is show in 

Figure 1a. The height and pitch of aluminum nanospikes can be controlled by adjusting the anodization voltage 

and electrolyte components. Subsequently, n-type doping silicon layers with different thickness are deposited by 

plasma enhanced chemical vapor deposition (PECVD). The ultrathin gold films are deposited onto this 

nanospikes array by vacuum thermal evaporation. Finally, transparent electrode of indium doped tin-oxide (ITO) 

is magnetron sputtered as the top contact. In this work, we investigate the photoelectric conversion properties of 

plasmonic nanospikes array metasurface nanostructures based on n-type doping silicon substrate. 

The unique tapered shape of a nanospike creates a gradual change of effective refractive index of the entire 

three dimensional nanostructures, which greatly reduce the reflectance, as a fantastic light absorption 

nanostructure. It efficiently improves the light trapping applicability of such nanostructures. Commercial silicon 

detectors do not operate in the near-infrared spectral region (> 1200 nm) due to relatively large energy bandgap 

(1.12 eV) of silicon. However, hot electrons generate from the nonradiative decay surface plasmons can 

transport to the metal-semiconductor interface before thermalization and be injected into the conduction band of 

the semiconductor, contributing to a detectable photocurrent (Figure 2b). In this case, the photodetector’s 

bandwidth is limited by the Schottky barrier height, instead of the bandgap of the semiconductor.
5
 This allows 

the silicon-based plasmonic metasurface devices to detect the light with wavelengths beyond 1200 nm. 

mailto:northrockwql@seu.edu.cn


Furthermore, a numerical simulation of finite-different time-domain method is carried out to assist 

optimizing the structure parameters and analyzing the angular dependency and polarization sensitivity. 

The nanospikes array structure devices are compatible with CMOS technology. These metasurface 

nanostructures could potentially open a pathway for enhancing the efficiency of hot electron based imaging, 

remote sensing, photovoltaic, and photocatalysis systems. 

 

   

Figure 1. (a) Schematic diagram of fabrication process of the three dimensional nanospikes array 

metasurface nanostructures. (b) Illustration of the energy band diagram for plasmoniclly driven internal 

photoemission over a Schottky barrier (φB). 
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Abstract-Nanostructured AFM cantilevers with gold nanocone plasmonic tip are promising tools 

for nanoscale mapping Raman signals and topography at the same time. Different from the standard 

TERS illumination, our approach is based on a backside illuminations with radial polarization 

focused on the cone base. Thanks to the appropriate polarization, Surface Plasmon Polaritons are 

launched from the cone base toward the nanoscale cone apex where the E field enhanced is 

generated. 

 

Nanoscale imaging is an open field were plasmonic has an important role: Surface Plasmon Polaritons (SPPs) 

offers unique possibilities to deliver and focus optical radiation to the nanoscale. By combining plasmon 

technology with the capabilities of Atomic Force Microscopy (AFM), amazing possibilities in mapping optical 

proprieties at the nanoscale rise. Nowadays the standard Tip Enhanced Near Field Optical Microscopy (TENOM) 

or also the Tip Enhanced Raman Spectroscopy (TERS) apparatus are based on a metallic (gold or silver) sharp 

tip directly irradiated by laser. By the direct illumination, SPPs are coupled with the tip apex in order to obtain a 

local enhancement of the E-M field [1]. In general the tip apex dimensions define the spatial resolution of the 

excitation spot. 

Despite this combination is already extensively used with excellent results in many experiments, the process 

is still quite far from having reached good efficiency. One of the main critical points is the coupling between the 

far field laser excitation and the plasmonic probe structure. In order to increase the efficiency of the process, we 

have followed a different approach based on backside illumination, illumination from top, of the gold cone tip 

[2,3]. The main idea of the backside illumination is to separate completely the SPPs excitation zone, the base of 

the nanocone tip, from the signals collection zone of the apex. In this way the background signal is dramatically 

reduce to increasing the s/n ratio. 

The gold nanocone tip is fabricated, basically, by focused ion beam (FIB) milling, gas-assisted FIB milling 

and coatings process on AFM Si3N4 cantilever. The cantilever is nanostructured in order to have an optically 

transparent window on the upper side and the gold waveguide cone probe on the lower side.  

Thanks to a high magnification objective we can focus a radially polarized beam, trough the cantilever, 

directly on to the cone-probe base. The correct coupling between the laser and cone base excite SPP that 

propagate along the waveguide-probe toward the tip apex. The ability to fabricate sharp tip with small apex 

radius became a key point for high SPP confinement and so high spatial topography and optical resolution; the 

optical enhancement is in fact limited only by the tip size[4,5]. 

We are going to report the backside illumination approach with a new optical solution applied in order to 

overcame the limitation induced by misalignment or tilting between the laser spot and the plasmonic tip. 

Nanostructured AFM probe, with so strong localized optical fields, can be used to obtain a synchronous 



topography and optical high resolution maps but also to enhanced nonlinear-optical phenomena with many 

applications from the material science to bioanalysis. 
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Abstract- We present a slot-grating flat lens fabricated in thin layers of amorphous 

silicon-on-aluminum.  The structures are designed to collimate the light propagating through the 

slot at λ=833nm and 1550nm.  The high dependency of refractive index on temperature for 

amorphous silicon has the potential to enable thermo-optic focusing and steering. 

 

Nanostructuring a metal surface with a periodic grating opens up bandgaps in its dispersion diagram and as 

long as the operation wavelength is close to one of these bandgaps, where the dispersion curve deviates from the 

light line in the dielectric, the confinement of the surface plasmon polaritons (SPPs) will be improved.  This 

type of structure is especially important beyond visible wavelengths where SPPs are very weakly confined on 

planar metal/dielectric interfaces due to their very small decay length in the dielectric normal to the interface.  

The second role of the grating is to scatter a proportion of the confined light at each period so that the scattered 

light from each period is in phase and also in phase with the light directly passing through the aperture.  These 

structures have been shown to greatly reduce divergence from tens of degrees to only a few without excessively 

effecting the overall transmission [1-4].  However, in this configuration the grating is fixed and there is no 

variable parameter that would allow steering of a beam with a constant wavelength.  A further method of 

increasing the so called SPP coupling efficiency – the ratio of the light coupled into the aperture mode that is 

then coupled into the SPP mode – is by adding a thin dielectric layer onto the surface of the noble metal  [5].  

By adding the higher refractive index dielectric layer and varying its thickness, tSi, the effective wave vector of 

the SPP mode can be tuned such that the wave vector matching condition between the SPP and the light 

diffracted by the aperture is achieved.  This enables efficient coupling of light from the slit into a 

hybrid-SPP-waveguide-mode (HPWG mode) on the adjacent metal surface and increases light confinement to 

the surface from only a few percent to nearly forty percent at both λ=833nm and 1550nm.  Crucially, if we add 

the fixed geometrical grating into the surface a dielectric material, where if this material has a relatively high 

dn/dT such as Si or Ge then we have a structure where λSPP
 is tunable with temperature.  In Si, the change in n 

induced by heating from room temperature to 400ºC is ~0.1 and is an approximately linear change [6].  

Lumerical Finite-Difference Time-Domain (FDTD) [7] simulations in Fig. 1(a), (b) & (c) show that due to the 

increased refractive index, the wavelength of the HPWG mode is shortened at the Al/Si interface and the fixed 

grating will no longer collimate the light in the far-field.  This follows the explanation we have outlined in Pugh 

et al [3].  Focused Ion Beam (FIB) fabricated devices are currently undergoing measurement using the Fourier 

Image Spectroscopy (FIS) technique. 



 

Fig. 1.  The structure is a 200nm thick (tAl) Al layer with a varying thickness (tSi) Si layer on top – 210nm for λ=833nm 

device in (a&b) and 360nm for λ=1550nm device in (c&d).  Light travels through an aperture 300nm wide (w) for the 

λ=833nm device, where the grating slots are 160nm deep (h) by 100nm wide (d), where the distance from the aperture 

center to the edge of the 1st grating period, s=1.03µm and the remaining grating period, p=810nm.  For the λ=1550nm 

device, these parameters are w=500nm, h=250nm, d=150nm, s=0.885 and p=1550nm.  Light scattered from the grating is 

shown in the ǀEǀ-field snapshot in (a), (b), (c) and (d) where nSi is 2.458, 2.708, 2.344 and 2.444 respectively.  The far-field 

angle distributions are shown in (e). 
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Abstract-This paper presents measured absorptance results for Focused Ion Beam fabricated 1D 

nickel gratings optimised for solar spectrum. Results are shown for a grating period of ~500nm and 

for varying etch depths. We obtain absorptance greater than 90% for wavelengths 633nm to 714nm 

and greater than 65% from 450nm to 800nm.  Angular and spectral is also shown using Fourier 

Imaging measurements. 

 

Solar thermal devices are showing great promise as forming parts of advanced solar energy converters in 

applications such as solar thermionics [1,2] and solar thermophotovoltaics [3]. In [3] tungsten based 2D photonic 

crystals are shown to have excellent selective surface properties needed for solar absorbers. However, very deep 

etching of holes ~3-8um is required and this may be difficult to achieve in a mass production environment. This 

paper studies much shallower grating structures ~ 100nm deep which may be amenable to nanoimprint 

lithography or hot embossing approaches. Detailed 3D Finite Difference Time Domain modelling has been 

carried out for the both 1D and 2D nickel gratings [4] and this paper outlines preliminary fabrication and testing 

of 1D gratings. 

Figure 1 shows a schematic layout for the fabricated gratings and Figure 2 shows FDTD modelled 

absorptance for a period = 500nm, aspect ratio of 0.5 and depth of 90nm. 

              

Figure 1 : Schematic of fabricated nickel grating     Figure 2 : FDTD calculated absorptance at normal  

                                            incidence for p=500nm, t=200nm, d=90nm and  

                                            a=b=250nm 

The gratings were fabricated using Focused Ion Beam etching with an area of ~20x20m as shown in Figure 

3. Inset in Figure 3 is a zoom of a typical grating, in this case a much smaller aspect ratio is shown at around 0.8. 

A series of gratings were etched with gradually increasing depths. Normal incidence absorptance measured in a 

Fourier Imaging microscope are shown in Figure 4. The designed period and aspect ratio are those shown in 

Figure 2, currently exact etch depths and periods have not be measured, but the results show excellent agreement 

with the trends in the FDTD results of Figure 2 [4].  



              

 

 

 

Angular dependence of absorptance of the gratings has been obtained by Fourier Imaging spectroscopy in 

optically thick nickel films. Figure 5 shows the angular absorptance spectra for the Etch 3 case of Figure 4. It 

shows that good angular absorptance can be obtained which is important for solar thermal applications. The 1D 

gratings fabricated here are polarization dependent, this can be removed by moving to 2D-gratings [4]. 
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Figure 3 : Image of Focused Ion Beam 

etched nickel grating. Inset shows zoom of a 

high aspect ratio grating. 

Figure 4 : Measured normal incidence absorptance 

for different etch depths for a polarization 

perpendicular to the grating grooves. 

 

Figure 5 : Fourier Imaging absorptance for Etch 3 

It should be noted that better angular absorptance has been 

obtained for example in [5], however that required complex 

trilayer structures which may be difficult to transfer to mass 

production. These results show that very simple, single layer 

grating structures can have very strong absorptance in the 

visible part of the spectrum, this is in part due the unusual 

refractive index properties of nickel in the visible in that the 

real and imaginary parts are of similar magnitude [4]. FDTD 

studies are now investigating the role of cavity resonances 

that occur in the deep slots which play an important role in 

the strong, broadband absorption that occurs in these nickel 

gratings. 
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Abstract-Metamaterials with different functionalities are interesting for light manipulation and 

control. We will present some of our recent results on all-dielectric and metal-dielectric 

metamaterials to demonstrate omni-directional reflectionless transmission over broad wavelength 

range, plasmon mediated linear and nonlinear optical response of plasmonic quasicrystals, giant 

Goos-Hanchen shift, broadband filters, single and multi-band polarizers, ultrafast control of 

metamaterial resonances and tunable trapped mode resonances. 

 

Metamaterials with different specific functionalities can be designed with existing numerical and theoretical 

techniques as well as demonstrated with the available fabrication and characterization tools. These can be 

metal-dielectric or all-dielectric. Metamaterials for light control and manipulation are interesting for various 

device and spectroscopic applications. Reflectionless transmission of light over all incident angles and broad 

wavelength range is possible with a class of materials called, reflectionless potentials, which can be realized by 

having materials with refractive index profile conforming to reflectionless potential [1]. These have infinite 

possible profiles as has been demonstrated recently [2]. We also show that by patterning surfaces with conical air 

holes arranged in quasi-periodic fashion, broadband, launch angle independent suppression of reflection is 

possible. Reflection of < 2% in the 450-1350 nm wavelength range is shown for incidence angles in the 0-30° 

range (limited by our measurement). 

For light harvesting applications, broadband, omni-directional coupling of light to the photovoltaic device is important. 

When combined with plasmon mediated local field enhancement, this could lead to better absorption of incident light. 

While periodic, plasmonic crystals, offer discrete dispersionless plasmon mode, plasmonic quasicrystals due to dense 

k-space offer broader spectral as well as omni-directional response [3]. Designable spectral response, polarization and 

launch angle independent response from plasmonic quasi-crystals have been demonstrated recently [4]. In addition, 

the strong local field is shown to result in broadband, launch angle and polarization independent second harmonic 

generation. In spite of these features, plasmonic structures suffer from weak absolute transmission which was 

overcome by combining the quasicrystal air hole pattern with surface roughness. In such structures, > 100 times 

enhancement in transmission over broadband compared to unpatterned gold has been achieved. Goos-Hanchen shift of 

light beams reflected at an interface are interesting with several groups reporting giant shifts when coupled to plasmon 

modes as well as waveguide modes. We show that it is possible to get much larger shifts (> 100 µm) by careful 

design. 

For the THz range, we recently demonstrated ultrafast control of metamaterial resonances in patterned 

SI-GaAs substrates that are carbon irradiated. We also demonstrated structures to filter specific frequency range 

from the broadband THz spectrum generated. While the narrow, high-Q, resonances are interesting for 

light-matter interaction, broadband filters are interesting where the time-bandwidth product is to be maintained. 

Other interesting results that will be discussed are single and multi-band polarizers based on cut wire structures, 

polarization or angle tunable trapped mode resonance with an ellipse inside a circle [5,6]. 
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Abstract- A novel, low-profile, tunable device capable of detection or emission of optical vortex light 

beams of specific topological charge is presented. The proposed forked grating design couples a planar 

dielectric waveguide mode into a free-space propagating beam with orbital angular momentum. To 

promote coupling into a single mode fiber, methods to diminish power loss across the spatial profile of 

an emitted beam, as well as enable perfectly vertical coupling, are explored and analyzed.  

 

 Optical vortex (OV) beams are being increasingly used in a wide range of potential applications, including 

micromanipulation of particles, quantum information, imaging systems, and free-space communication. OV beams 

are marked by a central intensity null and “corkscrew” helical phase fronts. The degree of twisting is referred to as 

topological charge and denotes the degree of orbital angular momentum (OAM) per photon [1]. Because OAM 

modes are orthogonal they are being investigated as a tool for multiplexing. In [2], multiplexed OAM modes 

transferred data at a rate of 1.6 terabits per second at a single wavelength over more than 1.1 kilometers of fiber. As 

these technologies continue to develop, it will become imperative to develop small-footprint OAM emitters and 

detectors that are sensitive to specific topological charge. 

 At the same time, Bragg grating couplers have emerged as a viable technology for coupling light between 

nanophotonic dielectric waveguides and fibers [3, 4, 5]. These couplers offer the advantage of being readily 

integrated into photonic circuits and the ability to be fabricated using well-developed technologies. The forked 

grating coupler (FGC)1 presented in this study combines a Bragg coupler with a forked hologram to couple the full 

profile of a particular optical vortex mode at near normal incidence into a planar confined dielectric waveguide 

mode. In the resulting device, which is being fabricated, the grating will connect to a nanophotonic waveguide via a 

tapered waveguide, as in [3].   

 The design of the FGC is accomplished by solving the transcendental equation: 

 
𝛽𝑒𝑓𝑓𝑦 + 2𝜋𝑛 = 𝜒 tan−1

𝑦𝑐𝑜𝑠𝜃

𝑥
+ 𝑘𝑦𝑠𝑖𝑛𝜗  

(1) 

for x and y values of the center of each groove. In (1), 𝛽𝑒𝑓𝑓 is the effective propagation constant in the waveguide, 

𝑛 is the integer groove number, 𝜒 is the topological charge of the OV beam, 𝜃 is the angle of incidence of the 

beam, and 𝑘 is the free space wave number. Figure 1 shows the geometry of a representative grating structure. 

Finite element simulations of the device were performed with Comsol Multiphysics at standard 

communications wavelength 1550 nm. The FGC is a square of area 36 um2. The grating is entirely silicon, and sits 

on an SiO2 layer. Groove width is 294 nm and groove depth is 75 nm. Figure 2 shows a side view of the dielectric 

                                                        
1 The Forked Grating Coupler invention described herein has been submitted for a provisional patent. The application number 

is 62/115,668 and the filing date was February 13th 2015. 



waveguide mode propagating along the FGC. Power enters from the left and exits on the right. A portion of the 

energy is scattered into an OV beam, as Figure 3 clearly shows.  

To test the working principle of our device we are in the process of fabricating it with deep UV lithography. To 

produce beam quality sufficient for coupling into a fiber, it is essential to promote high energy transfer efficiency 

while simultaneously preserving the spatial profile of the OAM beam. Therefore, power transfer from the grating 

mode to the free space mode should be maximum, but it also must be uniformly distributed across the grating. In 

addition, for fabrication feasibility using deep UV lithography techniques, we constrain ourselves to designs with 

uniform grating depth. A thorough analysis is being performed of the fabrication tolerances that will result in a 

usable beam, and how over- and under-etching, and misalignment, will affect beam propagation. We are also 

exploring the addition of a poly-Silicon overlay [6] for increased efficiency, and a slight asymmetry in the grating 

[7] to eliminate second order reflection and enable coupling at normal incidence. 

 

Figures and Tables:  

 

Figure 1. FGC for 𝜒 = +1 OV beam. 

Calculated with Mathematica and 

imported to Comsol. 

 

Figure 2. Ex component of the electric field. 

Power enters on the left and exits on the right, 

scattering a portion into the OV beam.   

 

Figure 3. Iso-surface plot of phase 

confirms helical phase front of the resulting 

OV beam. 
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Figure 2: FDTD results for 35nm carbon on 200nm gold 

and MIM square and cross structures. a=250nm, 

b=100nm, c=75nm, d=100nm, e=30nm, f=75nm, 

g=310nm. Inset shows top view of unit cells. 

Figure 1: Absorbance of 35nm and 45nm Carbon on 200nm 

thick Au 
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Abstract- Solar thermal absorbers are required to absorb strongly in the visible regime but prevent 

thermal radiative loss at longer wavelength (>2.5m). This paper explores the use of amorphous 

carbon in order to obtain very strong solar absorption, and assesses the use of Metal-Insulator-Metal 

(MIM) structures with carbon as the insulator layer to obtain a broadband strong absorber across the 

solar spectrum but maintain very low emissivity in the thermal infra-red bands. 

 

There has been much work done recently on the use of 2D metamaterials, sometimes termed metasurfaces as 

perfect absorbers [1,2]. This paper explores the use of thin carbon films in MIM structures to achieve strong 

absorption in the visible while maintaining high reflectivity in the thermal infrared bands to achieve maximum 

temperature rise. Initially we assessed the performance of a thin amorphous carbon layer coated on a 200nm gold 

layer. Figure 1 shows its measured absorption in the visible range and this compares well with FDTD modelled 

results using published n and k data for amorphous carbon [3]. Figure 2 extends the simulated results of Figure 1 

into the thermal infrared band. It can be seen that 35nm of carbon on 200nm of gold decreases in absorption 

rapidly around 1m, however significant solar energy is available upto 2.5m. Thus an MIM structure has been 

designed to allow maximization of absorption to 2.5m and minimization above this wavelength. Figure 2 shows 

both a periodic, square array of square patches on 35nm Carbon on gold and a periodic array of gold crosses on 

35nm Carbon on gold. The square array of square patches allows significant increase in absorption upto 2.5m, 

however this results in a decrease in absorption in the visible. The cross based MIM structures allows a 

significant increase in visible absorption to be obtained without effecting the 2.5m region. 
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Fig 5: Absorbance of MIM structure vs incident angle for 

p polarization 

 

Fig 6: Absorbance of MIM structure vs incident angle for 

s polarization 
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Fig 3: FIB patterned Au-Carbon-Au structure Fig 4: Absorbance of structure fabricated with different beam 

currents 

A trilayer structure of gold-carbon-gold was then fabricated and Focused Ion Beam etching was used to define a 

square array based metasurface based on the modelling shown in Figure 2. Figure 3 shows a FIB image of one of 

the fabricated structures. Figure 4 shows that this meta-surface gives up to ~85% measured absorbance in the 

visible spectrum. Although it is slightly lower than the results of Figure 1, we anticipate high absorption upto 

2.5m. Another important advantage of the MIM structure is angular independent absorption. This has been 

measured using Fourier Plane Imaging and is shown in Figures 5 and 6. These results show that the absorbance 

remains very high to ±40 degrees in both s and p polarizations. Measurements in infrared regime are now under 

way. 
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Abstract- The strong dependence of the optical properties of nanoparticles on size and shape is a 

foundation of nanophotonics. In this paper we show that the time-resolved optical responses of 

hybrid plasmonic nanostructures can be controlled and modified in an unprecedented manner.  

 

We observe strong changes to the ultrafast temporal and spectral responses depending upon the size and the 

composition of the nanosystems, and also the excitation wavelength. In particular, we have detected a giant 

ultra-fast contribution to the pump-probe measurements in plasmonic nanostructures with hot spots. Our 

theoretical analysis shows that the effect correlates with the efficiency of the generation of highly excited surface 

charges in the nanostructures and therefore we attribute the giant ultra-fast component to the efficient generation 

of hot plasmonic electrons in hot spots. We develop and demonstrate the principles to generate energetic 

electrons using specially-designed plasmonic nanostructures that can be utilized in a variety of applications in 

the areas of solar photocatalysis, photodetectors and nonlinear devices[1-3]. 

 

REFERENCES 

1.  Zheludev, N. I. & Kivshar, Y. S. From metamaterials to metadevices. Nat. Mater. 11, 917 

(2012). 

2. Mukherjee, S. et al. Hot electrons do the impossible: Plasmon-induced dissociation of h2 on 

au. Nano Lett. 13, 240 (2013). 

3. Clavero, C. Plasmon-induced hot-electron generation at nanoparticle/metal-oxide interfaces 

for photovoltaic and photocatalytic devices. Nat. Phot. 8, 95 (2014). 



            

Large Spontaneous Emission Rate Enhancement using Slot-Antenna 

Coupled WSe2 Monolayers 

 

Michael S. Eggleston
1
*, Sujay Desai

1,2
, Kevin Messer

1
, Surabhi Madhvapathy

1
, Jun Xiao

3
,  

Seth A. Fortuna
1
, Xiang Zhang

2,3
, Eli Yablonovitch

1
, Ali Javey

1,2
, Ming C. Wu

1
 

1
Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, CA 94720 

2
Materials Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720 
3
Nanoscale Science and Engineering Center, University of California, Berkeley, CA 94720 

*
corresponding author: eggles@berkeley.edu 

 

Abstract- In this talk I will explore the use of slot-antennas to efficiently enhance spontaneous 

emission rates in 2D semiconductors. Experimental results will be presented showing a 340x rate 

increase for WSe2 monolayers coupled to a cavity-backed slot-antenna with ~1ps carrier lifetimes. 

 

1. Introduction 

A well designed optical antenna offers the ability to greatly increase spontaneous emission rates in optical 

emitters while simultaneously maintaining high quantum efficiency [1,2]. Such a device could be an attractive 

ultrafast, efficient, nanoscale emitter for short range communication, nanoscale sensing, and imaging. 

Semiconductors are the preferred emitting materials for such a device in order to be able to directly modulate it 

at high speed. Unfortunately, traditional semiconductor materials suffer from large surface recombination rates 

that limit device performance at the nanoscale. 

Transition-metal dichalcogenides are an interesting new material system whose 2D layer structure offers 

near-ideal surfaces and when thinned to monolayer thickness exhibits a direct bandgap. The combination of 

these two properties leads to a high quantum-yield [3,4] semiconductor material that is intrinsically nanoscale.  

In this work we demonstrate an etched nanostrip of monolayer WSe2 (30nm x 300nm) coupled to a 

cavity-backed slot-antenna. Optical emission measurements show antenna-coupled WSe2 has a quantum yield 

160x higher that of a bare etched WSe2 monolayer, which comes from a corresponding 320x increase in the 

spontaneous emission rate. Lifetime measurements of antenna structures show non-radiative limited 

recombination of ~1ps. Fast radiative emission allows for high quantum yield of antenna-coupled structures, 

even in the presence of fast edge recombination rates. 

2.  Device Design and Fabrication 

To effectively couple the WSe2 to an optical antenna, a cavity-backed slot antenna is used [5]. This antenna 

offers very high emitter-antenna coupling within the slot, with simulations showing peak spontaneous emission 

rate enhancements of 400x for a 30nm wide slot while maintaining a high antenna efficiency of ~50%. A silicon 

oxide (SiOx) layer forms the slot of the antenna and also masks the dry-etch of the WSe2. This self-aligned 

process ensures all material not in the slot region of the antenna is etched away, reducing background signal 

from poorly coupled material that would otherwise obscure enhancement measurements.  

3.  Results 

Devices were measured by pumping them with a CW 532nm laser polarized perpendicular to the antenna 

mode and measuring their subsequent optical emission using a μ-PL microscope. 700x more light was collected 



from WSe2 coupled to an on-resonance antenna than a similar strip of WSe2 with no antenna. However, 

simulations show antenna-coupled devices see a pump enhancement of 1.6x compared to bare WSe2 as well as a 

2.8x increase in collection efficiency due to increased directivity. Taking these corrections into account reveals 

the best antennas have 160x higher quantum yield than bare samples. Since the antenna only enhances one of the 

two possible polarizations in the WSe2 layer, this corresponds to a spontaneous emission rate enhancement of 

320x for a single polarization. This is in good agreement with the 400x peak enhancement predicted by 

simulations. Antennas also show highly polarized emission with polarization ratios up to ~55x measured; limited 

by cross-polarization scattering from imperfections on the device surface.  

 

Figure 1. (a) Perspective cut-away view of SiOx slot in silver. WSe2 emitter is situated at the very top of the slot and is etched away from 

all regions outside of the slot. A 20nm Al2O3 layer prevents oxidation of the silver (not shown). (b) Photons/s emitted from a bare etched 

WSe2 nanostrip(black) and WSe2 coupled to an antenna that is on-resonance (blue) near-resonance (green) and off-resonance (orange). (c) 

Lifetime measurement of antenna-coupled monolayers showing nearly identical lifetimes for the near-resonance and on-resonance 

antennas. The instrument response is shown in red. 

Time resolved measurements of antenna coupled devices show non-radiative recombination limited lifetimes 

of the on-resonance and near-resonance devices of ~1ps. Such a fast decay, coupled with the relative quantum 

yield of etched WSe2 suggest very fast edge recombination rates with edge recombination velocities roughly 

equal to vthermal≈10
7
cm/s. Despite such fast non-radiative rates, on-resonance devices have a quantum yield 

comparable to unprocessed monolayers. 
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Abstract-We have investigated existence condition of lossless Dyakonov surface waves (DSWs) 
on nanoparticle dispersed liquid crystal (NDLC) metamaterials composed of nematic liquid crystal 
host dispersed with Ag nanoparticle inclusions. Effective dielectric permittivities of NDLCs are 
obtained by an extended Maxwell-Garnett mixing rule. We have shown that the existence condition 
for DSWs can be significantly relaxed allowing even air cladding. Our approach may open a new 
avenue exploring practical application of lossless DSWs with switching capabilities. 

 
Electromagnetic surface waves have been extensively studied from academic interests and for technical 

applications [1]. Among various types of surface waves, Dyakonov surface waves (DSWs) are unique since they 
can be supported at the interface of two lossless dielectric media, in which at least one of them has to be 
anisotropic [2, 3]. In the simplest case, when one of dielectrics is isotropic with dielectric permittivity εc and 
another is uniaxial with positive birefringence with ordinary and extraordinary dielectric permittivity of εo and εe, 
respectively, the existence condition of DSWs should be,  

 εo < εc < εe  . (1) 

This condition is usually hard to meet and allows DSWs to propagate only in a narrow angular range typically 
less than 1°, called angular existence domain, which makes the observation of these waves quite challenging. 
Therefore, although the existence of DSW was theoretically predicted decades ago [2], it was only recently that 
DSW was experimentally observed [4, 5]. Many efforts have been devoted to relax the existence condition of 
DSWs and expand angular existence domain utilizing wide variety of optical metamaterials [6, 7]. However, 
manufacturing such subwavelength structures are still challenging even with current state-of-the-art 
micro-fabrication technologies. Therefore, an alternative approach capable easy manufacturing is demanded. 
Here we show that nanoparticle dispersed liquid crystals (NDLCs) can be utilized to support DSWs and it is 
beneficial for relaxing stringent existence conditions and suitable for practical applications [8]. In modeling 
effective dielectric permittivities of NDLCs, we have utilized an extended Maxwell-Garnett mixing rule [9, 10]. 
We have verified that NDLCs can have dielectric, metallic or indefinite characters due to their strong dispersion 
and anisotropic characteristics. We have also shown that the existence condition of DSWs can be significantly 
relaxed in anisotropic dielectric regime at particular wavelength range, and angular existence domain of more 
than 6° can be achieved with only 0.05 filling fraction of Ag nanoparticles. The orientation of liquid crystal 
molecules can be reoriented with only a few V, which may enable us to develop novel type of optical devices 
with switching capabilities based on lossless DSWs and our approach may open a new avenue exploring 
technical application of lossless DSWs. 



 

 
Figure 1. Schematic of the system under investigation, consisting of an isotropic cover material with 
dielectric permittivity of εc and a substrate of Ag nanoparticle-dispersed liquid crystal (NDLC) with 
extraordinary and ordinary dielectric permittivities of εe and εo, respectively. The optic axis (OA) of 
NDLCs lies in the interface plane (y-z plane). DSW propagates along the z direction forming an 
angle θ with the OA. 
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Abstract-In this paper, we present direct measurement of the far field radiation pattern produced by 

a 62,500 element aluminum nanoantenna array. The 250 x 250 array consists of nanorod/monopole 

nanoantennas separated by a uniform 409 nm pitch. Using the Fourier Microscopy technique, angle 

resolved reflectance measurements revealed a 40% peak reflectance at the nanoantenna array 

resonance (710 nm). Using Finite Difference Time Domain (FDTD) modelling of the array, we 

observe a similar peak of 68% near 690 nm.   

 

Nanoantennas are generating growing research interest in recent years as an emerging technology; they offer 

dual benefits of subwavelength manipulation and enhancement of coupled light. Incident light gets trapped at the 

interface between the metallic nanoantenna and surrounding dielectric giving rise to localized surface plasmons, 

known to significantly enhance local field intensities [1]. As an array, the individual elements interact 

electromagnetically which can significantly modify the beam shape, directivity and further increase 

enhancement. Fourier Microscopy offers several benefits as a characterization tool for nanoantennas. It involves 

using the Back Focal Plane to obtain the spatial Fourier transform of all incident angles of light [2]. Using this 

approach the resonant frequencies, reflectance/transmission, and far field radiation patterns for any given 

frequency can simultaneously be determined. Aluminum is relatively low cost and lower loss than the typical 

noble metals used for plasmonics, particularly in the UV to near-UV spectral regions. In this paper, we present 

reflectance measurements and FDTD modelling based on the Fourier Microscope set-up for a 62,500 element 

aluminum nanoantenna array.  

The 250 x 250 array consists of 205 nm x 76 nm x 50 nm ( l x w x h) Al 

nanorod/monopole nanoantennas fabricated using University of Glasgow’s 

state-of-the-art lift-off technique (Fig 1). The nanoantennas were separated by a 

409 nm uniform pitch and each element is expected to generate a dipolar 

resonance. Measurements were performed using the optical set up depicted in 

Fig 2a; the sample is illuminated by a broadband source and the stage-mounted 

fiber scans across the back focal plane collecting angular reflection data. Each 

measurement produced a collection of spectra for angles between ± 55° with 

either s or p polarized, incident light. In Fig 2, we present the data as a 

greyscale map, covering the wavelengths between 350-950 nm and angles ± 

55°. With s polarized incident light, the fundamental array resonance is 

identified by strong reflectance (~40%) near 710 nm.  

Figure 1: SEM image of aluminum 

nanoantenna array. Arm length, width 

and uniform pitch of 205 nm, 76 nm and 

409 nm, respectively 



Other resonances within the collection spectrum can be similarly be identified, allowing for the full, broadband,  

far field characterization of the array from a single series of measurements. In Fig 2d, we show the measured and 

FDTD model (Fig 2c) reflectance spectra at normal incidence, for both polarizations. FDTD agrees reasonably 

well with the measured results; similar trends can be observed for both polarizations. With s polarized incident 

light, the FDTD model produced a 68% peak reflectance near 690 nm. The linear geometry introduces a strong 

polarization dependence [3]; significantly less reflectance is observed for p polarized incident light, across the 

spectrum. Repeatability for fabrications of this scale is often a challenge and can lead to non-identical elements. 

This along with surface roughness from lift-off and the plane wave approximation of the source may account for 

differences between the FDTD and measured results. The radiation pattern is a critical parameter to array 

performance, and can be engineered using classical electromagnetic theory to focus, steer and improve 

subwavelength manipulation of light for applications within sensing, solar energy, and optical communications.  
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Figure 2: (a) Fourier Microscopy set up. Lens focuses on back focal plane which is a spatial Fourier Transform of the image plane, scanning 

fiber facilitates angular discrimination of results (b) Reflectance results for s-polarization. (c) FDTD model, nanoantenna illuminated by 

broadband Plane wave (350-950 nm), periodic boundaries used in x and y directions (PML in z direction) to model array and reduce 

computational cost, distance to periodic boundaries is half the pitch (d) Measured and FDTD model reflectance spectra at normal, for both s 

and p polarized incident light. 
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Abstract— Plasmo-photonic metasurfaces, which have been very recently introduced, are ap-
plied for fluorescence (FL) enhancement experiment. Optimization of the structure and the gap
between the outmost interface and FL molecules has enabled us to reach significant FL enhance-
ment factor over 5500 fold, strongly suggesting that desired control of electronic transitions in
the FL molecules is realized.

Plasmonic enhancement effects are extensively exploring for various phenomena such as photo-
luminescence, magneto-optical effects, nonlinear optical responses, and so on. Recently, the fluores-
cence (FL) enhancement has been substantially advanced and reached thousands-fold enhancement
on large-area plasmonic substrates fabricated by nanoimprint lithography (NIL) [1, 2].

We very recently introduced hybrid system of plasmons and photonic guided modes, which was
termed plasmo-photonic systems [3]. The performance for FL enhancement was experimentally
found to be quite high and the enhancement factor (EF) was more than 450-fold [4], which is
defined by Equation (1):

EF =
η · γ(k)

η0 · γ0(k)
. (1)

where γ0 and γ denotes radiation decay rate for outgoing wavevector k in reference and enhanced
circumstances, respectively, and η0 and η are numbers of FL photons with the k per second in
reference and enhanced circumstances, respectively. Note that, because the η depends on FL yield
of FL molecules, the EF also depends on molecules themselves.

Figure 1(a) illustrates a stacked complementary (SC) plasmo-photonic metasurface, which is
made on silicon-on-insulator (SOI) substrates by UV NIL. The Au nanostructures are complemen-
tary in the top and bottom layers. The periodicity was 410.5 nm, and the thickness of SOI layer
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Figure 1: (a) Schematic of a SC plasmo-photonic metasurface. Adopted from Ref. [4] (b) Absorption
spectrum calculated for the SC metasurface of air-hole diameter 250 nm. The indices (n) indicate nth
resonance. (c) Experimental result on enhancement factor (EF) dependent on air-hole diameter.
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Figure 2: Electric-field magnitude |E| on the 6th resonance, calculated numerically. The incidence was set
to have |E| = 1.

and Au was 200 and 35 nm, respectively. The SC metasurface is basically reflective; therefore,
illumination and collection of FL were conducted at one side as shown in Fig. 1(a).

Figure 1(b) shows calculated light absorption spectrum of the SC metasurface of air-hole di-
ameter 250 nm. The nth resonances (n = 1 to 6) at the normal incidence are indicated by the
symbol (n). The computation was based on rigorous coupled-wave analysis and scattering matrix
algorithm; the details were described in Ref. [3].

Figure 1(c) shows EFs in experiment. We used rhodamine 590 (R590) as FL molecules and
dispersed R590 sparsely (or isolatedly) on the SC metasurface. The FL was induced by 532nm ex-
citation and observed at the range of 1.4–2.0 eV. The FL from the SC metasurfaces was significantly
enhanced on the 4th and 6th resonances. By preparing a series of the SC metasurface of various
air-hold diameters using the lateral structure tuning technique [4] and incorporating sub-nm-thick
self-assembled monolayer on the SC metasurface, we found that the FL EFs reached the maximum
for the SC metasurface of air-hole diameter 265 nm, exceeding 5500-fold enhancement for reference
Si wafers. The significant EF was quite uniformly observed, indicating that the SC metasurfaces
are very good candidates for FL-sensing platforms.

Figure 2 shows numerically calculated electric-field strength |E| on the 6th resonance. It is
interesting to point out that the magnitude |E| at the positions where R590 molecules exist is mostly
in the range of 2 or less, so that the significant EF cannot be explained only by the electric-field
enhancement. Equation (1) indicates that η, that is, the ratio of radiative transition to nonradiative
transition is substantially changed in the FL molecules under the enhanced circumstance.

In conclusions, we applied a new class of FL enhancing platforms, i.e., SC plasmo-photonic
metasurfaces to FL enhancement and achieved significant EF over 5500 fold, which is the very
best for R590 molecules. We also found that the large EF is realized by manipulating electronic
transitions in FL molecules in a desired way.
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Abstract-Circular dichroism spectrometers measure the differential absorption spectrum between 

optical spins (circular polarizations) through taking sequential readings of left and right-handed 

spins at different wavelengths. This requires complicated hardware to switch the laser source and 

manage sequential data collections. Instead, we implement a metasurface which utilizes photonic 

spin Hall effect for spatial separation of left and right-handed spectra. This enables real-time 

sensing, and eliminates the need for the complicated hardware. 

 

Chiral molecules which don’t superimpose onto their mirror image are very recurrent in biological media 

and organic compounds. These molecules possess differential response between left- and right-handed circularly 

polarized (LCP and RCP) light. Circular dichroism (CD) spectroscopy which measures differential absorption 

spectrum is one of the most useful tools in bio-sensing
1
, DNA structural analysis

2
 and stereo-chemistry

3
. 

Conventional CD spectrometers
4
 typically involve complex hardware to switch the spin state of the laser source 

and manage sequential data collection. Instead, we implement a metasurface that utilizes photonic spin Hall 

effect to perform CD spectrometry using a single layer. The metasurface reflects different spins in opposite 

directions at wavelength dependent angles as shown in figure 1a, and hence, obtains separate spectra for LCP 

and RCP. The LCP and RCP spectra are generated simultaneously, and hence can be used for real-time sensing. 

Besides, we eliminate the need to use a tunable light source and other complicated detection scheme. The laser 

source can be replaced with a broadband incoherent source like a Xenon lamp or LED, which includes equal 

components of LCP and RCP, which are then spatially separated by a simpler metasurface detection. 

To obtain a spin-dependent metasurface, it’s built up from an array of anisotropic elements which create a 

different phase gradient for LCP and RCP to reflect them in different directions. This technique was first 

introduced and implemented using polarization gratings
5,6

, This approach required a π phase delay between 

major and minor axis of the gratings which necessitates large thickness for optical phase accumulation. A more 

recent approach was proposed which incorporated anisotropic aperture antennas
7
 which were much smaller in 

thickness but were having very poor power efficiency (few percentage). Instead, we use gap-plasmonic
8,9

 array 

of antennas based on Gold/Alumina/Gold layers. They are able to obtain same functionality as other plasmonic 

antennas with dramatically improved power efficiency. Our metasurface is deep subwavelength (130 nm thick) 

and operates with a power efficiency up to 40%. It is designed to reflect opposite spins in opposite sides 

following Snell’s generalized law of reflection
10

 which provides wavelength dependent reflection angle. As a 

result, we obtain spatial separation of spin spectral data as shown in fig1a. Fig 1b shows the schematics of the 

experimental setup, and fig1c shows the experimental results demonstrating the reflection angle for both LCP 

and RCP for different wavelengths in the range λ=1.2–1.7μm. Spectral separation is demonstrated with power 

efficiency of 40% at λ=1.5μm. In conclusion, gap-plasmon metasurfaces have proven to provide a simple, 

compact and power-efficient technology which can be applied to vital bio-chemical applications. 



 
Figure 1: (a) Schematics of the CD spectrometer metasurface showing splitting of LCP and RCP light in 

opposite reflection directions, where each wavelength is reflected at a different angle. (b) Schematics of 

experimental setup used to test the metasurface. Circularly polarized light is applied to the metasurface, and 

reflected power is measured as a function of angle for each wavelength. (c) Experimental data which shows that 

LCP (right curve) and LCP (left curve) reflect at opposite sides. For each wavelength, power is obtained at a 

different reflection angle.  
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Abstract- We show the theoretical and experimental results of the pulley-type microring in which 
we propose to enlarge the propagation constant difference between the bus waveguide and the ring 
waveguide to enhance the Q-factor. The experimental result shows that the Q-factor can be over 
170,000 by tuning the bus waveguide width. 

 
In order to improve the Q-factor of microring, the maintenance of the light in the ring as long as possible (i.e, 

the reduction of the loss) is required. The bending loss is one of the factors to mainly determine the performance 
of device for a microring structure. In the literatures, several guidelines in design, and cares during fabrication 
have been reported. For example, the sidewall roughness of the waveguides should be smoothed to decrease the 
scattering loss of waveguide1 The Q-factor can also be improved by increasing the radius of the microring to 
reduce the bending loss of the ring. By using the complex structure such as the multiple microrings2, the 
performance of microring resonator can also be improved. 

In this work, we propose a design guideline to improve the performance of microring. Firstly, by wrapping 
the bus waveguide around the curved part of the microring, the bending loss of microring can be reduced. A 
longer curved bus waveguide to wrap the microring may provide higher Q-factor. Secondly, the large difference 
of propagation constant between the bus waveguide and microring, , (i.e. to reduce the light in the microring 
to couple toward the bus waveguide) is helpful to maintain the light in the ring. Several parameters of device 
including the ring waveguide width, bus waveguide width, radius of the ring and the gap width can be adjusted 
to enlarge. We report that the bus waveguide width is suitable to be finely adjusted to reach the critical 
coupling condition. 

The 2-D Finite-Difference Time-Domain method is used to investigate the in-plane energy decay in the 
pulley-type microring, As shown in Fig. 1(a), the pulley-type microring resonator is constructed by the 
concentrically curved waveguides. In the simulation, the index of the waveguide and the background is 3.48 and 
unity, respectively. The inner radius, R0, and the outer radius, R1, of the microring are 4.33m and 4.53m, 
respectively. The inner radius, R2, and the outer radius, R3, of the curved bus waveguide are 4.68m and 
4.88m, respectively. The width of the microring, d1, and the bus waveguide, d3, are both 0.2m. The gap, d2, 
between the ring waveguide and the bus waveguide is 0.15m. The absorption of the material is neglected in this 
work. In the 2-D FDTD simulation, by launching the pulse light source with the central wavelength of 1.55m in 
the TM polarization. The bus waveguide width is varied from 0.15 m to 0.25 m. The minimum and maximum 
Q-factor can be 1.4×103 to 7x105, respectively. 

 



       (b) 
Fig. 1 (a) Schematic drawing of pulley-type microring resonator. (b) SEM image of the pulley-type resonator 

 
The device is fabricated in SOI wafer. The thickness of the silicon device layer and the SiO2 layer is 250nm 

and 1m, respectively. The e-beam lithography is used to fabricate to the pulley-type ring resonator. The SEM 
image is shown in Fig. 1(b). The grating coupler is also included to facilitate the light coupling. The C+L band 
ASE light source is used to be coupled into the waveguide. The output light is analyzed by the spectrum meter as 
shown in Fig. 2. The Q-factor of the peak in the spectrum is 173,000. 

 

Fig. 2 Spectrum of the pulley-type ring resonator 
.  
In this work, we show the theoretical and experimental results of the pulley-type microring. We propose to 

enlarge the propagation constant difference between the bus waveguide and the ring waveguide to enhance the 
Q-factor and to achieve the critical coupling. The experimental result shows that the Q-factor can be over 
170,000.   
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Abstract- We demonstrate the coupling between standing wave plasmonic modes and observe 

mode-pulling features only previously seen in macroscopic laser cavities. By positioning our 

Fabry-Pérot resonator (nanowire) within the gap of a plasmonic nanoantenna we introduce a 

passive, hybridization-based coupling between the standing-wave nanowire plasmons themselves 

through interaction with the antenna structure. Frequency pushing and pulling, and the 

enhancement and suppression of specific plasmon modes, can be controlled and manipulated by 

nanoantenna position and shape. 

 

Dipole antenna coupling to localized surface plasmon modes of a nanowire enhances weakly scattering 

higher-order standing wave modes making them optically active
1
. We fabricated a Au nanowire between a 

plasmonic nanoantenna to introduce a passive hybridization-based coupling of standing wave nanowire 

plasmons with the antenna structure. The plasmonic coupling with the dipole antenna also enables the standing 

wave plasmons of the nanowire to interact with themselves creating complex hybridized antenna-nanowire 

modes which alter the near-field intensity and spatial profiles away from ideal Fabry-Pérot resonances.  

Using cathodoluminescence imaging we observe that the anti-nodes of these hybridized modes are 

compressed and stretched apart near the onset of the different plasmon resonances. Anti-nodes are pulled away 

or toward the center of the nanowire due to the wavelength-dependent hybridization with the other nanowire 

plasmons and the antenna plasmon modes. This nanowire mode pulling is analogous to mode interactions within 

macroscopic laser cavities2 and provides a new method for controlling the spatial distribution of plasmonic 

modes.  

Optical and cathodoluminescence spectroscopies are used to investigate the interaction of standing wave 

plasmon modes mediated by symmetric and asymmetric nanoantenna coupling in comparison to isolated 

nanowire resonators. We observe “anti-node drift3,” the compression or relaxation of anti-node spacing as a 

function of wavelength for hybridized antenna-nanowire structures but we also observe monotonically changing 

anti-nodes for isolated nanowires in direct contrast to analytical expressions for discrete Fabry-Pérot resonances.  
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Figure 1: ‘Anti-node drift’ behavior of plasmon wavelength, λsp for hybridized plasmon standing waves as a 

function of CL emission wavelength 
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Abstract- We have achieved electrically tuned the surface plasmon resonance wavelength at visible 

range with controlling grating gaps structure by the numerical simulation. In the infrared range, we 

have also observed unusual diffraction due to Wood’s anomaly and showed that the resonance 

wavelength can be shifted using the structure. Moreover, we decided the relationship between these 

resonances and structural conditions. Finally, we demonstrated for carbon dioxide gas sensing 

applications using the Wood’s anomaly resonance.  

 

Control system for controlling environmental conditions is demanded monitoring and air-conditioning for carbon 

dioxide (CO2) gas concentrations as a cause of health damage and discomfort. A nanoscale optical techniques as 

surface plasmons (SP) around metallic nanostructures can be realized compact sensor with high sensitivity and 

real time measurement of gas. Recently, we have experimentally shown that the transmission properties of the 

plasmonic nano-grating can be electrically tuned by bias voltage [1]. Well-defined nano-gratings are floating so 

that the electro-static force shifts the positions of nano-gratings, thereby controlling the plasmonic resonance. 

Generally, in a diffraction grating with one-dimensional cyclic irregularity, a phenomenon (Wood’s anomaly) 

occurs whereby the intensity of the diffracted light in a specific direction is lost. We demonstrate electrically 

driven anomaly resonance where the optical characteristics can be controlled by changing the periodic structure. 

Then, we apply our electrical tuning structure to gas sensing using a SP and anomaly resonances. 

The optical characteristics of the sensor were evaluated by the two-dimensional finite-difference 

time-domain (FDTD) method. In these numerical simulations, simple straight slits were made in the gold film on 

the Si3N4 substrate. In the basic numerical condition as the results from Fig.1(a)-(e), the Si3N4 substrate and the 

film were 100 and 300 nm thick, respectively. The gold wire width (Mw) was fixed at 400 nm while the variable 

gap (Gv) and expanding gap (Ge) in the metallic grating were modulated in the (Gv, Ge) = (400 to 0 nm, 800 nm - 

Gv) range. The period of these gaps was 1.6 m and the sensor structure consisted of 22 periods. The dielectric 
constant of gold was expressed by representing the experimental data reported by A. D. Rakic et al. [Appl. Opt. 

37 5271 (1998)] with the Drude-Lorentz model. The dielectric constant of Si3N4 (r and i) was set at 4.08 and 
0.00 (for a wavelength of 619.9 nm). Transverse magnetic (TM) polarized light (x-direction) illuminated the 

metal slits from the Au side to the Si3N4 side. The transmittance and reflectance spectra produced by the metal 

slits were evaluated far field from time variation of electromagnetic field on the observation plane (OP). These 

calculations were considered in vacuum medium. The mesh size was 10 nm. The electric field intensity 

distribution for the SP and Wood's anomaly resonance wavelength were evaluated from the obtained spectra. 

The causal relationship of the SP and Wood's anomaly effect was proved. Also, (Gv, Ge)-dependent optical 

characteristics were identified. Finally, the Wood’s anomaly resonances were tuned to the absorption wavelength 



of CO2 gas (around 4.3 m), and demonstrated sensing applications. In experiment, the designed gas sensors 
were fabricated by two different methods (focused ion beam milling and anisotropic dry etching processing).  

In Fig. 1(a) and (b), the high-Q of the resonance, i.e. Wood’s anomaly was obtained for Gv≠Ge (≠Mw) in 

the transmission spectra from 1600 to 1900 nm wavelength range caused by a periodic grating. Transmittance 

was decreased for Gv=Ge at the same wavelength. For SP resonance wavelength at 583.10 nm in Fig. 1(c), strong 

electric field intensity was observed at the metal-air or metal-substrate interface and in the metal gap. On the 

other hands, Fig. 1(d) indicates Wood’s anomaly resonance wavelength at 1860.6 nm reveals that the incident 

light concentrated near the metal and propagated (scattered) in the x-direction without being reflected or passing 

through the metal. The snapshot of the electric field intensity distribution for the incident light with a wavelength 

of 1860.6 nm at (200, 600) nm in Fig. 1(e) shows the phase matching of the electric fields in adjacent openings. 

The electric charge distribution shows that the electric charges were captured in the resonance with the light 

circling around the metal. In CO2 atmosphere, a resonance anomaly was split for Gv≠Ge as shown in Fig. 1(f). 

Finally, we have developed the designed CO2 gas sensor for forming hollow with large area by etching process 

as shown in Fig. 1 (g) and (h).  

0

20

40

60

80

100

T
ra

ns
m

itt
an

ce
[%

]

(a)

500 1000 1500 2000
0

20

40

60

80

100

Wavelength [nm]

R
ef

le
ct

an
ce

[%
]

(b)

M
w

G
v

G
e

E
TM

G
V

40
0

nm
0

nm

G
e

40
0

nm
80

0
nm

Min. Max.|E|

(e)

+ -

- +

(d)

(c)

(c)

(f)

(1000, 1000) nm
(600, 1400) nm
(500, 1500) nm

T
ra

ns
m

itt
an

ce
[%

]

4.0 4.1 4.2 4.3
0

20

40

60

80

100

Wavelength [m]
4.4 4.5

(g) (h)

10 m 10 m

x

z

OP of Refl.

OP of Trans.

1.4 m

1.1 m
E

TM

OP
6.77 m

CO
2

 

Fig. 1. (a), (b) Optical characteristics depending on grating gaps. The solid color lines from purple to red 

correspond to metal grating gaps of (Gv, Ge) nm = (400, 400), (360, 440), (320, 480), (280, 520), (240, 560), 

(200, 600), (160, 640), (120, 680), (80, 720), (40, 760), and (0, 800) nm, respectively (equivalent to increasing 

the applied voltage). The time-averaged electric field intensity distribution of the metal grating gap (200, 600) 

nm at resonance wavelengths of (c) SP (583.10 nm), and (d) Wood’s anomaly (1860.6 nm). (e) Snapshot of 

electric field intensity distribution within the framework of (d). (f) Transmission spectra at CO2 atmospheres in 

the infrared region. Black, blue, and red solid line shows metal grating gaps (1000, 1000), (600, 1400), and (500, 

1500) nm, respectively. Optical microscope images of the reflected light dependent on the voltage for the TM 

incident light. Applied voltage of (g) 0 V, and (h) 24 V.  

REFERENCES 

1. Yamaguchi, K. “Electrically Driven Plasmon Chip: Active Plasmon Filter,” Appl. Phys. Express, Vol. 7, 

012201, 2014. 



Photo-striction and reversible patterning of polymer-on-metal
nanostructures with a plasmonic hologram

C. Henkel, J. Jelken, B. Stiller, D. Neher, T. Papke, N. S. Yadavalli, and S. Santer

Institute of Physics and Astronomy, University of Potsdam, Germany
henkel@uni-potsdam.de

Abstract—Surface plasmons in thin metallic films can be excited by nm-scale defects (grooves,
pits) and interfere with the incident laser field. We observe this “plasmonic hologram” with
a polymer film containing azo-benzene chromophores that is coated on the metal. It deforms
into a surface relief when exposed to plasmons. The azo-benzene units isomerize and re-orient
depending on local intensity and polarization. The relief period (plasmon fringes) gives access to
the dispersion relation of surface plasmons in the multilayer metal-on-substrate structure.

We have conducted two series of experiments where gold films are patterned with defects in the
nanometer range (grooves, gratings, pits, etc). When a laser spot (several microns in diameter)
illuminates the sample, the near field shows fringes whose period demonstrates that we observe
the interference between a scattered surface plasmon and the laser field. We are thus able to
perform a holographic analysis of the plasmon field. Using two grooves with different angles, the
interference of the scattered plasmons creates Moire and checkerboard patterns. We compare the
characteristic period of the hologram with a calculation based on the electromagnetic fields in a
multi-layer structure. The results show a significant wavelength shift due to the coupling between
plasmons localised at the top and bottom interfaces of the metallic film, and due to the polymer
coating.

Two detection methods are used: one setup is based on a SNOM (scanning near-field optical
microscope): we ‘pick up’ the near field with a sharp tip operated in the tapping mode. The
tip is the sharpened end of an optical fibre that guides the near field signal towards a detector.
The second setup is based on a photo-sensitive polymer film coated on top of the metallic layer
whose topography is read out with an atomic force microscope [1]. The polymer contains azo-
benzene groups that undergo photo-isomerization between two conformations (cis and trans) when
illuminated by the plasmonic near field [2,3]. The two conformations differ in proper volume and in
their static dipole moments. Over many isomerization cycles, the azobenzene groups change their
orientation which makes the material birefringent [4]. In addition, a spatially inhomogeneous stress
(photo-striction) is built up that deforms the film in a permanent way. The corresponding change
in topography (formation of a surface relief grating) is linked to the spatially modulated intensity
and polarization [5].
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Abstract- Naturally occurring biomolecules often exhibit strong optical activity in the UV, but 

usually none in the visible frequency range. Plasmonic nanostructures can transfer the optical 

activity of the biological molecules to their plasmon resonance frequency. Here we demonstrate a 

unique approach to pick up the circular dichroism (CD) signal of regular B-DNA in the visible and 

near infrared by using gold nanoantennas self-assembled on DNA origami structures.  

 

DNA origami [1] is a robust assembly technique, in which a long scaffolding DNA single-stranded sequence 

(~8K bases) is folded into shape with the help of hundreds of short staple oligonucleotides (each ~40 bases), 

resulting in two- or three-dimensional objects with nanometer dimensions [2]. Due to their inherent sequence 

addressability, binding sites can be custom-made by extending specific handle sequences at desired locations, 

permitting the nanometer precise positioning of metallic nanoparticles, that are functionalized with 

complementary sequences [3].  

Using this bottom-up approach, we could fabricate trillions of identical sheet-like DNA structures with gold 

nanoparticles (AuNPs) attached to each of their faces (Figure 1A). The AuNPs served as nanoantennas with the 

DNA sheets located at their plasmonic hot-spots. In addition, we developed a technique to control the 

positioning and directionality of gold nanorods (AuNRs) attachment, which allowed us to hybridize them in an 

upright fashion on the DNA origami sheets (Figure 1C). This is of particular interest as AuNRs serve as 

powerful nanoantennas if arranged in one longitudinal axis [4]. 

 

In previous work it has been shown that the optical activity originating in the chirality of biomolecules can 

be transferred from the UV to the plasmonic resonances of AuNPs [5]. Our antenna structures gave us the 

possibility to study this transfer process in more detail by rationally assembling various arrangements. For 

example, we were able to perform a direct comparison between spherical and rod-like gold nanoparticle dimers 

(Figure 1B and 1D). Furthermore, we investigated the influence of the number of DNA layers within the gap 

between the particles. It is important to emphasize that the experiments were carried out in buffer solution and 

that the antenna effect of the design permitted us to detect the signal at very low concentrations (< 1 nM). 

In the future, these chiral sensors with well-defined geometries could be applied for biomolecular sensing. 



 

Figure 1: A Scheme of a 2-layered DNA origami sheet carrying a nanoantenna composed of two AuNPs of 

~ 40 nm in diameter and B a corresponding TEM image of the assembled structure. C Scheme of a 2-layered 

DNA origami sheet carrying a AuNR dimer. The NRs have an aspect ratio of 2.5. D The resulting structure 

imaged with TEM. Notice that the DNA origami is located in the plasmonic hot-spot. 
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Fig.1 Schematic (left): scattering measurement of a gold nanorod (AuNR) deposited on a PVA coated Au substrate. 

Un/polarized scattering spectra of a AuNR on (a)/(b) a glass substrate (reference sample), or (c)/(d) 0 nm, (e)/(f) 5 

nm, and (g)/(h) 30 nm above a Au substrate. The polarization angle θ refers to the angle between the longitudinal axis 

of AuNR and dashed lines in the scanning electron microscope (SEM) images-inset of (a), (c), (e) and (f). The 

corresponding dark-field microscope scattering images are shown above the spectra of AuNRs at each substrate. 
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Abstract- The polarized optical properties of short gold nanorods (length less than 100nm) 

nanoscopically coupled to a metallic reflecting surface has been examined using polarized 

dark-field microscopy. Specifically, the polarizability of scattered light from nanorods shows 

significant spectral dependence and can be modified as the distance between nanorods and metallic 

surfaces varies. This is because the scattered light arises from the hybridized excitation of 

differently oriented surface plasmon resonances, whose contributions to global scattering are highly 

dependent on the nanorod-surface distance.  

For example, light scattered from gold nanorods (AuNRs) exhibits strong polarization anisotropy in 

accordance with the excitation of longitudinal surface plasmons (longitudinal SPs - electron oscillation parallel 

with the rod length direction) and transverse plasmon modes (transverse SPs - electron oscillation perpendicular 

to the rod length direction) [1]. Such anisotropic polarizability makes AuNRs very broadly used in many 

fundamental studies and practical applications, e.g. the optical recording-reading process[2], polarized 

fluorescence enhancement[3], photo-thermal conversion[4], and orientation sensing[5]. It is therefore of great 

mailto:boyang.ding@otago.ac.nz


importance to develop measures that allow effective control of the optical polarizability of AuNRs. 

In this report, we demonstrate that the scattering spectra of single AuNRs can be significantly altered if the 

AuNRs are nanoscopically coupled to a metallic reflecting film (NR-film) as a result of hybridized excitation of 

differently oriented plasmonic resonances. Most importantly, the optical polarizability of AuNRs can be 

controlled by slightly adjusting the NR-film distance (d). In particular, a dark-field reflection microscope with a 

linear polarizer (schematic in Fig.1) was used to analyze the scattered light from individual AuNRs (~35 nm in 

diameter and ~90 nm in length) that were deposited on a polyvinyl alcohol (PVA) coated Au substrate or a glass 

substrate (reference) upon unpolarized illumination. The distance (d) can be altered by adjusting the thickness of 

PVA.    

Specifically, the unpolarized scattering spectrum of AuNRs on a glass substrate (Fig.1a) shows a maximum 

at λ = 640 nm corresponding to the longitudinal SPs, while the resonance feature for transverse SPs is absent due 

to their relatively small scattering cross-section. If replaced with a Au substrate, the scattering spectrum of 

AuNRs (Fig.1c) peaks at λ = 620 nm but with much broader width than on a glass substrate. Our simulations 

(not shown here) demonstrate that such a broadening arises from the coexistence of transverse and vertical 

resonances and absence of longitudinal resonances (red-shifted) at this spectral range, as a result of interactions 

between differently oriented SPs and their image dipoles in the Au substrate. Another result is that the optical 

polarizability of AuNRs is completely altered. Comparing Fig.1b and 1d, we note that the scattering spectrum of 

the AuNR on a glass substrate (Fig.1b) is highly dependent on the observing polarization angle, while AuNRs on 

a Au substrate (Fig.1d) shows no significant polarization dependence, suggesting the domination of vertically 

oriented resonances in this regime. As revealed by previous studies [5-7], the excitation of these orthogonally 

oriented modes is extremely sensitive to the NR-film distance. For example, the scattering spectra for d = 5 nm 

(Fig.1e) and d = 30 nm (Fig.1g) are very different from previous cases. Most importantly, the resonant feature at 

shorter wavelength shows no polarization dependence for d = 5 nm (Fig.1f), but is strongly polarized for d = 30 

nm (Fig. 1h), suggesting the vertically oriented resonances are suppressed as d increases. 
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Abstract- In this study, we demonstrate the Ag nanocrystal based metamaterial using direct 

nanoimprinting. The Ag nanocrystal was coupled with short conducting ligand building block. The 

various nanocrystal based nanostructures of nano-pillar, nano-rods, nano-mesh structures were 

successfully fabricated. 

 

 

In this study, we present the direct nanoimprinting of Ag colloidal nanocrystal for nanoscale metamaterial 

fabrication. [1] The plasmonic metamaterials are demonstrated with Ag nanocrystal with short conducting 

ligand building block. The metamaterial nanostructures were fabricated by direct nanoimprinting process, 

first, the nanocrystal dispersion was dropped on the substrate and quickly covered and pressed by master 

template for filling the cavity between the substrate and the template. After evaporation of the solvents, the 

template was carefully detached from the substrate. The various nanocrystal based nanostructures of 

nano-pillar, nano-rods, nano-mesh structures were successfully fabricated by direct nanoimprinting. Also, 

due to its low process temperature, the metamaterials were fabricated on the various flexible polymers 

substrates. The optical plasmonic resonances of the nanostructures were tailored by the choice of nanocrystal 

building block, the dielectric function of the nanocrystal nanostructure, and the nanostructure geometry and 

periodicity. 
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Abstract-Gold NNP(Nanobridged Nanogap Particle)-based multiplexing Raman imaging 

experiment within a single live cell toward drug screening application of Raman nanoscopy will be 

presented. Internal nanogap on the order of 1 nm or less plays key role to enhance Raman signal of 

this Au-NNPs.  We could observe trajectories of individual Au-NNPs with different spectra inside 

a single live cell. (Abstract). 

 

We have developed Raman-based multiplexing imaging of plasmonic nanoparticle within a single live cell. 

To enhance Raman signal enough for identify and image even inside a live cell, we have adopted nanogap 

plasmon inside a plasmonic nanoparticle
1
.  We have tested multiplexing imaging capabilities of these 

Au-NNPs implanted 5 different Raman dyes in between the gold core and gold shell nanogap region by 5 color 

imaging on slide cover glass to check the spectral overlap.  Then we have applied these Au-NNPs into a single 

live cell to image them.  We have successfully imaged individual trajectories of these Au-NNPs inside a single 

live cell with similar technique that we have used to image individual trajectories of upconverting nanoparticles 

(UCNPs)
2
. Targeting experiment toward nucleus and mitochondria using these multiplexing plasmonic 

nanoparticle will be also presented in this presentation
3
. 
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Abstract  

The synthetic architectures of complex nanostructures, including multifunctional hollow capsules, are 

expected to play key roles in many different applications, such as drug delivery, photonic crystals, 

nanoreactors, and sensing. Implementation of novel strategies for the fabrication of such materials is 

needed because of the infancy of this knowledge, which still limits progress in certain areas. We report 

herein the design of plasmonic hollow nanoreactors capable of concentrating light at the nanometer 

scale for the simultaneous performance and optical monitoring of thermal-activated reactions. These 

reactors feature the encapsulation of plasmonic nanoparticles on the inner walls of a mesoporous silica 

capsule. A Diels-Alder cy-cloaddition reaction was carried out in the inner cavities of these nanoreactors 

to evidence their efficacy. Thus, it is demonstrated that reactions can be accomplished in a confined 

volume without alteration of the temperature of the bulk solvent while allowing a real time monitoring of 

the reaction progress. Additionally, these plasmonic nanoprobes have been shown as an advanced 

intracellular hybrid SERS sensor for relevant signaling molecules (NO). After their inner functionalization 

with a NO chemoreceptor, the sensor is quantitative and can perform in-situ, real-time monitoring of the 

dynamics of intracellular NO in living cells while remains fully biocompatible. Its sophisticated design 

prevents the interaction of cytosolic macromolecules within the active optical material and the enzymatic 

degradation of the sensor. It additionally facilitates the diffusion of small molecules between the interior 

and exterior thanks to the plasmonic thermal gradients generated upon their illumination. 

 
 
Figure 1. Schematic cross-section view of the plamonic nanoreactors developed in this work where 
reactants and products diffuse through the mesoporous silica shell and a NIR-laser irradiation promotes 
the chemical reaction allowing a simultaneous in situ SERS monitoring of the process. 
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Abstract- We report on developments in fabricating nano and micro-structured volumetric plasmonic materials 

and metamaterials utilizing crystal growth techniques as the micro-pulling down method. Materials developed by  

directional solidification of eutectic composites and directional solidification of dielectrics directly doped with 

functional nanoparticles.  

 

 

Fig. 1. Demonstration of nanoplasmonic bulk materials obtained utilizing directional solidification/crystallization by the 

micro-pulling down method. (a) Bulk nanoplasmonic material obtained by doping a glass matrix with Ag nanoparticles 

utilizing the NanoParticles Direct Doping, NPDD [1]. The localized surface plasmon resonance is at ca. 405 nm, the rod 

looks blue when observed in the scattered light. (b) Bulk nanoplasmonic material obtained by annealing the Bi2O3-Ag 

eutectic. The LSPR resonance here appears at ca. 595 nm. The blue light is seen in the transmission mode in this case [2]. 
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(c) In this Figure the dichroic effect is seen in the same rod as in (a). In the scattered light the rod appears blue and in the 

transmitted light the rod appears yellow [1, 3]. The two colours are observed so clearly due to the presence of both: 

small particles which mainly absorb, and bigger particles which mainly scatter. 

 

Utilizing described above methods we demonstrated (i) volumetric eutectic-based material with localized 

surface plasmon resonance at visible wavelengths [1, 2]; (ii) enhanced luminescence and up-conversion 

processes in the eutectic material exhibiting LSPR and co-doped with erbium ions; (iii) volumetric 

matrix-nanoparticles-based materials with plasmonic resonances at visible and IR wavelengths based on silver 

(Ag), antimony-tin-oxide (ATO) and titanium nitride nanoparticles (TiN); (iv) matrix-nanoparticles-based 

composite with enhanced photoluminescence at the telecommunication frequency of 1.5 µm; (v) material with 

subwavelength transmission at IR frequencies [4]; (vi) material with anomalous refraction, evaluated by the 

beam deviation measurements [5]; (vii) materials with enhanced Faraday effect; and (viii) materials for 

phonoanodes in photoelectrochemiacal cells for generation of hydrogen. 
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Abstract-We observed a ninety-seven percent decrease of terahertz transmittance in five-millimeter 

long, angstrom-sized optical gaps of copper-graphene-copper hybrid structure when irradiated with 

intense terahertz pulses. The giant nonlinearity was induced by terahertz funneling through the gap, 

across which a large transient potential difference facilitates electron tunneling. 

 

Light confinement at nanoscale has been achieved with diverse artificial metallic nanostructures in a wide 

spectral range from visible to microwave. The enhanced fields that are orders of magnitude larger than the 

incident field have applications in nonlinear optics and nanophotonics. Recently, quantum plasmonics studying 

light interaction with matter in quantum length scale has been a topic of wide interest using visible and near 

infrared light source
1,2

. However, relatively few studies have been made in long wavelength electromagnetic 

waves such as terahertz (THz) or microwave. This is mainly because it is extremely challenging to confine THz 

waves to a subnanometer scale with sample scale matching the wavelength. In this work, we manufactured 

five-millimeter long, angstrom-sized gaps formed by copper-graphene-copper structures, through which THz 

waves funnel. 

The angstrom gaps were made by chemical vapor deposition system and simple adhesive tape based 

planarization
3
. A single layer graphene was directly grown on a few hundred nanometer thick copper film 

patterned with an array of rectangular structure of 5 mm by 0.2 mm onto a quartz substrate. After direct growth 

of graphene layer, a second copper layer was deposited on the same sample. Finally, an adhesive tape was 

applied to the surface to peel off the second copper layer selectively. With the THz spot size of about 2.5 mm, 

the structure can be considered as an infinite slit array with a period of 0.2 mm (Figure 1(a) and (b)). The 

effective gap size of graphene spacer is about 3 Å
4
. 

We performed THz time domain spectroscopy using oscillator- and amplifier-based THz system. The 

maximum incident electric fields are about 30 V/cm and 200 kV/cm at the focus, respectively
5
. Figure 1(c) 

shows measured time traces of THz field amplitudes transmitted through the sample for different incident THz 

fields. The signals were normalized by the maximum field amplitudes transmitted through quartz substrate for 

same incident THz fields. For low-intensity incident field, the normalized amplitude is about 1% at the peak, 

providing a field enhancement of ~7000 extracted by Kirchhoff integral formalism. As we increase the THz 

incident field, the normalized amplitude dramatically decreases down to 0.16% at the maximum for the incident 

electric field of 192 kV/cm. For the high-intensity THz incident field, the transient voltage across the gap 



induced by THz funneling reaches 5 V, which is sufficiently strong to see the electron tunneling effect. 

Tunneling currents waken the electromagnetic field inside the gaps, leading to the unprecedented 97% blocking 

of transmission. 

In conclusion, we demonstrated extreme THz nonlinearities of angstrom sized gaps fabricated by inserting a 

single layer graphene spacer between two coplanar copper films. This is achieved by intense THz funneling 

through the gaps, which facilitates electron tunneling. Our work opens a new research area of long wavelength 

quantum plasmonics as well as linear and nonlinear optics of angstrom gaps. 

 

 

Figure 1. (a, b) Scanning electron microscope image (a) and dark field scattering optical microscope image (b) 

of the copper-grpahene-copper sample. (c) Time traces of transmitted THz electric field through the sample, 

normalized by the substrate transmission for various THz field strengths. 
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Abstract- Compensation of propagation loss of Surface Plasmon Polaritons (SPP) in Au film 

waveguides was experimentally investigated using InGaAsP/InP multiple quantum well (MQW) 

gain medium under electrical injection. In the asymmetric guide, while the long-range SPP mode 

was inert, the short-range SPP mode propagation was elongated upon electrical injection. By 

engineering the guide structure with a cladding layer of amorphous silicon to make the guide 

symmetric, the long-range mode was made active and became more sensitive to the electrical gain. 

 

Nowadays great interest is being paid to the interaction between active media and surface plasmon polaritons 

(SPPs), for manipulating light over sub-wavelength dimensions. Comparing with other gain materials, 

low-dimensional semiconductor structures, i.e., quantum wells (QWs), quantum wires, and quantum dots, 

exhibit appealing capabilities on interacting with SPPs, benefiting from engineering on the electronic density of 

states and gain properties of the materials. The interaction of the gain medium and SPPs depends largely on the 

coupling strength between the evanescent electromagnetic field and the excited electron-hole pairs in the active 

region. 

An asymmetric SPP guide structure with a thin metal film sandwiched between two dielectrics of high 

refractive index contrast can be implemented simply by depositing a thin metal film on a semiconductor gain 

medium [1]. The mode distributions of the long-range SPPs (LRSPPs) and the short-range SPPs (SRSPPs) are 

spatially separated with the former on the metal-air interface and the latter on the metal-semiconductor interface 

in such an asymmetric waveguide [2]. Elongated SRSPPs propagation was observed experimentally on the Au 

thin film waveguides made on top of electrically-pumped multiple quantum wells (MQWs). By introducing a 

layer of amorphous silicon (α-Si) beyond the critical thickness as the cladding on a 20nm-thick Au metal 

waveguide on top of the MQWs medium to make the waveguide symmetric, a hybrid LRSPP mode with 

minimal degradation of mode confinement emerges as a better choice for loss compensation than the SRSPP 

mode [3]. A propagation length increment of 32µm, which is equivalent to a modal gain increment of 288cm
-1

, 

has been observed experimentally by harnessing the LRSPP mode. This work demonstrated an effective 

approach to active manipulation of SPPs. 
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Abstract- We investigated optical spectral response of Si nanopillar (NP) arrays with different 
wetting states using optical simulations. Reflectance spectra of the NP arrays exhibited a clear 
distinction depending on the wetting state. Interference at the top and bottom of the NPs was found 
to determine the spectra of all the arrays at long wavelengths. The Mie resonance, as well as the 
interference, in the NPs should be taken into account to explain the short wavelength reflectance 
spectra.  

 
State-of-the-art semiconductor fabrication techniques enable large-scale production of sub-100-nm features.1 

Such progress in nanotechnology requires reliable wet-cleaning of nanopatterned Si wafers. The establishment of 
suitable cleaning processes requires methods to inspect the wettability of these nanopatterned Si wafers. The 
degree of wetting for an ideal smooth surface is often examined using the contact angle of water. On the other 
hand, the wetting behavior of a non-ideal rough surface may deviate significantly from that for a flat surface. 
Recently, we proposed that simple optical reflectance measurements could be used to quantitatively determine 
the instantaneous water imbibition depths and define the actual wetting state on 40-nm-diameter Si NPs.2 An 
improved understanding of the underlying physics is required to explore the application of these techniques to 
nanostructures with more varied geometrical configurations. 

In this work, we report a finite-difference time-domain (FDTD) simulation study of the optical 
characteristics of Si NP arrays in air and water with varying the geometric parameters of the diameter (40~130 
nm) and pitch of the NPs. At long wavelengths, the FDTD-reflectance dips of NP arrays showed good agreement 
with those calculated for destructive interference conditions using an analytical model considering the effective 
refractive index of the NP-and-air/water region. The interference calculation results, however, differed 
significantly from the FDTD-results at shorter wavelengths. The deviation was more notable with 
larger-diameter NPs. The Mie resonance modes in the NPs, as well as coupling of these modes to the substrate, 
could explain the short-wavelength spectra and the dependence on the wetting state. 
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Abstract- We investigated optical characteristics of Si nanocone (NC) arrays, of which optical 
reflectance was less than 10% in the visible wavelength range. Comparison of the experimental and 
simulated optical reflectance spectra clearly suggested the Mie resonance played a key role in the 
remarkable AR effects. The photoluminescence intensity of the NC arrays was an order of 
magnitude larger than that of a planar wafer, also supporting the Mie-resonance-mediated strongly 
concentrated light at the surface.  

 
The advantages of Si as an active material for a photovoltaic (PV) device include abundance on earth, 

competitive fabrication cost, and superior device performance. Further efforts to lower the cost to generate 
electricity have led to light-trapping strategies that improve optical absorption in Si. Recently, there have been 
intensive research efforts to realize high efficiency Si nanostructure array solar cells. The nanostructured Si 
wafers exhibit broadband and omnidirectional AR effects, which are originated from graded refractive index, 
multiple reflection, and Mie resonance.1 Comparative experimental and calculation studies of nanostructure 
arrays will help us to design desirable nanostructures for high performance PV applications. 

In this work, we report on the fabrication and optical characterization of Si NC arrays. NI lithography and 
subsequent dry etching were used to produce hexagonal NC array (height: 470 nm, bottom diameter: 215 nm, 
and center-to-center distance between nearest neighbors: 300 nm) on 8-inch wafers.1 NI lithography is one of the 
cost-effective large area sub-micron lithography techniques as an alternative to conventional optical 
lithography.2 The NC arrays exhibited dramatically reduced optical reflectance over a broad wavelength range. 
The effective media approximation alone could not explain such a broad-range notable AR effects. The Mie 
resonance-mediated strong light confinement in the NCs could explain the reduced reflectance and significant 
enhancement of the PL intensity of the NC array, as supported by optical simulation results. 
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Abstract- Si nanostructure array enables much improved broadband and omnidirectional optical 

absorption, compared with conventional light trapping strategies. We achieved a very high 

photocurrent density of 36.94 mAcm-2 from our nanoconical frustum array crystalline Si (c-Si) solar 

cells. Optical simulation studies showed that the expected photocurrent of 10-m-thick 
nanostructured cells could slightly exceed the Lambertian limit with the help of remarkable 

antireflection (AR) effects and efficient carrier collection capability.  

 

There have been intensive research efforts to realize high efficiency Si nanostructure array solar cells, since 

the nanostructured Si wafers can significantly lower the optical reflection in broad wavelength range. The 

remarkable AR effects are originated from graded refractive index, multiple reflection, and Mie resonance.1,2 

The measured photovoltaic (PV) performance of nanostructured cells, however, often cannot surpass that of 

conventional cells, despite their substantially enhanced optical absorption. This suggests that the collection 

capability of photo-generated carriers as well as the absorption of incoming light should be carefully considered 

for the nanostructured solar cells.  

In this work, we performed comparative experimental and simulation studies of hexagonal nanoconical 

frustum array solar cells to provide insight into improving performance of the nanostructured Si PV devices. The 

power conversion efficiency of the nano-patterned cell was 15.8%, much higher than that of the flat cell, 14.3%. 

The optical simulations showed that the optical gain of the nano-patterned cells maintained, as the absorber 

thickness was reduced to 10 m. The expected photocurrent of the 10 μm thick cell even slightly exceeded the 
Lambertian limit, due to the increase in absorption for light having a wavelength of >1 μm. The optical benefits 

of the nanostructure array, in particular the substrate-coupled Mie resonance, also caused strong concentration of 

light near the top surface of the nano-patterned cells. As a result, the highest photon density was expected to 

reside near the p–n junction, where the built-in potential readily separates the electron–hole pairs. This would 

enable very efficient carrier collection, only if proper surface passivation could suppress electrical loss. 
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D. C. Tzarouchis1, P. Ylä-Oijala1, A. Sihvola1, and T. Ala-Nissilä2,3
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Abstract— Characterizing the electrodynamic response of arbitrary shaped, metallic nano-
particles offers new important insights on the plasmonic design and engineering process. A
robust and reliable numerical method towards that direction is the surface integral equation
method (SIE). As a result, the response of several non-analytically solved metallic nano-particles
is presented.

The research field of optical and near-infrared (NIR) response of metallic nano-particles and
clusters (scatterers), known also as plasmonics [1], has a strong impact in a variety of applications
ranging from photovoltaics to thermal absorbers and emitters [1]. At these wavelengths, the electro-
dynamic (plasmonic) response is delivered by the collective oscillations of metal’s free conduction
electrons (plasma) [2]. This oscillation scheme is dependent by the composition and structure of the
nano-particle [1, 2, 3, 4, 5]. Therefore, central studying issue is the understanding on how shape,
size and material affects the overall plasmonic resonant behavior [3].

Main scope of the proposed work is to demonstrate the field distribution and scattering effi-
ciencies of arbitrary shaped silver nano-particles and clusters for their plasmonic characterization.
These results are rigorously obtained utilizing the SIE method [6, 7, 8]. As an example, the scat-
tering cross sections’ (σ) spectrum and surface field distributions of a d = 50 nm diameter, silver
rounded nano-cube are presented. The cube can be analytically described by the following super-
quadratic expression,

xp + yp + zp = (
d

2
)p (1)

where p is the rounding factor. In our example a moderate value of p = 10 has been used.
Moreover, in Figure 1 the surface electric/magnetic field distributions and the normalized extinc-
tion/absorption cross sections ( σ

(λ2/2π)) are illustrated. Note that silver is modeled by a simple

Drude dispersion model [9], i.e.,

εr(λ) = ε∞ − (λ/λp)
2

1 − jλ/λd
(2)
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Figure 1: The normalized extinction and absorption cross sections (top) and the surface electric (bottom left) and
magnetic field (bottom right) of the rounded silver cube at its first plasmonic resonance (λres = 396.6 nm).
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R. M. (2014). ”Influence of high-refractive-index oxide cores on optical properties of metal
nanoshells.” JOSA B, 31(3), 494-502.
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Abstract 
The optical resonance of Nanoshells can be tuned to absorb 
or scatter light at specific wavelengths in the visible and 
near-infrared (NIR) regions of the spectrum. Light 
penetration into tissue is optimal in the NIR “tissue 
window”. Nanoshells tuned to absorb NIR radiation are 
particularly useful for transferring photo thermal energy 
which helps in cancer therapy as they efficiently convert 
absorbed radiation into heat. 

1. Introduction 
Nanoshells are spherical nanoparticles consisting of a 
dielectric core covered by a thin metallic shell which is 
usually gold as shown in Fig. 1. When illuminated by a 
plane wave at the right frequency, a significant local electric 
field enhancement occurs near the metal-dielectric interface 
due to the strong surface plasmon resonance (SPR). It has 
been shown that for a gold nanoshell, the maximum field 
intensity in the vicinity of a nanoparticle is several orders 
larger than that of the incident field. 
The objective of the nanoshells cancer therapy is to deliver 
cancer therapeutics directly to the cancer tissues while 
minimizing undesirable toxicity to the rest of the body. The 
blood vessels around the tumor are different than the normal 
blood vessels of the body, as the normal blood vessels walls 
have very tightly knit construction, while the blood vessels 
around the tumor are leaky. So if we inject solution of gold 
nanoshells and they reach the normal blood vessels they 
would just stay contained within the walls and keep 
circulating thought the body, As the nanoshells are one 
hundred times smaller than red blood cells, nanoshells have 
the ability to permeate through the leaky walls of tumor 
vasculature, and enter the site of the tumor [1].Through this 
targeting technique the nanoshells can be concentrated 
within the tumor tissue  and this process enables the 
thousands of nanoshells to enter the targeted cancer cells. 
The nanoshells solution can thus be delivered directly at the 
tumor site without affecting other body cells. 

2. Nanoshells tuning 
The most important characteristic of gold nanoshells is their 
tunability. The wavelength of the extinction cross section 
peak (plasmon resonance) and the relative contributions of 
absorption and scattering to total extinction cross section 
can be tuned by changing the inner core radius (r1) and the 
outer shell radius (r2) Fig.1. It is desired to make the 
resonant wavelength in NIR tissue window (700nm to  

 
 
900nm) where the human tissue is almost transparent to the 
incident wave. 

 

 

 
 
 
 
 
 
 

Figure 1: Nanoshell with inner core from silica (ε1 =2.08) 
and radius r1 and outer shell from gold with frequency 
dependent relative permittivity ε2(ω) and radius r2, the 
surrounding medium assumed to water with ε3 = 1.78 

(Relative permittivity of water at visible light). 
 

 
The effect of changing the core radius and shell thickness on 
the resonant wavelength is shown in Fig. 2 based on the 
CST studio software. It is clear that as the core radius 
increases, or the shell thickness decreases, the resonant 
wavelength increases. 
 

 
 
 

Figure 2: Nanoshell resonant wavelength (nm) versus core 
radius (nm) for different shell thickness (nm) 
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3. Approximate solution for the nanoshell 
resonant wavelength  

The simplest way to find a solution for the resonant 
wavelength is the assumption that the incident wavelength 
is much greater than the nanoshell radius r2, so we can 
neglect the variation of the electric field spatially over the 
dimensions of the nanoshell, which is the "Quasi Static 
Approximation". The solution for the electric field can be 
obtained by solving Laplace’s equation for the potential V 
in each region and then taking the gradient to get the 
electric field in each region. [2] 

A nanoshell in a uniform static field is equivalent to 
standard dipole with polarization vector P given by:  

𝑃 = 𝜀3𝛼𝐸𝑖𝑛𝑑   (1) 

where 𝛼 is the polarizability and is given by [2]: 
 

𝛼(𝜔) = 4𝜋𝑟23   𝜀2𝜀𝑎−𝜀3𝜀𝑏
𝜀2𝜀𝑎+2𝜀3𝜀𝑏

  (2) 

𝜀𝑎 = 𝜀1(3 − 2𝑝) + 2𝜀2𝑝  (3) 

𝜀𝑏 = 𝜀1𝑝 + 𝜀2(3 − 𝑝)  (4) 

𝑝 = 1 − �𝑟1
𝑟2
�
3
   (5) 

 

At resonance the nanoshell acts as an oscillating dipole. The 
polarizability 𝛼 for our modeled nanoshell with r1=20nm 
and r2=25nm is shown in Fig. 3 
 
 

 
 

Figure 3: Real part and Imaginary part of the nanoshell 
polarizability with r1=20 nm and r2=25 nm versus 

wavelength (nm) 
 
 

The absorption cross section (𝜎𝑎𝑏𝑠) according to the Quasi 
static limit approach is found to be  

𝜎𝑎𝑏𝑠 = 2𝜋
𝜆

Im(𝛼)   (6) 

The absorption efficiency Qabs is a dimensionless quantity 
and is defined as follows 

𝑄𝑎𝑏𝑠 = 𝜎𝑎𝑏𝑠
𝜋𝑟2

2    (7) 

The scattering cross section (𝜎𝑠𝑐𝑎) is given by  

𝜎𝑠𝑐𝑎 = �2𝜋
𝜆
�
4 1
6𝜋

|𝛼(𝜔)|2  (8) 

And the scattering efficiency is given by 

𝑄𝑠𝑐𝑎 = 𝜎𝑠𝑐𝑎
𝜋𝑟2

2    (9) 

The Extinction cross section ( 𝜎𝑒𝑥𝑡 ) is the sum of the 
absorption cross section (𝜎𝑎𝑏𝑠 ) and the scattering cross 
section ( 𝜎𝑠𝑐𝑎 ). The plasmon resonance occurs at the 
resonant wavelength of the extinction cross section peak.[3] 

 The Quasi-static calculated efficiencies (𝑄𝑎𝑏𝑠), (𝑄𝑠𝑐𝑎), and 
(𝑄𝑒𝑥𝑡), for the nanoshell with r1=20 nm and r2=25 nm are 
compared with the simulation results using CST studio in 
Figure 4, 5, and 6. It is clear that the quasi static limit gives 
very good approximations for both the resonant wavelength 
and the value of the cross section.  

 
 

Figure 4: The absorption efficiency ( 𝑄𝑎𝑏𝑠 ) calculated by 
the Quasi static limit approach for the nanoshell with r1=20 

nm and r2=25 nm and the simulation of the absorption 
efficiency using CST studio versus wavelength. 

 
Figure 5: The scattering efficiency ( 𝑄𝑠𝑐𝑎  ) calculated by the 
Quasi static limit approach for the nanoshell with r1=20 nm 
and r2=25 nm and the simulation of the scattering efficiency 

using CST studio versus wavelength. 
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Figure 6: The extinction efficiency ( 𝑄𝑒𝑥𝑡  ) calculated by the 
Quasi static limit approach for the nanoshell with r1=20 nm 
and r2=25 nm and the simulation of the extinction efficiency 

using CST studio versus wavelength. 
 
 

From equation 6 and 8 and for very small nanoshells where 
(𝜆 ≫ 𝑟2) the scattering cross section (proportional to 𝑟26) is 
negligible compared with the absorption cross section 
(proportional to 𝑟23) and this explain figure 4 and 5 where 
the absorption efficiency is much larger than the scattering 
efficiency. As the absorption cross section is the main part 
of the extinction cross section, so the resonant wavelength 
(the extinction cross section peak) from equation 6 occurs at 
maximum of the Im(𝛼) figure 3. 
 

4. Proximity Effect among Nanoshells 

The above calculations and simulations are performed on a 
single nanoshell. Actually this is not practical as we should 
consider the effect of proximity between the neighboring 
nanoshells. So, assume that we have two nanoshells 
separated by a distance d as shown in Fig. 7(a), the resonant 
wavelength is different from the resonant wavelength of the 
single nanoshell as shown in Fig. 7(b), but as the inter 
distance d between the nanoshells increases, the resonant 
wavelength become the same as the resonant wavelength of 
the single nanoshell and saturates at this value. 

The minimum distance at which the resonant wavelength is 
the same as the single nanoshell is around 200nm and this 
depends on the medium between the nanoshells and this 
agrees with [4]. If we assumed that the distribution of the 
nanoshells in the solution is uniform and it is desired to 
make the resonant wavelength of the solution to be the same 
as the single nanoshell such that every nanoshell inside a 
cube with side of 200nm then maximum density is given by 
equation (7) 

𝑁 = 1
(200×10−7)3

= 0.125x 1015𝑐𝑚−3  (7) 

 
 
 
 
 

 

 
 
 
 

 
 

 
Figure 7: (a) Two neighboring nanoshells separated by distance d  
(b) The resonant wavelength for the two neighboring nanoshells 

versus the inter distance d  
 

Now we define the thermal output heat in Watt/cm3 as N 
multiplied by absorbed power/nanoshell. The absorbed 
power/nanoshell is calculated from the absorption cross 
section  𝜎𝑎  

𝐻𝑒𝑎𝑡 (𝑤𝑎𝑡𝑡 𝑐𝑚3⁄ ) = 𝑁(𝑐𝑚−3) × 𝑃𝑎𝑏𝑠(𝑤𝑎𝑡𝑡) (8) 

𝑃𝑎𝑏𝑠(𝑤𝑎𝑡𝑡) = 𝑆𝑖(𝑤𝑎𝑡𝑡/𝑛𝑚2) ×  𝜎𝑎(𝑛𝑚2)  (9) 

where 𝑆𝑖 is the incident pointing vector (power density) 

𝑆𝑖 = 𝐸0
2

2𝜉
 1𝑜−18 Watt/nm2   (10)  

where 𝜉 is the wave impedance in the surrounding medium 
and we have assumed that 𝐸0  is in V/m .Taking the 
surrounding medium relative permittivity equal to 1.78 
(Relative permittivity of water for visible light), then  
𝜉 = 120𝜋

√1.78
= 282.57 (Ohm). Collecting terms, we get: 

𝐻𝑒𝑎𝑡 (𝑤𝑎𝑡𝑡 𝑐𝑚3⁄ ) = 1.77 𝑥 10−6𝐸02𝜎𝑎  (11)  

where 𝐸0  is the incident amplitude in (V/m) and 𝜎𝑎 in (nm2) 
could be calculated from equation (6) and the polarizability 
𝛼 could be obtained from equation (2). 
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5. Conclusions 
The use of nanoshells with golden outer layer has been 
discussed from the viewpoint of cancer therapy. The CST 
studio software has been used to study the dependence of 
the resonant frequency and the absorption cross section of a 
nanoshell on its geometry and material permittivity. The 
simulation results are compared with calculations based on 
quasi-static approach, which is justified by the small 
dimensions of the nanoshell relative to the applied 
wavelength. Excellent agreement is observed between 
simulation and calculated results. In addition, a study of the 
proximity effect among nanoshells on the resonant 
wavelength is made. This leads to an estimate of the 
possible heat produced at the cancerous cells per unit 
volume. 
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Abstract—Total absorbers1,2 are becoming a topic of great 
interest for spectroscopic applications due to the greatly 
enhanced signal in applications such as surface enhanced 
infrared absorption (SEIRA). Here, fabrication and 
characterization of a total absorber will be discussed, including 
the performance of the resulting SEIRA device. Application in 
bio-sensing will be addressed as well as stability and reusability. 

I. INTRODUCTION  
EIRA, together with the closely related surface 

enhanced Raman spectroscopy (SERS), are emerging 
techniques increasing the signal intensity of spectroscopic 

applications by several orders of magnitude. By utilizing 
surface plasmon resonances, electromagnetic field 
enhancement can be achieved for a broad spectral range. The 
so-called hot-spots allow for the detection of ultra-low 
concentrations. By tuning the total absorber geometry, this 
effect is adjusted to enhance a resonant wavelength area 
determined by material parameters and feature size. Thus, 
tailored solutions for enhancing “fingerprint” bands of 
biomolecules are feasible. By employing numerical 
calculations to simulate optical characteristics in the IR 
spectral regime, an optimized geometry based on a layer 
arrangement of Au, a dielectric spacer and SiO2 was found. 
Due to the optical characteristics of the applied geometry, the 
fabrication demands nanometer feature sizes down to around 
25nm. To do so, state-of-the art lithography has to be 
combined with high-precision deposition processes in order to 
finely tune the optical parameters of the total absorber.  

II. RESULTS 
To fabricate with highest precision, the required SEIRA 

total absorber (STA) structure is prepared employing electron 
beam lithography (EBL). Applying off the shelf ARP6200 
resist for EBL, feature sizes down to 25 nm were realized (see 
Fig. 1). The chips were characterized in a Bruker Vertex 80v 
FT-IR spectrometer with attached Hyperion 2000 Microscope. 
To ensure a reliable characterization, only analytes with a thiol 
group were investigated. Due to the thiol affinity binding to 
gold surfaces, a monolayer of analyte molecules is prepared. 
In order to characterize the structures, octadecanethiol (ODT) 
and SAMSA fluorescein were employed. In Fig. 2, reflection 
spectra of empty and ODT loaded structures are illustrated. 
Due to the change of the refraction index, the plasmon 
resonance is shifted. Additionally, the specific CH stretching 
vibrational modes of the analyte molecule (ODT) are detected 
based on an interaction between the narrow molecular 
vibrations with the broad plasmonic profile. Moreover, 
SAMSA fluorescein is applied to investigate the selective 
binding sites of the SEIRA platform. Finally, the reusable 

character and the application towards DNA detection will be 
introduced.  

 
The project `Jenaer Biochip Initiative 2.0” within the framework “Innoprofile 
– Unternehmen Region” supported by the Federal Ministry of Education and 
Research (BMBF, grant 03IPT513Y) is gratefully acknowledged. 

 

 
Figure 1: SEM image of the SEIRA total absorber 
structure.  
 

 
Figure 2: FT-IR reflectance spectra of the STA with and 
without ODT. A 90° changed polarization direction shows 
the non-resonant signal of ODT. 
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Abstract 
Nowadays, unique characteristics of surface electromagnetic waves, particularly, surface 

plasmons supported by a specially designed photonic crystal find numerous applications. We 

propose to exploit an evident analogy between such a photonic crystal and a structure with a 

sine-modulated refractive index. The light propagation inside the latter is described by the 

famous Mathieu’s differential equation. This application of the Mathieu’s equation can be 

useful for a design of multilayer structures, and also for fundamental understanding of 

electromagnetic phenomena in inhomogeneous media. 

 

 

1. Introduction 

 
 Photonic crystals (PCs) are materials that possess a periodic modulation of their refractive indices 

(RIs) on the scale of the light wavelength
1
. Optical surface modes in one-dimensional photonic crystals 

(multilayer dielectric mirrors) were extensively studied in the 1970s, both theoretically
2, 3

 and 

experimentally
4
. Twenty years later, excitation of optical surface waves (SW) in photonic crystals in a 

Kretschmann-like configuration was first demonstrated
5
. These studies rapidly led to broad use of surface 

waves based on photonic crystals in ever-widening applications in the field of optical sensors
6–14

. This 

technique benefits much from its unique peculiarities, namely, the existence of both p- and s-polarized 

surface waves enables to discriminate surface and volume effects. Moreover, a penetration depth of 

electromagnetic field into an external medium is significantly increased comparing to the case of surface 

plasmon polaritons (SPR)-based biosensors. Surface waves-based biosensors permit to study not only 

interactions between relatively thin layers of proteins (and other biomolecules), but also between such thick 

objects as bacteria, cells and cell organells. A direct experimental comparison of the sensitivity of biosensors 

based either on surface plasmon polaritons or on photonic crystal surface waves (same as Bloch waves or 

Tamm states) may be found elswhere
15

. The authors showed that a biosensor based on photonic crystal 

surface waves can demonstrate almost two times higher sensitivity that one based on surface plasmon 

polaritons. 

 Quite an important particular application of photonic crystals is their use to support long-range 

surface plasmon polaritons existing in such structures as photonic crystal – thin metal layer – infinite 

dielectric
16

 (of course, only p-polarized electromagnetic waves of such type are possible
17

). These systems 

have much in common with well-known symmetrical sandwich structures such as a thin metal layer between 

mailto:ekaterina.rostova@epfl.ch


2 

 

two infinite dielectrics, known to support long-range surface plasmons (from now on, when this cannot lead 

to a confusion, we will omit the word “polariton” and speak simply about plasmons)
18, 19

. For this case the 

photonic crystal can be characterized, for a certain wavelength, by the same refractive index as that of an 

infinite dielectric, thus forming a symmetric sandwich structure. Exploitation of such structures enabled to 

excite and use in practice surface plasmons in thin Pd
12, 20 

and Co (to be submitted) layers as well as blue (at 

405 nm)
21

 and UV (at 375 nm; to be submitted) plasmons in thin gold layers. Note that if a photonic crystal 

is not exploited, for all these cases there are no reasons to speak about plasmons at all, because their 

propagation length is just in the order of a light wavelength.  

 All these circumstances well underline the necessity of deep and physically transparent 

understanding of the details of plasmon propagation in the structures involving photonic crystals. Certainly, 

rather effective calculation methods, based essentially on multiple reflections inside the multilayer structure 

(Fresnel formulae), do exist and are successfully used; see e.g. Konopsky’s paper
22

 which, in our opinion, is 

one of the best examples. Still we believe that these methods are rather formal and do not clearly reveal the 

physics of the phenomenon beyond. As a consequence, they are not indeed “intuition-friendly” and, 

correspondingly, their prediction potential without detailed calculations rests limiting. 

In this work, we use an evident analogy between a one-dimensional photonic crystal and a structure 

with a sine-modulated refractive index. The propagation of light inside the latter is described by the famous 

Mathieu’s differential equation,
 
which extensive studies of many years had a considerable impact on the 

common knowledge, see e.g. a classic book
23

 and numerous references therein. Strictly speaking, a photonic 

crystal (Fig. 1), which is a periodic sequence of dielectric layer pairs of thicknesses dL and dS with 

respectively large LLn   and small SSn   refractive indices, is not exactly a medium with a sine 

modulated refractive index. Similar situation exists, for example, for electrons in crystals: planes of ions do 

create a periodic potential but do not create a sine potential. Nevertheless, this circumstance does not make 

an application of the Mathieu’s equation for the corresponding problem meaningless. Rather the contrary, the 

same equation appears as the tool to tackle related problems. However, unfortunately the paradigm of the 

Mathieu’s equation and its application are not commonly used to describe problems related to excitation of 

optical modes. By the present study we aim to broad applications of this equation and introduce it to the area 

of investigation into photonic crystals. Briefly, the present article discusses application of the Mathieu’s 

differential equation to design a photonic crystal with a metal film supporting long-range surface modes.  

The article is divided into five chapters: first, we introduce the Mathieu’s equation and explain how an 

electromagnetic field distribution in periodic structures can be calculated by solving the equation. We 

emphasize on the requirements on its solutions which must be fulfilled to describe the surface modes. 

Second, we give numerical examples of photonic crystals with certain parameters. The given examples 

illustrate how to design a photonic crystal to excite surface waves at a desired wavelength. Next, solutions of 

the Mathieu’s equation are analyzed to demonstrate physical limits of the optical properties of the periodic 

structures for surface wave excitation. In conclusion, an analogy was drawn between surface waves and 

energy eigenstates for a quantum particle in a periodic potential. 
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2. Mathieu’s equation 

Below we consider a system infinite dielectric – finite metal layer – infinite periodic dielectric 

structure with a sine profile of the refraction index (PC), see Fig. 1. Let the infinite dielectric has a dielectric 

constant 
1  and metal – m , while a dielectric constant of the periodic structure is given by 

)/2cos()( Lzz av   , where L is the period of the structure, and for the moment we identify an 

average dielectric constant with 2/)( SLav   , avLSav    (Δε > 0). A finite-thickness 

layer characterized by the dielectric constant m  should not be necessarily a metal; we will use this notation 

just to simplify the terminology.  

 
 

Figure 1. A schematic of the studied structure (not to scale): dielectric (𝑧 < 0) − metal (0 < 𝑧 < ℎ) − 

photonic crystal (𝑧 > ℎ). The dielectric constants are 
1 , m , S  and 

L , respectively; the last two 

correspond to the dielectic constants of the alternating layers of the photonic crystal with the period L. The 

bold red line depicts the electric field intensity distribution of a surface wave in the structure, the dashed line 

images the metal layer boundary. The surface wave propagates along the x-axis. 
 

Based on the properties of surface plasmons, which are “transverse magnetic (TM) in nature” and on 

known properties of TM electromagnetic waves
24

, one can write for the Hy - component of the magnetic 

field
19

: 

    )exp()(0 xitizfeHH y  


      (1). 

where ye


 is a unit vector along the y-axis (Fig. 1). For TM modes, if we know the Hy - component of the 

magnetic field, the electric field components can be evaluated from Maxwell’s equations
2, 19
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The Hy - components of electromagnetic field inside the homogeneous media are given by solutions of 

appropriate wave equations, which in our case reduce to  
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where we introduce 
22

0

2 )/2(  k . 

The equations (2) and continuity of the tangential Hy-field component at the interfaces 𝑧 = 0, 𝑧 = ℎ 

together with the continuity of the tangential Ex-field component at the interface 𝑧 = 0 yield the following 

solution of the wave equation: 

 Inside an infinite dielectric, 𝑧 < 0, 
zS

ezf 1)(1   (this implies Re(S1)>0; exactly this form of a 

solution describes the surface wave, i.e. a wave localized at the interface),  

 Inside the metal, 0 < 𝑧 < ℎ, we have )sinh()cosh()(
1

1 zS
S

S
zSzf m

m

m
mm




  , 

 Inside the medium with a varying refractive index (PC), 𝑧 > ℎ, 

)())sinh()(cosh()(
1

1
3 hzPhS
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S
hSzf m
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m 




, where )(zP  is an appropriate solution of the Mathieu’s 

equation (see eq. (6) below). Here the exponential decay constant is given by  

     
2

,1

22

,1 kS mm        (4). 

The solution of the Mathieu’s equation is chosen to exponentially decrease for z , and ,1)0( P

which ensures also the continuity of Hy on the interface 𝑧 = ℎ. The continuity of Ex at the interface 𝑧 = ℎ 

will be established later on when a solution of the Mathieu’s equation will be discussed. 

Inside a medium with a varying refractive index (PC), the wave equation reduces to the Mathieu’s 

equation    0))/2cos(( 222

2

2

 yav

y
HLzkk

dz

Hd
    (5). 

With the variable change Lzu / , eq. (5) yields a standard form of the Mathieu’s equation
23

 which will be 

in the main focus of the present study:  

    0))2cos(2(
2

2

 y

y
Huqa

du

Hd
     (6).  

Here a and q are parameters given by 

    
222222    LkLa av       (7),  

     
222

2

1   Lkq       (8).  

3. Surface electromagnetic waves 



5 

 

 To obtain surface waves in the studied structure, besides a requirement to satisfy the continuity of the 

Ex-field component at 𝑧 = ℎ, a solution y(u) of the Mathieu’s equation should exponentially decrease for 

u . The exponentially decreasing solutions belong to the instability regions of (a, q)-chart of the 

Mathieu’s equation parameters (hatched areas on Fig. 2, adapted from Ref. 23), which are associated with 

photonic band gaps.  

 

Figure 2. The stability chart for the solutions of the Mathieu’s equation with the parameters (a, q). 

The solid lines correspond to characteristic curves, the hatched areas depict the instability regions, the 

empty areas – stability regions. The solutions marked by the points ‘1’ and ‘2’ are analyzed in the text. 

 Let us now analyze the condition of the continuity of Ex-field component on the metal – PC 

interface. From now on we denote the variable as Lhzu /)(    to place the interface at u=0. The 

aforementioned continuity condition reads:  

  )cosh()sinh(
1

1 hS
S

hS
S

mm

m

m


)0('))sinh()(cosh(

)0(

1

1

1

3

y
L

hS
S

S
hS m

m

m
m








   (9), 

where )0(3  is a local, just near the interface, value of the photonic crystal dielectric constant.  

 It is natural to start further analysis of propagation modes in our system using an analogy to long-

range surface plasmons in symmetric sandwich structures, in which a photonic crystal is replaced by a semi-

infinite uniform dielectric with the dielectric constant 13   . In a thin metal film with 0h , the long-

range surface plasmons exist if 𝑆1 = 𝑆3 = 018, 19
, which is necessary to ensure the continuity of the 

longitudinal electric field component at the interface. This means, see (3), that the propagation constant is 

given by k1  , so that from (7) we obtain the photonic crystal period 

      

12 






av

a
L       (10).  
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Next, the continuity condition (9) results in 0)0(' y , and such a solution )(uy  can be constructed as 

follows. The Mathieu’s equation describing a magnetic field inside a periodic multilayer structure (photonic 

crystal) is given by eq. (6) which we rewrite as 

     0))2cos(2(
2

2

 yuqa
du

yd
      (11)  

with the following relation between the parameters a and q: 

     
)(2

1

1





av

a
q         (12) 

The exponentially decreasing solution of the equation (11) has the form of )()( ueuy u , where 

0  is a characteristic exponent and )(u  is a 2 - or  - periodic function. The continuity condition of 

the magnetic field Hy at the interface u=0 requires that 1)0(  ; such a solution exists
23

 and can be found. 

To find it, the easiest numerical method, called the “shooting method”, supposes to vary the value of b in the 

initial condition by )0('  while solving numerically the ordinary differential equation (11), and to analyze 

the behavior of the solution for large u: only one certain value of b corresponds to an exponentially decaying 

solution. If at certain value of u0 the derivative 0|)('
0
uuuy , then all that we need to construct a solution 

which gives rise to surface waves, is to shift the variable u and consider the function 

)()( 0

)(

1
0 uuCeuy

uu


 
; normalization constant C is so chosen that 1)0(1 y . The function 

)/)(())sinh()(cosh()( 1

1

1
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S
hSzf m

m

m
m  




 then describes the Hy-component of the 

electromagnetic field inside the photonic crystal. 

 This simple consideration quite clearly demonstrates the physical meaning of a photonic crystal 

design supporting long-range surface plasmons. The expression (10) corresponds to an optimal selection of 

the thicknesses of the alternating layers constituting the photonic crystal, while the aforementioned shift of 

the initial value of the variable u is nothing else than the necessity to add an additional (of large or small 

refractive index) layer with the well - defined thickness to ensure such propagation
22

. Moreover, we clearly 

see also additional possibilities which appear for photonic crystal-based structures but are lacking for 

symmetrical sandwich structures. For the case of photonic crystals, the condition S1=0 is not any more 

necessary: even without it, the boundary condition (9) which (again in the limit 0h ) reads 

     
1

1



S
)0('

)0(

1
1

3

y
L




       (13), 

still can be fulfilled. Remember that S1 is necessarily positive, hence we need 0)0('1 y  at the interface: just 

after the metal – PC interface, the absolute value of electromagnetic field vector should increase (of course, 
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for larger distances it will eventually decrease according to its exponential decay when u ). This 

corresponds to stronger localization and deeper penetration of the electromagnetic field inside transparent 

non-absorbing medium (photonic crystal) and consequently its weaker localization inside a lossy metal. As a 

result, a smaller fraction of the electromagnetic field energy is dissipated in the metal thus leading to even 

larger propagation distances of the surface waves (compare again with Ref. 22). Note, however, that if 

01 S , also 

12 






av

a
L  but should be recalculated from eq. (7) with the given values of 

1S  and a: this 

shows certain subtlety of the task to optimize corresponding structures. This case will be discussed in details 

elsewhere. 

 

4. Numerical examples 

In the previous sections we showed how the Mathieu’s equation can be applied to design a multilayer 

structure which supports long-range surface plasmons. Such surface modes can be excited in the structure 

which design and physical properties correspond to a pair of (a, q)-parameters lying in the unstable region on 

the stability chart (Fig. 2). These parameters, according to eq. (7), immediately define a pair of L, β values 

and also the S1, Sm values using eq. (4). 

As a starting point, we will study numerically the properties of the solutions in the first unstable region 

of negative q and positive a. We chose the parameter a close to 1 and parameter q such that the pair (a, q) is 

very close to the characteristic curve separating stability and instability regions (but, of course, still belongs 

to the instability region; see Fig. 2, point ‘1’). For such an (a, q)-pair, according to the known properties of 

the Mathieu’s equation, its vanishing at infinity solution is approximately given by ),()( 11 quceeuy u . 

Here the index   is much less than one (see Ref. 23 Fig. 11) and ce1(u, q) is the Mathieu function describing 

a 2 -periodic solution of the Mathieu’s equation for the pair (a, q) lying exactly on the corresponding 

characteristic curve. This curve, when a is slightly larger than one and q small, is described by the following 

expansion (eq. (17), of Ref. 23):  

  )(36864/111536/64/8/1 65432 qOqqqqqa      (14). 

The above )(1 uy  solution is clearly a complete analogue of the symmetrical sandwich case, in which 

in the external medium, the magnetic field amplitude is described by
zS

Cezf 3)(3


  with S3 very close to 

zero: both these solutions decrease away from the interface very slowly. The further the chosen (a, q)-pair 

from the characteristic curves on the chart is, the larger is the difference of our solution from one for the 

symmetrical sandwich case: we may call these solutions “more unstable and less periodic”.  

Let us now illustrate the consideration given above by several numerical calculations corresponding to 

real photonic crystal structures. For the case S1=0, the equations (8) and (10) fix the ratio of the parameters 
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12
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ava

q
      (15).  

Suppose we would like to optimize a structure which supports the surface waves at the wavelength of 739 

nm. We assume that nS =1.455, nL =2.076 (Ref. 22, such a photonic crystal has been quite successfully used 

to support long-range surface plasmons in Pd films
12, 20

) so that 2134.3av , 0964.1  and 

2477.0/ aq  using eq. (15). For the parameter a slightly larger than 1, this ratio defines 𝑞 = −0.333 

and 𝑎 = 1.344 on the characteristic curve, and the optimal period of the photonic crystal L=288 nm 

calculated from eq. (10). To approximately describe the electromagnetic field inside the photonic crystal, we 

can use the following q-expansion of the ce1(u,q) function (p. 21 of Ref. 23): 

 ...)5cos(...)
1286

1(
192

)3cos(...)
1928

1(
8

cos),(
222

1  u
qqq

u
qqq

uquce   (16). 

It is immediately clear that 0),0('1 qce  hence this function exactly corresponds to the boundary 

condition we are looking for: the photonic crystal refractive index just at the interface is equal to nL. 

Analogically, for a slightly smaller than one belonging to the characteristic curve (Fig. 2), the magnetic field 

inside a photonic crystal will be close to the function ),(1 quse  (see its q-expansion at p.13 of Ref. 23). The 

continuity condition of 0),2/('1 qse   is fulfilled hence the refraction index of the photonic crystal right 

at the interface should be equal to av . 

 Now, we will look at those decreasing to zero solutions in the proximity of a = 1 which lie between 

two characteristic curves (Fig. 3). We are interested in the question either for all values of a one may find 

such a solution y(u) which at certain points satisfies the condition 0)('1 uy , or there are such values of a 

that always 0)('1 uy . The latter would mean that no surface electromagnetic waves for such parameters a, 

q exist. Numerical results attest that in the close proximity of a = 1 (i.e. for small q) between two 

characteristic curves, the solution and its derivative are almost periodic (Fig. 4, graphs 1-2). Similar situation 

occurs when q is approaching -6, so that the pair (a, q) again lies very close to the characteristic curve. The 

further the point on the chart from the characteristic curves is, the faster the solution is decreasing. This 

means that the derivative of such a decreasing solution is mainly negative, however the numerical results 

show that the derivative is positive at certain intervals (and, correspondingly, is equal to zero at some points, 

Fig. 4 graphs 3-5). We have checked a number of pairs (a, q) belonging to the line of 𝑞/𝑎 = −0.25 = 𝑐𝑜𝑛𝑠𝑡 

(Fig. 3, Fig. 4 graph 1), and for all of them the points where 0)('1 uy  were found. Next, we analyzed the 

points described by the ratio 𝑞/𝑎 = −1.5 and lying deeper in the instability region. For all the chosen points 

on this line, we succeeded to find such initial conditions that the derivative was equal to zero at certain 

points. Moreover, the chosen points belonging to the lines 𝑎 = 1.1 = 𝑐𝑜𝑛𝑠𝑡, 𝑞 = 3 = 𝑐𝑜𝑛𝑠𝑡, and several 

other randomly chosen points were still suitable to find the solutions giving rise to the surface waves, though 

these points lie quite far away from the characteristic curves (Fig. 3, Fig. 4 graphs 3-5). Summarizing, 
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despite the analyzed points were chosen in different locations in the region of positive parameter a and 

negative q, we could not find any that would correspond to a decreasing at infinity solution with a derivative 

never equals to zero. 

 Other instability regions of Mathieu equation which correspond to larger values of a, such as 

a=4, 9, etc.
23

, also give rise to surface waves which can be considered quite similarly. These solutions are an 

analogue of larger order resonances in Fresnel reflection of light inside a PC (increase of the relative phase 

differences on n2 -values) and do not seem very interesting. 

 

Figure 3. The points of (a, q)-diagram corresponding to the analyzed solutions of the Mathieu’s 

equation in the instability region (hatched area). Depending on the solution behavior, it may describe 

surface modes (filled squares) or be inappropriate because of the impossibility to fulfill the continuity 

condition (empty squares). The black numbered empty circles denote (a, q)-pairs for which the solution and 

its derivative are plotted below (Fig. 4). The dashed black line corresponds to 𝑎 = −2𝑞 (see explanation in 

the text).  

  

 Now let us note another possibility. The above analysis suggests that we should still be able to 

construct a photonic crystal supporting long-range plasmons even if an external medium is such that 
1  is 

larger than av . In such a case, from eq. (7) we see that 𝑎 < 0; still having at our disposal a certain finite 

value of   (and hence of q) we are able to find such a pair (a, q) that the derivative of the corresponding 

function 0)(' uy  for some values of u. For this, we again should work not too far from the curve 

separating unstable region of 𝑎 < 0 and small q from a narrow stable region existing for larger values of q 

(see Fig. 2 and Ref. 23). For this characteristic curve, under the condition of a negative a close to zero, we 

have (p. 15 of Ref. 23):  

   )(2304/29128/72/ 8642 qOqqqa       (17). 
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Let us illustrate this possibility taking the same wavelength of 739 nm and 𝑞 = −1. Then 𝑞/𝑎 =

2.184 (Fig. 2, point ‘2’) which gives 86.11 n  and, the necessary period 

av

a
L










12
=1092 nm. Under 

these (a, q)-parameters, the magnetic field component Hy inside the photonic crystal is approximately 

described by  - periodic function ),(0 quce  which satisfies the condition 0),0('0 qce  (p. 49 of Ref. 23). 

In this part of the chart, we again tried to find (a, q)-pairs that would correspond to such decaying 

solution for which always 0)('1 uy , and we succeeded to find many of them. Indeed, we observed a 

tendency that for the majority of |𝑎| > |𝑞|, a solution that can describe surface modes was not found by 

varying the initial conditions.  

 

Figure 4. Solutions of the Mathieu’s equation plotted for different (a, q)-pairs depicted on Fig. 3. The 

solid blue line corresponds to the magnetic field Hy, the dashed black line – to its derivative H′y. A photonic 

crystal with certain (a, q) parameters can support surface waves if its solution is decreasing on the crystal 

size and its derivative goes to zero to fulfill the continuity requirement. The inset images a zoomed region of 

the graph to show that the derivative does go to zero at certain points (graphs 1-4, 8) or never goes to zero 

(graphs 6, 7). 

What is the largest value of the external medium dielectric constant 
1  achievable if Δε is limited by 

the material properties? To answer this question, we need to use instead of eq. (17) an asymptotic description 

of the same characteristic curve for large negative a values. This question is not completely trivial, but 
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looking e.g., into Langer’s analysis
25

 of the Mathieu’s equation solutions when at least one of the parameters 

a, q is large, we found an estimation of the type |)|(ln||2|2| qOqqa   (see his eqs. (6.3) and 

(7.10) and note the difference in notation,  qa 2, , in his paper), which attests that asymptotically 

1)/|2(|lim  aqa , and also this is known that “no characteristic values exist when |2||| qa  ” (p. 

690). From this and eq. (15), we immediately infer that surface electromagnetic waves cannot be obtained if 

.1 L   This means that the external medium cannot have a refractive index higher than the largest 

refractive index of the periodic structure. At the same time, for any 
L 1

 and large negative a, an 

appropriate photonic crystal supporting long-range plasmon propagation can be designed. However, for too 

small differences of refractive indices this requires large values of |a| and, consequently, large periods of the 

structure which might be impossible to realize in practice. 

 

5. Conclusions and discussions 

In the present paper, the application of the Mathieu’s equation to excitation of surface waves in 

photonic crystals was presented. We have discussed a design of a multilayer structure coated with a thin 

metal film to support surface plasmons, and established the necessary requirements for the solutions of the 

Mathieu’s equation describing surface waves. First, such a solution must vanish at the infinity (or say, at the 

scale of the multilayer structure) which immediately defines that one should work in the instability regions of 

the Mathieu’s equation stability chart. Further, given by eq. (9) the continuity condition of the tangential 

electric field component across the interface has to be fulfilled.  

A limit of a thin metal film was considered. Here eq. (9) reduces to a simple condition that the 

decaying at infinity solution of the Mathieu’s equation should have a zero derivative at the interface. We 

have briefly analyzed for which pairs (a, q) belonging to the different instability regions on the Mathieu’s 

equation stability diagram this condition can be fulfilled, and for which cannot (Figs. 3, 4). Several examples 

of a real multilayer structure were given, and limits appearing for design of photonic crystal structures were 

discussed. These results constitute a base for further development of a similar approach, for example for the 

cases when the layer thicknesses dL and dS of the photonic crystal are different. Hill’s differential equation
23

, 

sometimes named also “generalized Mathieu equation” is appropriate here.  

In conclusion, we would like to draw attention to an analogy of surface waves in a multilayer structure 

to a quantum particle in a periodic potential, which is also described by the Mathieu’s equation
26

. Essentially, 

the Mathieu’s equation, if we rewrite it as 0))2cos(2(/ 22  uyqadyud , can be seen as a 

particular case of the non-relativistic stationary Schrödinger equation. This equation (with a proper scaling) 

describes a quantum particle in a periodic potential )2cos()2cos(2)( 0 yVyqyV   with the total energy 

of the particle aE  . For a given potential value, there may be certain values of a (means En) for which 
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bounded solutions (eigenstates) can be found. Such bounded solutions describe surface waves, which we are 

interested in, and they certainly have a zero derivative at 𝑦 = 0, 0)0(' u , due to the potential symmetry. 

Obviously, there is no eigenstates with the energies E smaller than the minimal potential value –V0 and 

therefore, no bounded solutions. This analogy is an excellent illustration of the problem of plasmon 

excitation: none of the Mathieu’s equations with a negative parameter a such that ||2 qa   is suitable for 

the excitation of surface waves. Moreover, this reasoning explains well that for small negative a, surface 

waves cannot be excited for 1
2


q

a
, which is perfectly in line with the asymptotic behavior of the 

parameter a mentioned above. 
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Abstract 

The surface waves propagating at the interface of a metal-
birefringent crystal, usually called Dyakonov surface 
plasmon polaritons (DSPPs), have been theoretically 
investigated. It was shown, that at special conditions the 
extraordinarily polarized component of DSPPs could 
become leaky. The properties of such half-leaky waves 
were theoretically investigated and it was shown that these 
surface waves could be excited without any prism or 
grating. This is especially beneficial in the experiments of 
nonlinear optics where a field enhancement is required.  

1. Introduction 

Surface plasmon polaritons (SPPs) at a metal-dielectric 
interface has attracted a lot of scientific interest in the last 
decades and has many (potential) applications in signal 
detection, sensing, nonlinear optics, etc [1–3]. Dyakonov 
waves (DWs) are another type of surface waves (SWs) that 
propagate at the interface of the isotropic and anisotropic 
medium [4]. The combination of these two types of SWs are 
called Dyakonov SPPs (DSPPs) and they exist at the 
interface of isotropic metal and anisotropic medium.  

However, all of those SWs require a special excitation 
configuration, e.g. the Kretschmann prism or grating. In this 
communication we are demonstrating that leaky DSPPs 
(LDSPPs) exist at the boundary of isotropic metal and 
anisotropic media and they do not require any excitation 
scheme. We will show that a simple two-layer system 
supporting SWs with a built-in excitation mechanism could 
be especially useful in the experiments of nonlinear and 
quantum optics. 

In the first part of this study, the properties of the 
LDSPPs are investigated by solving the dispersion 
relationship derived by Dyakonov [4]. We will show that in 
the case of a positive uniaxial birefringent crystal the 
orientation of the optical axis (OA) can have a strong effect 
even if the optical anisotropy of the crystal is small, as it 
usually is. It happens because at a certain orientation of OA 
DSPPs become leaky.  

To demonstrate this strong effect, in the second part of 
this work we will present the results of a numerical study of 
the optical properties of the silver-KTP interface. To 
calculate the effects in reflection and transmission we used 
a theory presented in Ref.  [5], which is an algorithm for the 

calculation of the optical properties of hetero-structures 
based on the general 4x4 transfer-matrix method (TMM)  
[6–8].  

The obtained results can be applied for nonlinear 
quantum optics. This is due to the fact that SWs have an 
enhanced electrical field and, therefore, an increased 
interaction with matter. The utilization of LDSPPs allows 
one to simplify the required experimental setup. We 
demonstrate that LDSPPs give a possibility to essentially 
simplify the experiments for the up- and down-conversion 
of light in metal-dielectric interfaces. 

2. Dispersion relation 

a) b) 

OA y

z
xφ

ε
m

ε
o

& ε
e  

β

z
x

TM
TE
Total Total

iq
m

iq
o

iq
e

iq
m

Ordinary
Extraordinary

ε
m ε

o
, ε

e
, φ

Figure 1: a) The interface of the semi-infinite layers of 
metal ( 0x  ) and uniaxial anisotropic crystal ( 0x  ). The 
metal’s and the anisotropic medium’s ordinary and 
extraordinary dielectric permittivities are ,m  o  and ,e  
respectively. The angle between the OA and the z-axis is 

.  b) The electrical field distribution of DSPPs. The 
propagation constant of DSPPs is given by    and the 
decay constants of TM- and TE-polarized waves are mq  and 
the decay constants of the ordinary and extraordinary mode 
are oq  and ,eq  respectively. 

2.1. Theory 

To study the DSPPs supported by the interface of isotropic 
metal and uniaxial crystal the theory of Dyakonov was used 
[4]. (The notation used in this work is more similar to the 
recent article [9].) The structure under investigation consists 
of a semi-infinite layer of isotropic metal in the region 0x   
and a semi-infinite layer of a uniaxial anisotropic crystal in  
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Figure 2: The dependence of the critical 
angle c  on the wavelength   for 
several interfaces. 

Figure 3: The dependence of the real 
 Re eq  and imaginary part  Im eq  of 

the extraordinary wave decay constant 
on the orientation angle .   

Figure 4: The dependence of the real 
 Re   and imaginary part  Im  of 

the DSPPs propagation constant on the 
orientation angle .  

 
the region 0x  (see Fig. 1a). The metal is described by the 
complex dielectric permittivity m  and the uniaxial crystal 
has two dielectric permittivities for the ordinary and 
extraordinary waves denoted by o  and ,e  respectively. 
This study is limited to the case where the OA of the 
anisotropic crystal is in the xy-plane. The orientation of the 
OA of the anisotropic crystal is described by the angle   
between the OA and the z-axis as shown in Fig. 1a. 

The DSPPs are in general hybridized like DWs. This 
means, that DSPPs do not have a single polarization, but 
instead, the field is a superposition of the transverse 
magnetic (TM) and transverse electric (TE) mode inside the 
isotropic metal and a superposition of an ordinary and 
extraordinary mode inside the anisotropic medium (see Fig. 
1b). The wave vector of DSPPs in the isotropic metal region 

m( iq , ,0)m  k  is the same for the TM- and TE-
polarization (see Fig. 1b), where   is the propagation 
constant of DSPPs and 

 2
m mq      (1) 

describes the decay into the metal along the x-axis. In the 
half-space of anisotropic medium the wave vectors of the 
ordinary and extraordinary waves are e(iq , ,0)e k  and 

 , ,0o oiq k  respectively, where  

  2 21 cos ,e eq         (2) 

 2
0 oq      (3) 

and / 1.e o     All the wave vectors and propagation 
constants in this work are scaled by the vacuum 
wavenumber 2 /   like in Refs. [4,9]. The parameter    
describes the degree of the anisotropy of the crystal.  

Implying boundary conditions at the interface, it follows 
that the decay constants of the contributing waves have to 
satisfy the equation 

        .m e e o m o o e e m m o oq q q q q q q            (4) 

This is the dispersion relation originally derived by 
Dyakonov and it determines, together with Eqs. (1) - (3), all 

the four parameters , ,m eq q  and oq  of DSPPs in the 
interface of isotropic and anisotropic (birefringent) media. 

2.2. Conditions for the leaky DSPPs 

In the work of R. Li, et. al (see Ref. [9]) it was shown that 
DSPPs do not exist for all orientations   and they 
disappear if  

 0.eq    (5) 

We are showing that instead of experiencing a cut-off, the 
extraordinary component of DSPPs becomes leaky in this 
case. In order to meet condition (5) at some orientation 
angle c  (we call it critical angle) the anisotropy of the 
crystal must be positive ( e o  ) and the condition 

 /e m     (6) 

must be satisfied. Condition (6) follows from Eqs. (1) - (4) 
by setting 0eq   and taking into account that in the case of 
usual metals the condition     Re , , Imm e o m      
holds. In the case of silver ( 900nm  ) condition (6) is 
fulfilled for a number of well-known anisotropic crystals: 
TiO2 (rutile), YVO4, KTP (almost uniaxial crystal with 
positive birefringence) [10–12].  

The expression for the critical angle c  is derived under 
the same approximations and it equals 

 
 

   

3

2 2
asin .

c

e o m

o e m e m e o


  

      



  
   (7) 

The wavelength dependence of the critical angle c  for the 
combination of metals and anisotropic crystals is displayed 
in Fig. 2. The refractive index data are from Refs. [10–12]. 
For silver and gold the critical angle c  exists only in the 
red part of the spectrum ( 650 nm  ) if the selection of 
crystals is limited to TiO2, KTP and YVO4. On the other 
hand, the Al-YVO4 interface has a critical angle in the 
entire visible spectrum and in infrared. The critical angle for 
gold and silver could be blue-shifted by selecting a crystal 
with higher anisotropy .  
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Figure 5: The Kretschmann 
configuration for DSPPs. The 
refractive index of the prism is ,pn  
the metal film thickness is md and 
  is the angle of incidence. R and 
T denote the reflection and 
transmission coefficients, 
respcetively. 

Figure 6: The reflection coefficient 
(incident light p-polarized and 
p-polarized reflection measured) 
dependence on the angle of incidence   
and orientation angle   of the structure 
in Fig. 5.  

Figure 7: The transmission coefficient 
(incident light p-polarized and 
extraordinary polarization measured) 
dependence on the angle of incidence   
and orientation angle   of the structure 
in Fig. 5. 

 
2.3. Numerical study of dispersion relationship 

To demonstrate that the DSPPs indeed become leaky at the 
critical angle, the dispersion relationship (Eq. (3)) was 
numerically solved for Ag-TiO2, Ag-KTP and Ag-YVO4 
interface ( 900nm  ) by a custom complex root finder 
algorithm based on Cauchy's argument principle [13] and 
Newton-Raphson method [14]. The results are displayed in 
Fig. 3 and Fig. 4. In both figures the vertical dashed lines 
represent the critical angle c  calculated by Eq. (7). In Fig. 
3 the extraordinary wave decay constant dependence on the 
orientation angle  is displayed. Despite the small 
anisotropy ( 0.25  ) the decay constant encounters 
significant changes: it becomes mainly imaginary after the 
critical angle c  which corresponds to the real wave vector 
and thus the propagating wave. Hence, indeed, the DSPPs 
instead of vanishing at the critical angle become leaky. We 
call such waves leaky DSPPs (LDSPPs). 

In Fig. 4 the propagation constant   is shown. The 
decay constants of the other three waves associated with 
DSPPs (TM and TE mode in metal and ordinary wave in 
anisotropic media) are not shown because of the lack of 
interesting features: their decay constants remained real and 
thus bounded. 

3. Transfer matrix method study 

3.1. Motivation 

From the dispersion relationship it follows, that the 
extraordinary wave of DSPPs becomes leaky at a critical 
angle (other three waves associated with DSPPS remain 
bounded). However, the dispersion relationship does not 
account for the properties measured in laboratory 
experiments: excitation efficiency, reflection, transmission 
and field enhancement. To further characterize the 
properties of LDSPPs and show that they could be excited 
without any prism or grating the general transfer matrix 
method based on 4x4 matrices was used, which allows to 

model stratified anisotropic mediums [5,15]. In this work a 
compact formalism developed by Hodgkinson et al. was 
used [5].  

First, the LDSPPs were studied in an ordinary 
Kretschmann configuration just to understand the effects of 
the leaky mode. Next the Kretschmann prism was removed, 
and the hypothesis that the LDSPPs have a built-in 
excitation mechanism was proved. 

3.2. With the Kretschmann prism 

3.2.1. Model 

We performed a numerical study of the optical properties of 
a stratified structure of a high refractive index prism, thin 
metal film and birefringent crystal, similar to the well-
known Kretschmann configuration (see Fig. 5). The 
refractive index of the prism is denoted by ,pn  the 
thickness of the metal film is ,md    represents the angle of 
incidence inside the prism and out  represents the angle of 
the transmitted wave (in the case of LDSPPs). The axes and 
the parameters of an anisotropic crystal are defined 
similarly as before in Fig. 1a. To excite LDSPPs in the 
structure under consideration the tangential wave vector 

 sin pn of the exciting plane wave must match the 
propagation constant   of LDSPPs. 

3.2.2. Results 

To be specific, a high refractive index ZnSe prism, 
readily available commercially, was used for the 
calculations ( 2.5@ 900pn nm  ) [16,17]. A silver film 
with the thickness 60md nm  was used (optimal for the 
red part of the spectrum [18]) and KTP as an anisotropic 
medium was employed. 

In Fig. 6 the p-polarized reflection coefficient ppR  
(subscript pp means that the incident light is p-polarized and 
the measured reflection is also p-polarized) for a range of 
the angle of incidences ( ) and orientation of OAs ( ) are  
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Figure 8: The polarization ratio e  of 

the transmitted extraordinary wave for 
the structure presented in Fig. 5. 

Figure 9: The reflection, transmission 
and absorption properties of the 
structure in Fig. 5 at the angle of 
incidence 46.552 .     

Figure 10: The electrical field spatial 
distribution of the structure in Fig. 5 at 
the angle of incidence 46.552    
and orientation of OA 66.411 .     

 
presented. The minimum in the reflection is a clearly visible 
in case of all orientations of OA, even after the critical 
angle. The position of the minima is shifted to the smaller 
angle of incidences when increasing the .  

More interesting results are presented in Fig. 7, where 
the transmission properties for the extraordinary wave peT  
(incident light is p-polarized and the transmission of an 
extraordinarily polarized wave is measured) are presented. 
After the critical angle and at a specific angle   (if phase 
matching condition is fulfilled) the structure exhibits an 
extraordinary transmission more than 40%,  while the 
transmission of the 60 nm  thick silver film is only around 
0.5%.  This extraordinary transmission is accounted to the 
efficient excitation of DSPPs (up to 100%) and 
subsequently leaking out through an extraordinary wave. 

So far the polarization of the extraordinary wave has 
been unknown (in the anisotropic medium two orthogonal 
modes are called ordinary and extraordinary). The 
polarization depends on the angle of incidence   and on the 
orientation of OA of the crystal .  To quantify the 
polarization of the transmitted wave in the xyz coordinates, 
the ratio 

 
2 2

ˆ /e e e  z E Ε   (8) 

is defined, where eE  is the electric field vector of the 
transmitted extraordinary wave (ordinary wave is not 
transmitted) far from the Ag-KTP interface to account only 
the far field,  ẑ  is the unit vector along z-axis and eE   
denotes the 2L  norm. It is clear that if only one nonzero 
electric field component is perpendicular to the plane of 
incidence (i.e. s-polarized) then 1e   and if the electric 
field has only x- and y-components (i.e. p-polarized) 
then 0.e   The value e  is presented in Fig. 8 for the 
ZnSe-Ag-KTP structure at the wavelength 900 .nm   The 
transmitted wave is almost totally s-polarized 
( 99.5%e  ), but obviously it is not always the case and 
must be studied for every structure individually. 

To better understand the situation in Fig. 9 the 
reflection, transmission and absorption coefficient’s 
dependence on   is displayed for the p-polarized incident 
light (for s-polarization, the effect is small) at 46.552 .    
Now also the fine details are visible, which were not 

recognized in Fig. 6 and Fig. 7. From Fig. 9 it is visible that, 
in full accordance with the theory, only an extraordinary 
component starts to leak, i.e. poT  is zero. Also, the 
polarization conversion in the reflection is minimal ( psR ). 
Both p-polarized reflection ( ppR ) and absorption in a silver 
film ( pA  ) have a significant feature near 64   , caused 
by the transition from the bounded to leaky nature of the 
extraordinary wave in an anisotropic crystal. The 
transmitted wave angle out  is also shown.  

The electrical field spatial distribution at 66.411    
(denoted by a vertical dashed line in Fig. 9) is given in Fig. 
10 (incident field p-polarized). The norm of the incident 
electric field is set to one, so all the values displayed could 
be thought as electric field enhancement factors. We can see 
that the field x-component is strongly enhanced at the 
interface of Ag-KTP (about 10 times) and z-component is 
the weakest. On the contrary, far from the Ag-KTP interface 
the z-component is the greatest and it represents the main 
component of the transmitted wave. 

The presented results clearly indicate that becoming 
leaky does not influence the surface wave nature of DSPPs: 
the main field components are bound to the interface, are 
greatly enhanced and decay evanescently. 

3.3. Without the Kretschmann prism 

As shown before, the ZnSe-Ag-KTP structure starts to 
transmit light under special conditions described before. If 
the structure is transmitting, then in most cases (excluding 
optical isolators) it is possible to reverse the structure and 
still have the same transmission, naturally, the reflection 
and hence the absorption usually change. 

In addition, the Kretschmann prism is not required, as 
the only effect of the prism is the increased losses due to the 
outcoupling through the prism. Also, the requirement of the 
thin metal film with optimal thickness is relaxed. 

Motivated by this knowledge the reversed structure 
(KTP-Ag), as shown in the inset of Fig. 12, was studied. 
The structure was excited by an extraordinarily polarized 
wave, which in this case corresponded to s-polarization. 
The reflection, transmission and absorption properties are 
displayed in Fig. 11 (the angle of incidence is defined by 
condition 1.815  ). As expected, a concrete minimum in  
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Figure 11: The reflection, 
transmission and absorption 
properties of the structure in the inset 
of Fig. 12 at the angle of incidence 
given by the condition 1.815.   

Figure 12: The electrical field the 
spatial distribution of the structure in 
the inset at the angle of incidence 
given by the condition 1.815  and 
the orientation of OA 66.694 .    

Figure 13: The schematic of the 
experiment of the SPP-enhanced SPDC, 
proposed in Ref. [19]. The frequencies 
of pump, signal and idler photons are 
given by ,p  s  and ,i  respectively. 
The tangential wave vector component 
of the pump beam is pk  ant the 
propagation constants of the signal and 
idler plasmons are s  and .i   

 
the reflection is present. Under a proper orientation of the 
OA the reflection goes to zero – the surface waves are 
excited with efficiency 100%.  As the transmission in such 
a structure is not possible, then all the energy of DSPPs will 
be eventually absorbed. 

The electrical field spatial distribution is shown in  
Fig. 12. The field enhancement up to 5 times is present at 
the interface of KTP and Ag. Despite the fact that the field 
enhancement is about 2 times lower that in Fig. 10, the main 
advantage of LDSPPs is that they could be excited without 
the prism and the surface mode is excited at the closer 
interface of the metal film (in the case of a usual 
Kretschmann configuration the SWs are always excited at 
the farther interface of the metal film). 

4. Applications and discussion 

We can see the potential of LDSPPs especially in the 
experiments of nonlinear and quantum optics, where the use 
of nonlinear or anisotropic crystals is required. The built-in 
excitation mechanism of LDSPPs could significantly reduce 
the complexity of the experiment. 

We show that LDSPPs could be used to experimentally 
realize the SPP-enhanced spontaneous parametric down-
conversion (SPDC) proposed in Ref. [19]. The schematic of 
the proposed setup is displayed in Fig. 13: high refractive 
index prism, thin metal film and medium with nonzero 
second-order nonlinear susceptibility. In an ordinary 
experiment of SPDC the pump photon ( p ) splits into two 
photons: to signal ( s ) and idler ( i ) [20]. The idea of Ref. 
[19] is to split a pump photon into two plasmons (the quanta 
of SPPs) instead of photons as shown in Fig. 13 (the 
plasmons can radiate out through the prism as photons). As 
a prerequisite the phase matching condition p s ik     
must be met. It is shown, that the yield of SPDC is 

enhanced by the factor of 2 2 2 ,p s i     where p is the 
pump field renormalization factor and ,s  i  denote 
respectively the field enhancement connected to the signal 
and idler plasmons in the metal-nonlinear crystal interface.  

However, the experimental realization of the structure in 
Fig. 13 in not straight forward. As nonlinear mediums are 
hard to deposit [21], a commercial nonlinear crystal is used 
and a metal film is deposited on the one of the face. The 
usual way to attach the prism is to use refractive index 
matching fluids (IMFs), however in this case it is 
complicated because of the lack of IMFs with high 
refractive index (the refractive index of IMF must match the 
refractive index of the prism and must be substantially 
higher than the refractive index of the nonlinear crystal). In 
addition, the IMFs with high refractive index tend to absorb 
light in the blue part of the visible spectrum which limits the 
pump wavelength. 

As a possible solution, the LDSPPs could be used they 
do not require any prism and also the IMF is not required. 
The proposed setup for LDSPP-enhanced SPDC is shown in 
Fig 14. The experimental setup is very simple and consists 
only from KTP crystal with one face covered with thick 
silver film. Rotational stages are used to vary the orientation 
angle   and angle of incidence of pump laser beam. 

To quantify the value of the enhancement factor of 
SPDC   the structure is modelled with TMM. To be 
concrete, the pump wavelength is fixed to 540nm and equal 
splitting to signal and idler is assumed. The modelled 
electrical field enhancement for signal and idler beams is 
displayed in Fig 15. As expected, the field enhancement is 
maximal under specific combination of   and   where the 
conditions for optimal excitation of LDSPPs is met. 
Maximum enhancement is up to 9 times. The enhancement 
factor of SPDC   is reduced by the normalization factor 



 META 2015 CONFERENCE, 4 – 7 AUGUST 2015, NEW YORK 

ω
p

ω
s

ω
i

k
p

β
s

β
i

KTP

Ag  

Figure 14: The schematic of the 
experiment of LDSPP-enhanced 
SPDC. The notations are similar to 
Fig. 13. 

Figure 15: The enhancement factor of 
signal and idler ( ,s i  ) for the structure 
in Fig. 14 at pump wavelength 540 nm. 

Figure 16: The enhancement factor of 
LDSPP-enhanced SPDC   for the 
structure in Fig. 14 at pump wavelength 
540 nm.  

 
 

0.15p  and is shown in Fig. 16. The calculations show 
that in such setup, the SPDC could be enhanced up to 240 
times. Similar setup could be also used for second-harmonic 
generation if the direction of the beams are reversed 
[22,23]. 

5. Conclusions 

A theoretical consideration of a LDSPPs at isotropic metal 
and uniaxial anisotropic crystal interface is presented. From 
the analysis of the dispersion relationship it is shown that 
the extraordinarily polarized component of DSPPs could 
become leaky after the critical orientation of OA. The 
necessary conditions for the existence of the critical 
orientation and the expression of the critical angle are 
derived from the dispersion relationship. The leaky nature 
of LDSPPs was analyzed in the Kretschmann configuration 
by a numerical study by 4x4 transfer-matrix method. It was 
shown, that LDSPPs have a built-in excitation mechanism 
and thus do not require any prism, grating, etc. to be 
excited. It allows to significantly reduce the complexity of 
the experiments of quantum and nonlinear optics where the 
field enhancement of the surface waves is required. Finally, 
an example application in SPP-enhanced SPDC was 
outlined. It was shown, that LDSPPs could be used to 
enhance SPDC up to 240 times in a very simple structure. 
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Abstract-The presense of saturable absorption (SA) in zinc nanoparticles photodeposited onto the 

core of an optical fiber by a coherent source is reported. An analysis based on Mie theory was 

carried out to demonstrate the interaction of the absorption coefficient with the particles sizes in the 

proximity of surface plasmon resonance in the infrared region. This work opens a new scheme for 

the implementation of photonic devices. 

 

Considerable research has been done on nonlinear optical properties in metal nanoparticles for applications 

in communications, switching, and high speed demultiplexing among others. These properties are based on their 

resonance frequency exited frequency bye electromagnetic fields, phenomenon knows as surface plasmon [1].  

In this work, the saturable absorption of zinc nanoparticles (ZnNPs) photodeposited onto the core of an 

optical fiber is studied by a high gain pulsed amplifier [2]. The size-dependent absorption of ZnNPs was 

analyzed in the proximity of surface plasmon resonance. The photodepositon technique was previously reported 

[3]. It was used 10 mg of zinc powder in 10 ml of isopropyl alcohol, and an optical fiber placing it inside the 

solution as shown in Fig. 1a. Finally, it was used a continuous wave fiber laser to carry out the photodeposition 

of zinc nanoparticles onto the core of the fiber. The irradiance dependent transmission measurements were 

studied using a high gain amplifier by P-scan technique with samples of 3 dB of transmission as shown in Fig. 

1b. 

 

Fig. 1. (a) Experimental setup for the photodeposition and (b) of high gain erbium-doped fiber amplifier. 

 

 The calculations show that for ZnNPs smaller than 100 nm of radius, the absorption dominates over 

scattering, and determines the extinction coefficient. On the other hand, for radii larger than 100 nm, the 

scattering dominates over absorption and determines the extinction coefficient (Fig. 5). According to the results 

obtained, the transmittance increases until it saturates. The value of the imaginary part or third-order 



susceptibility was calculated according to the curve fitting, obtaining -4.56x10
-6

 (m/W) and Im(
(3)

) 

-2.52x10
-15

 (m
2
/V

2
)( -2.27x10

-6
esu), respectively. 

 

Fig. 2. (a) Dependence of the extinction for ZnNPs, (b) Dependence of the transmittance. 

  

The nonlinear absorption reveals that the ZnNPs photodeposited onto the core of an optical fiber have good 

nonlinear optical response and could be chosen as a good candidate with potential applications in optical 

communications in the near infrared region. To our knowledge, this is the first report of nonlinear 

characterization in the near infrared region of metallic nanoparticles deposited on the core of an optical fiber, 

which is ideal to make photonic devices for optical communications. 
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Abstract 

An efficient optical nanotweezer based on a 1D photonic 

crystal (PhC) dielectric cavity vertically coupled to a bowtie 

nanoantenna is proposed. A very high Q/V ~ 10
7
 (λ/n)

-3
 

with a resonance transmission T = 29% at λR = 1381.1 nm 

has been calculated by 3D Finite Element Method (FEM), 

allowing strong light-matter interaction. A maximum 

optical force F = -4.4 pN, a stability S = 30 and an optical 

stiffness k =90 pN/nm·W have been obtained with an input 

power Pin = 1 mW, for a polystyrene nanoparticle of 40 nm. 

This performance confirms the high efficiency of the optical 

nanotweezer for medical applications and the trapping of 

living matter at the nanoscale, such as virus, proteins and 

small bacteria.  

1. Introduction 

In recent years, optical techniques have been used to trap 

small cells and bacteria preventing a direct contact with the 

target object to avoid its damage or disruption, as required 

by several medical applications for which non-invasive and 

non-destructive testing is necessary to analyze living matter 

[1]. The efficiency of optical nanotweezers is strongly 

dependent on light-matter interaction. In order to improve 

the interaction, resonant cavities can be used, such as PhC 

cavities and microring configurations [2]. Stable trapping of 

polystyrene particles with a diameter of about 200 nm has 

been shown by using microring resonators in SOI 

technology with low values of input power (Pin < 1 mW) 

[3]. A stronger energy confinement is typically observed in 

PhC configurations. For example, a 1D PhC cavity is able 

to trap a single protein of 22 nm [4]. However, dielectric 

microcavities are diffraction limited and their mode volume 

can only be decreased so far. Plasmonic cavities do not 

suffer this limitation because surface plasmon polariton 

(SPP) modes are strongly confined at the metal-dielectric 

interface, so strongly enhancing the trapping force [5]. The 

trapping of metal nanoparticles with a diameter smaller than 

10 nm [6] as well as the trapping of a single bovine serum 

albumin (BSA) molecule with a size of 3 nm have already 

been demonstrated by plasmonic cavities [7]. The issue with 

plasmonic cavities, however, is that the metallic losses 

cause thermal heating, which makes the traps unstable and 

increases the risk of damage to living matter. 

As an alternative, hybrid dielectric-plasmonic cavities 

represent a better trade-off between spectral and spatial 

energy density and low optical loss, and they can achieve 

the trapping of proteins smaller than 10 nm [8]. 

Here, we propose a photonic/plasmonic cavity that provides 

a high Q/V ratio (~10
7
 (λ/n)

-3
) combined with a high 

transmission of T = 29%. A strong energy confinement has 

been achieved at the tips of the nanoantenna, strongly 

increasing light-matter interactions and providing high 

optical forces in the pN-range with Pin ≤ 1mW. We show 

that a high stability of the optical trap can be achieved with 

a polystyrene particle of diameter 40 nm, so making the 

hybrid cavity suitable as an optical nanotweezer for 

nanoparticle trapping, especially the trapping of living 

matter at the nanoscale. 

2. Device configuration 

The hybrid cavity is based on a 1D photonic crystal (PhC) 

dielectric cavity vertically coupled to a plasmonic 

nanoantenna in Au, as shown in Fig. 1. 

 
Fig.1 (a) Top view and (b) cross-section of the 

photonic/plasmonic cavity. (c) Detailed view of the bowtie 

nanoantenna above the PhC dielectric cavity. 

The PhC cavity is designed to enhance the energy 

confinement in the centre of the cavity between the central 

holes, also obtaining high resonance transmission for a good 

detection resolution [9]. This behavior improves the 

coupling efficiency with the plasmonic nanoantenna placed 

above the PhC cavity to funnel the light vertically on 

resonance. The strong refractive index contrast at the 

interfaces between Au and dielectric materials provides 

strong light confinement and overcomes the diffraction limit 

of dielectric cavities [10]. 

A triangular geometry of the metal strips has been chosen, as 

a typical bowtie nanoantenna [11]. The gap between the 

bowtie and the PhC, is denoted with G, and the distance 

between the metal tips with s. The design includes a layer of 



2 

 

flowable oxide (FOx) that covers the entire PhC cavity, as 

shown in Fig. 1. The FOx layer simplifies the device 

fabrication compared to previous designs [2], particularly 

reducing the manufacturing constraints for the alignment of 

the nanoantenna above the central holes [12]. The medium 

surrounding the cavity is assumed to be water (see Fig. 1). 

The proposed photonic/plasmonic cavity provides a high Q-

factor of several thousand, due to the presence of the PhC 

dielectric cavity, combined with the tight energy 

confinement and small mode volume typical of a plasmonic 

nanoantenna. Together, this yields an improvement of the 

state-of-the-art of the value of Q/V for the hybrid cavities up 

to a value of 10
7
 per cubic wavelength. 

3. Design and numerical results 

Apart from the high Q/V factor, the trapping application 

demands very high transmission from the cavity, in order to 

achieve a high energy density in the cavity. Therefore, the 

1D PhC dielectric cavity is designed with a high resonance 

transmission of T > 90%. We chose a nanobeam of width 

490 nm, hole radius of R = 130 nm and a period a = 320 nm 

to obtain a photonic bangap in the λ = 1300 nm regime. This 

wavelength was chosen to reduce water absorption 

compared to operating at λ = 1550 nm. By tapering the holes 

down to R1 = 70 nm with a corresponding reduction of the 

period to a1 = 260 nm, we are able to reduce the impedance 

mismatch between the propagating mode and the cavity 

mode, thereby achieving high transmission [2]. The cavity 

performance have been evaluated by 3D Finite Element 

Method (FEM) simulations, assuming a TE-polarized beam 

lunched into the nanowire. We have taken into account the 

Sellmeier model to define the dispersion properties of Si and 

SiO2 [12], and also the absorption of water [13]. With a 

number of tapered holes Nt = 6 and mirror holes N = 4, a Q-

factor of 1.1x10
4
, V = 0.5 (λ/n)

3
, which corresponds to Q/V 

= 2.2 x10
4 
(λ/n)

-3
 and T = 93% at λR = 1378.8 nm have been 

obtained. A strong energy confinement between the central 

holes has been also verified which enhances the vertical 

coupling efficiency with the Au bowtie nanoantenna placed 

on the FOx layer above the central holes of the PhC cavity. 

A parametric analysis has been carried out on the metal slot 

s and the gap layer G between the PhC and the bowtie to 

evaluate the hybrid cavity performance, as shown in Fig. 2. 

The Lorentz-Drude model has been used to account for the 

complex dispersion of Au [14]. 

Values of G = 150 nm and s = 50 nm have been assumed as 

the best compromise between Q/V and T, obtaining Q = 

5x10
3
, V = 5.1x10

-4
 (λ/n)

-3
, which corresponds to Q/V = 10

7
 

and T = 29% at λ = 1381.1 nm. Clearly, placing the bow-tie 

onto the nanobeam cavity affords a strong enhancement of 

the Q/V ratio. This performance represents an improvement 

over the state-of-the-art of hybrid cavities by two orders of 

magnitude [15], thereby providing a Q/V comparable with 

the values obtained by dielectric cavities [16], but with a 

much stronger energy confinement in very small volumes. 

 

 

Fig. 2 Hybrid cavity performance as a function of G with s = 

50 nm (a,b) and of s with G = 150 nm (c,d). 

Fig. 3 illustrates the strong energy confinement in the 

hotspot highlighting the suitability of the hybrid cavity as 

nanotweezer for optical trapping. 

 

Fig. 3. Mode distribution at resonance in the bowtie 

nanoantenna of the photonic/plasmonic cavity. 

4. Optical tweezing considerations 

The optical force exerted by the cavity on a trapped particle 

is calculated according to Eq. 1: 

                      
S

= ( × )dS MF T n                         (1) 

where TM is the Maxwell stress tensor, S is the particle 

surface, and n is the outgoing vector normal to the surface. 

For nanoparticles, the optical force can be also expressed as 

the force gradient for a Rayleigh particle [17]: 

               2 3 2 2 2

grad mF = (n r /2)[(m -1)/(m +2)] |E|         (2) 

where n is the refractive index of the medium, m is the ratio 

of the particle refractive index to the refractive index of the 

medium, and E is the electric field. The trapping of small 

nanoparticles is very difficult, as demonstrated by Eq. 2, 

because the trapping force is proportional to the 3
rd

 power of 

radius. We consider a spherical polystyrene bead (n = 1.57), 

which corresponds to m = npol/nH20 = 1.2, and which moves 

around the hybrid cavity with low speed (< 10μm/s) by 

Brownian motion. The input power is kept low (Pin = 1mW) 

in order to reduce thermal heating of the metal structure. The 

corresponding values of optical forces along y-axis and z-

axis are shown in Fig. 4, assuming y = 0 and z = 0 as the 

particle position when it is centered in the middle of the 

bowtie nanoantenna. 



3 

 

 

Fig. 4. Optical force for different particle positions along y-axis 

with the mode distribution in the inset (a) and along z-axis (b) for a 

polystyrene particle with D = 40 nm and Pin = 1 mW. 

A maximum value of the optical force up to F = -4.4 pN is 

obtained at y = 0 assuming that the particle is trapped inside 

the bowtie. The maximum value of optical force along z-

axis is Fz = ± 3.8 pN at ± 20 nm. We neglect other forces 

such as thermal and drag forces, because of the low input 

power (1 mW) and slow laminar flow (<10 μm/s). 

The presence of the nanoparticle inside or close to the 

bowtie strongly influences the energy density distribution, as 

observed in Fig. 4, confirming strong light-matter interaction 

in the photonic/plasmonic cavity. Next, we calculate two 

important figures of merit for the trapping performance: the 

stability and the stiffness. The trap stiffness is defined as 

[17]: 

                           equilibrium

F

X


  


                          (3) 

where F is the optical force, and ∂X is the particle 

displacement. Negligible fluctuation around the equilibrium 

point for the trapped particle are expected with high values 

of optical stiffness. A trapping stiffness K = 90 pN/nm·W is 

obtained, which is higher than that obtained for typical PhC 

dielectric cavities and for nanoantennas. 

The stability S considers the ratio between trapping and 

thermal energy and it describes the ability of the trap to hold 

the particle for a long time. The stability is defined as: 

B

U
S=

K T
  (4) 

where U is the work necessary to carry the particle from a 

free position to the equilibrium point, kB is Boltzmann's 

constant, and T the ambient temperature of 300 K, which 

does not increase at the low input powers used here. A value 

of S > 10 can be assumed as a condition for stable trapping 

[17] and the value we calculated for the our hybrid cavity for 

Pin = 1mW and a particle size of 40 nm is S =30. We have 

also verified that a stable trapping condition (S>10) can be 

achieved within typical manufacturing limitations, such as 

rounded corners of the bow-tie tips with a radius up to 10 

nm or a slight misalignement between the nanoantenna and 

the PhC with a shift of the bowtie up to ± 150 nm and ± 70 

nm along x-axis and z-axis, respectively. The influence of 

the particle diameter D on the optical nanotweezer 

performance have been also evaluated, obtaining a 

maximum force F = -12pN with D = 120 nm. 

Moreover, an enhancement of the optical nanotweezer 

efficiency has been observed by improving the pattern of the 

bowtie nanoantenna in a quadrupole configuration. Two 

orthogonal bowtie structures are placed on the middle of the 

PhC cavity to increase the vertical coupling efficiency, 

defining a quadrupole pattern, as in Fig. 5. 

 
Fig.5. Mode distribution in the cavity at resonance with (a) 

orthogonal quadrupole configuration and (b) 45° tilted one. 

The quadrupole of Fig. 5a obtains an improvement of about 

20% of the Q/V (= 1.2x10
7
 (λ/n)

-3
) compared to the simple 

bowtie. It also achieves stronger optical forces up to F = -9.2 

pN, even though the transmission drops slightly from T = 

29% to T = 20% By rotating the quadrupole by 45°, we 

obtain a similar optical force, but bring the transmission 

back up to 32%, because the metal absorption is reduced 

when the metal strips do not overlap with the direction of 

light propagation in the PhC. 

The higher force results in a higher stability value, which in 

turn allows us to further decrease the input power required 

for stable trapping. 

Conclusions 

We have designed a high performance optical tweezer for 

nanoparticle trapping. The hybrid cavity, including a 1D 

PhC cavity vertically coupled to a bowtie nanoantenna, has 

been simulated by 3D FEM simulations. We obtain a very-

high Q/V ratio of 10
7
 (λ/n)

3
 with a strong enhancement of 

the light-matter interaction. High values of optical forces 

around the bowtie have been calculated up to F = -4.4pN on 

a polystyrene particle with a diameter of 40 nm and 

assuming an input power Pin = 1mW. A stability S = 30 and 

an optical stiffness K = 90 pN/nm·W have been obtained, 

which confirm long trapping time and small fluctuations of 

the trapped nanoparticles in the bowtie. A further 

enhancement of the optical forces (Fmax  = -9.2 pN) has been 

obtained by optimizing the pattern of the nanoantenna in a 

quadrupole configuration, without worsening the detection 

resolution.  

Such performance makes the cavity suitable for nanoparticle 

trapping for medical applications, such as the detection and 

manipulation of small virus, bacteria and proteins. 
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Abstract 

We investigate the spectral responses of different 

multilayered plasmonic nanoantennas by using finite 

difference time domain (FDTD) method. By changing 

geometrical shapes of plasmonic nanoantenna arrays, we 

obtain the frequency responses in mid-infrared regime. We 

also show enhanced field distribution in the nanostructures 

at the corresponding resonance frequencies. Both spectral 

response and enhanced near field distributions can open up 
exciting new opportunities in applications ranging from 

subwavelength optics and optoelectronics to chemical and 

biosensing.  

1. Introduction 

Metamaterials (MMs) which consist of subwavelength 

elements whose spatially averaged response can be treated 

as that of a homogeneous medium with a characteristic 

effective permittivity (ε) and permeability (μ) are artificially 

constructed materials [1-3]. This enables the optical 

properties such as negative refractive index [1-3], strongly 

dispersive [4], and high permittivity materials [5]. The 

applications such as perfect lenses [6,7] or electromagnetic 

invisibility cloaks [8] have been enabled by such these 

properties. The perfect absorber (PA) concept, another 

recent application of MMs, provides that the resonant MMs 
can result in near unity absorbance over a small frequency 

range [9,10]. The applications such as sensitive detectors, 

thermal imaging or emitters, and thin film photovoltaic solar 

cells are the platforms of MM PAs [11]. 

 

Latest advances in nanofabrication and computational 

electromagnetic design techniques have enabled the 

realization of metallic nanostructures in different shapes and 

sizes with adjustable resonance frequencies [12–14]. 

Plasmonic nanoantennas operating at the infrared and visible 

regions open up new opportunities for various applications, 
from light manipulation to waveguiding devices [15]. Such 

structures provide a unique way to capture, control and 

manipulate light at the nanoscale through the excitation of 

collective electron oscillations known as surface plasmons 

(SPs) [16]. They are already used to concentrate light and 

have enabled a wide variety of infrared detection application 

techniques, such as surface-enhanced infrared absorption 

(SEIRA) spectroscopy. 

 

Metal–dielectric–metal (MDM) based plasmonic 

nanostructures simultaneously minimizing the reflectance 

with perfect impedance matching and eliminating the 
transmittance by maximizing material losses typically 

consist of three functional layers that comprise a dielectric 

layer sandwiched between two metal layers [17]. The top 

layer is mainly a periodically patterned metallic 

nanostructure that serves as an electric resonator. The 

bottom layer is mostly the thick metal plane which is used as 

an optical mirror that significantly reduces transmittance. 

The coupling between two metallic layers results in 

magnetic resonance depending on the thickness and 

dielectric constant of the dielectric layer [17].  

 

In this study, we compare reflectance spectra of different 
multilayered plasmonic nanoantenna arrays operating in 

mid-IR regime. We investigate the spectral response of these 

plasmonic nanoantennas by FDTD method. Furthermore, to 

understand the resonant behavior of the nanoantennas, we 

obtained theoretical (Surface Enhanced Infra-Red 

Absorption) SEIRA enhancement at the resonance 

frequency values [18]. Intense SEIRA enhancements are 

observed at the metal-dielectric interface.  

2. Numerical Analysis 

Proposed nanoantenna arrays illustrated in the Fig. 1 consist 

of a dielectric spacer layer (MgF2) between nanoparticle-

based top layer and gold (Au) film on a dielectric substrate 

(Si). Gold film thickness is 200 nm, MgF2 layer thickness is 

100 nm, Au nanoparticle thickness is 50 nm, and 
periodicities of the structures are 2000 nm for all designs. 

The lengths of the rectangles are 1500 nm (Fig 1.a) and 

isosceles triangles have 1000 nm base length and 400 nm 

height (Fig 1.c). The size of the apertures between the 

isosceles triangles is 50 nm (Fig 1.c). The designs given in 

Figs 1.a,d are different combinations of the geometrical 

shapes given by Figs. 1.b,c. We analyze these nanoantenna 

designs in the mid-infrared regime [19] by taking dielectric 

constants of the metals from Palik [20]. Periodic boundary 

conditions are used for x- and y-axes and perfectly matched 

layers are used along z-axis.  
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Figure 1. Schematic view of (a) rectangular-shaped, 

(b) extended rhombic-shaped, (c) discrete isosceles 

triangle couple-shaped, and (d) rhombic-shaped 

nanoantenna arrays. 

 

Fig. 2 shows reflectance spectra of the nanoantenna types 

given in Fig. 1. All of these structures exhibit different one-

resonant behaviors in mid infrared regime. The resonance 

frequencies are f = 74.01 THz (extended rhombic-shaped 
nanoparticles), f = 101.80 THz (discrete isosceles triangle 

couple-shaped nanoparticles) f = 57.98 THz (rectangular-

shaped nanoparticles), and f = 107.14 THz (rhombic-shaped 

nanoparticles). The highest reflectance value is yielded by 

rectangular-shaped nanoparticles and the lowest one is 

yielded by extended rhombic-shaped nanoparticles.  

 

 

Figure 2. Reflectance spectra of the different 

multilayered nanoantenna arrays. 
 

Fig. 3 shows absorbance spectra for nanoantenna arrays with 

different dielectric spacers. It can be seen from Fig. 3, all 

structures exhibit one-resonant behaviors in mid-IR regime. 

The resultant absorption spectra is calculated by A = 1 - R - 

T, where A is absorbance, T is transmittance, and R is 

reflectance. The absorbance spectra display clear resonances 

while the transmittance blocked by Au film is zero. The 

absorbance values are 0.615, 0.997, 0.979, and 0.965 for 

rectangular-shaped (Fig. 1.a), extended rhombic-shaped 

(Fig. 1.b), discrete isosceles triangle couple-shaped (Fig. 
1.c), and rhombic-shaped nanoantenna (Fig. 1.d). The 

highest absorbance value is yielded by extended rhombic-

shaped nanoantenna arrays. 

 

Figure 3. Absorbance spectra of the different 

multilayered nanoantenna arrays.  

 

Fig. 4 illustrates the distributions of near-field enhancement 

for all nanostructures presented in Fig. 1. The near field 

enhancements are obtained as 4000 times at f = 57.98 THz 

(Fig 4.a), 8000 times at f = 74.01 THz (Fig 4.b), 8000 

times at f = 101.80 THz (Fig 4.c) and 10000 times at  
f = 107.14 THz (Fig 4.d). SEIRA enhancements are 

concentrated at the metal particles-dielectric interface. 

As seen from the Fig. 4.d, SEIRA enhancement value is 
larger than 10000 times for rhombic nanoantenna. This is 

highly desirable for SEIRA measurements [21]. Extended 

rhombic-shaped nanoparticles decreasing free electron 

concentration and increasing the distance of interacting 

sharper edges with light exhibit the lowest reflectance value 

and good SEIRA enhancement while rhombic-shaped ones 

exhibit good reflectance value and highest SEIRA 

enhancement. However three designs of plasmonic 

nanoantenna arrays shown in Figs. 1.a,b,d can be good 

candidates for mid-IR spectroscopy applications.  

 

 

Figure 4. SEIRA enhancements under x-polarized 

illumination for (a) rectangular-shaped, (b) extended 

rhombic-shaped, (c) discrete isosceles triangle couple-

shaped and (d) rhombic-shaped nanoantenna.  
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3. Discussion 

Designed plasmonic nanoantenna arrays exhibit strong 

absorbance peaks and SEIRA enhancements in the mid-IR 

regime compared with the rectangular-particled one. These 

plasmonic based nanoantenna arrays can be useful for 

infrared detection applications. The highest absorbance 

value is yielded by extended rhombic-shaped nanoantenna 

arrays. 

4. Conclusions 

In conclusion, we examine reflectance spectra comparisons 

of different multilayered plasmonic nanoantenna arrays. The 

MDM structure comprises a 100 nm thick dielectric layer 
sandwiched by a 200 nm thick Au layer and 50 nm thick Au 

particals. We theoretically analyzed the physical origin of 

the spectral behavior by field distribution analysis. We 

obtain the spectral response and SEIRA enhancements of the 

proposed structure. The effects of the MgF2 spacer material 

on the resonance frequency responses of the proposed 

perfect absorbers are determined. Highly SEIRA 

enhancements show that these kinds of plasmonic 

nanostructure can be used in single molecule vibrational 

spectroscopy. 
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Abstract- The determinant factors of the photoluminescence enhancement spectra due to surface 
plasmon scattering with an organic material whose peak emission was distant from the plasma 
wavelength of a metal were investigated. The surface plasmon scattering rate was estimated using 
the rigorous scattering equations. An enhancement peak shift occurring with a thick organic layer 
was explained by considering the photon density of states and the penetration depth of the surface 
plasmon.  

 
1. Introduction 

Surface plasmon (SP) energy has been shown to be able to be extracted by a submicrometre-scale roughness 
on the surface of a metal film. So far, we have investigated SP-induced emission enhancements of some low 
molecular-weight organic materials and polymers, and have reported that the enhancement spectra changed when 
the organic layer’s thickness varied1). A comprehensive understanding of the mechanism at work here is still 
lacking. Particularly, it remains unsolved as to what determines the light amplification spectra of organic light 
emitters. It is known that the photon density of states (DOSs) is proportional to dk/d (k: wave number of the SP, 
and : angular frequency). This is one of the determinant factors, and it increases as  approaches the plasma 
frequency of a metal in proximity to an organic light emitting layer. SP-enhanced emissions from organic 
materials were first reported using a combination of Coumarin 460-doped polymer and Ag, and the PL 
enhancement ratio showed an increase, with wavelengths being shorter toward the plasma wavelengthp of Ag2). 
However, the PL enhancement ratios obtained in our experiments could not be explained solely by the photon 
density of states.  

The aim of the present work is to estimate the SP scattering rate using a rigorous scattering formula3), and to 
investigate whether the experimental results can be found to agree with the computed results. When the PL peak 
wavelength of organic emitters was far from the p of a metal used, it was found that both the SP penetration 
depth and DOSs were influential on the PL enhancement spectra.  
 
2. Experimental results and discussion 

It was apparent that the PL enhancement ratio didn’t increase with shorter wavelengths in, for example, a 
case like that of -NPD on Ag (Fig. 1). Enhancement spectra were calculated by taking the PL intensity with Ag 
divided by the intensity without Ag. -NPD and Ag were deposited using vacuum evaporation, and the p of Ag 

was calculated to be 375 nm. The peak of the PL enhancement ratio was situated differently from the original 
peak (430 nm) and shifted with thickness1). In order to understand the factors determining the basic spectral 
profile of the PL enhancement ratio for a thin layer which is free from the influence of the Förster energy 
transfer mechanism and/or reabsorption after SP scattering, we calculated the SP scattering rate. The average 



height and pitch of the actual surface irregularity on Ag were 7 nm and 100 nm, respectively, from the AFM 
measurements. In the calculation of the SP scattering rate, we assumed a one-dimensional surface defect, and 
took the wavelength-dependent propagation length into consideration: the SP created from the energy exchange 
of the exciton in the organic layer was supposed to propagate up to the propagation length. The propagation 
length was defined as the distance over which the power of the SP drops to 1/e due to Ohmic loss, and is easily 
estimated using an analysis formula. Figure 2 shows the SP scattering rate’s dependence on wavelength. 
However, this alone could not account for the movement of the enhancement peak wavelength observed when 
increasing the organic layer’s thickness. Thus, in addition, we considered the DOS and the influence of the SP 
penetration depth. Measurements were taken between the two results allowing for two factors (i.e. DOS and SP 
penetration depth) and only the penetration depth. This means that energy states in the short-wavelength range at 
around 400 nm determined by DOS weren’t filled up. 

 
3. Conclusions 

The scattering rate, DOS, and penetration depth all affect the light enhancement caused by plasmon 
absorption/scattering. When the PL peak wavelength is distant from the p of a metal, it is necessary to calculate 
the dependence of the penetration depth on the wavelength as well as the DOS.  
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Abstract 

In this study, a novel metamaterial absorber based on 

honeycomb shaped gold nanoparticles for infrared detection 

applications are presented. We demonstrate that the 

proposed perfect absorber has a dual band spectral response 

with almost unity absorbance and near field enhancements 

at the corresponding resonance frequencies are significantly 

higher than the conventional perfect absorbers. Due to the 

dual resonances and enhanced near field optical properties 

of this perfect absorber geometry it can be useful for 

infrared sensing applications.  

1. Introduction 

Plasmonic metamaterials based on metal-dielectric 

nanostructures with tunable electromagnetic properties have 

enabled and also advanced the wide range of applications 

like optical modulators, active filters and infrared and 

visible sensing [1-5]. Plasmonic perfect absorber concept is 

another application of these nanostructured metamaterials 

and has the potential to be utilized in applications like 

sensors - detectors [6] and solar cells [7]. In this study we 

propose a novel honeycomb shaped plasmonic metamaterial 

absorber which has dual spectral response in the mid-

infrared regime. We investigate the optical properties of this 

multilayered plasmonic nanoantenna array by using finite 

difference time domain (FDTD) method. In order to 

understand the physical origin of the resonant behavior and 

determine the field enhancement of the nanostructure, field 

distributions at the resonant frequencies are obtained. 

Normally incident plane wave radiation is used in order to 

excite the surface plasmon modes and periodic boundary 

conditions are used for x- and y-axes. Due to narrow band 

spectral response and enhanced near field distribution, the 

proposed absorber structure can be useful for infrared 

detection applications. 

2. Numerical Analysis 

Fig. 1(a) shows the schematic view of the unit cell of the 

proposed nanoantenna array. In this figure, “L” shows the 

width of the honeycomb shaped antenna and “G” shows the 

width of the gap between these nanoantennas. Px and Py 

represents the periodicities which are dependent to L and G. 

During the simulations the unit cell of the absorber structure 

is modeled by using Si substrate. Gold film is used as 

mirror plane to eliminate the transmittance and the MgF2 

layer is utilized as dielectric spacer. Fig. 1(b) shows the 

calculated spectral response of the honeycomb shaped 

absorber structure for L = 2000 nm and G = 200 nm under x 

polarized light source. The absorption values are calculated 

from the reflection and transmission values (A = 1 – R – T) 

and the obtained quality factor values are 14.93 and 48.50 

for the low frequency and high frequency resonance modes, 

respectively [8]. 

 
Figure 1: (a) Schematic view and (b) spectral response of 

the proposed structure. 

 
Figure 2: Near-field intensities (|E|

2
/|Ein|

2
) at the interface 

between the particles and dielectric spacer for L = 2000 nm 

and G = 200 nm at (a) f1 = 35.5 THz (1 = 8439 nm) and (b) 

f2 = 103.4 THz (2 = 2901 nm). 

Fig. 2(a) and (b) show the distribution of the near-field 

intensity enhancement of the structure. It has been observed 
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that high field enhancement at metal dielectric interface is 

achieved by the interaction of honeycomb shaped 

nanoantennas across the small gap between them. The near 

field enhancement is around 1000 times and this is highly 

desirable for the infrared detection applications.  

 
Fig. 3: Spectral response for x polarized light source (a) L 

variation, (b) G variation while other parameters are kept 

constant. 

Fig. 3(a) shows the L variation of the proposed nanoantenna 

when G=200 nm. Increasing L causes a larger honeycomb 

antenna and red-shifts the both modes significantly. Fig. 

3(b) shows the G variation which changes the gap between 

the honeycomb shaped particles. Increasing the G 

parameters causes a small blue-shift of the both modes.  

3. Conclusions 

Metamaterial-based perfect absorbers utilize intrinsic loss, 

with the aid of appropriate structural design, to achieve near 

unity absorption at a certain wavelength. For most of the 

conventional perfect absorbers, the absorption occurs only 

at a single wavelength where plasmon resonances are 

excited in the nanostructures. In this study we introduce a 

novel dual-band perfect absorber based on a gold 

honeycomb-shaped nanoparticle. Due to the high quality 

factor, enhanced near field confinement properties and dual 

band spectral response this structure can be very useful for 

multiband surface-enhanced infrared spectroscopy 

applications. 
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Abstract 

The effects of material thicknesses on the spectral responses 

of plasmonic absorber nanoantenna arrays based square 

fractal nanoholes are analyzed. Quality factor of the 

structure is also calculated. Absorbance spectra of the 

structure are presented versus different thicknesses for 

patterned layer and dielectric spacer. Due to its tunable 

resonance in mid-infrared regime to maintain large 

amplitudes and high-Q-factor features the proposed 

structure can be a good candidate for biosensing 

applications with the use of infrared spectroscopy 

techniques.  

1. Introduction 

Plasmonic perfect absorbers (PAs) have been studied by 

many researchers [1, 2]. Absorbance resonances in the 

infrared and visible regions have been proposed for the 

applications such as biomedical sensing, surface-enhanced 

spectroscopy, and near-field scanning optical microscopy 

[3]. In this study, we present a square fractal-shaped 

nanohole antenna operating in the mid-infrared regime as a 

plasmonic absorber. The spectral response of plasmonic 

nanohole array is investigated by using the finite-difference 

time-domain (FDTD) method and assessed for that these 

kinds of structures can be used in infrared detection 

applications. We determined the effects of thicknesses for 

hollow gold layer and magnesium fluoride spacer on the 

absorbance spectra. We obtain the field distributions of the 

resonant modes which indicates the physical provenance of 

the dual-band resonant behavior of the structure (Fig. 1).  

2. Numerical Analysis 

The geometrical parameters are defined as C, the width and 

height of central square nanoholes; W, the width and height 

of the first iteration square nanoholes; S, the geometrical 

interference of the rectangles; Px = Py periodicities; ts, the 

thickness of magnesium fluoride (MgF2) spacer; tTi, the 

thickness of Ti layer; and tAu, the thickness of structured 

gold layer (Fig. 1.a). The thicknesses of gold film and SiO2 

substrate are 100 nm and 1000 nm. Reflectance, 

transmittance and absorbance spectra are presented in Fig 

1.b. We analyze these nanoantenna designs [4-8] by taking 

dielectric constants of the metals from Palik [9]. Periodic 

boundary conditions are used for x- and y-axes and perfectly 

matched layers are used along z-axis. The absorbance 

reaching 0.993 at the resonance (res = 4966.9 nm, fres=60.4 

THz) is calculated by A = 1 – R - T [10]. Additionally, the 

quality factor which indicates the frequency resolution of the 

system is calculated by Q=√3 fres/∆f and obtained as 18.08 

[11] for the responses given in Fig. 1.b.  

 

 

 
Figure 1: The unit cell and the spectral responses of the 

proposed nanohole array: (a) The perspective view of the 

structure including illumination source, (b) the spectra under 

y-polarized illumination source for dimensions as C = 100 

nm, W = 500 nm, S = 50 nm, Px = Py = 2000 nm, ts = 400 

nm, tTi = 5 nm, and tAu = 30 nm, 100 nm thick gold film and 

1000 nm thick SiO2 substrate.  

 

 

 

Figure 2: Theoretical SEIRA enhancement under y-polarized 

illumination: (a) The horizontal and vertical monitors, M1 

and M2; and near field intensities under y-polarized 

illumination source (b) from the vertical and (c) horizontal 

monitors. 
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The field distributions (|E|
2
/|Ein|

2
) for the resonance are given 

in Figs. 2.b and c. Enhanced near field distributions over the 

xy-plane (horizontal) and yz-plane (vertical) for different z-

planes at these frequencies are obtained (Fig 2.a). The near 

field enhancement is ~7240 at the resonance wavelength, 

res = 4966.9 nm (fres=60.4 THz). This enhancement values 

are convenient for SEIRA measurements [12]. 

 

Structured gold and MgF2 spacer layer thicknesses are the 

parameters that are effective on the spectral responses of the 

proposed perfect absorber. Increasing gold layer thickness 

blue-shifts the resonance and decreases the reflectance at 30 

nm < tAu < 90 nm as shown in Fig. 3.a. While ts increases, 

resonance red-shifts and the reflectance decreases (Fig. 3.b), 

except ts = 100 nm.  

 

 

Figure 3: The absorbance spectra for (a) tAu variation (tSiN = 

100 nm) and (b) ts variation (tAu = 30 nm). 

3. Conclusions 

In conclusion, we have demonstrated a tunable metamaterial 

PA based on a square fractal nanohole antenna. 

Significantly, in contrast to the earlier PA structures, its use 

as the resonant element of a PA allows for its resonances to 

maintain large amplitudes and relatively high Q factors as 

they are tuned throughout the mid-IR. This feature makes 

the implementation of PAs in biosensing applications 

extremely promising, especially SEIRA, given the 

importance of monitoring the spectral windows in MIR 

spectroscopy. 
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Abstract 

We propose surface plasmon resonance (SPR) device using 

ZnO/Au/prism structure and study its response to CO2 gas. 

The SPR device is based on a modified Au-Kretschmann 

configuration with nanostructured ZnO/Au layer deposited 

on the flat surface of the prism. The ZnO structures were 

characterized by X-ray diffraction (XRD), scanning electron 

microscope (SEM), and energy dispersive spectroscopy 

(EDS). We found that ZnO structures have two types of 

nanostructures, i.e., individual nanorods and flower-like 

structures, which have crystal structure of hexagonal. The 

ZnO nanorod has a diameter ranged from 200 nm to 300 nm 

and length ranged from 3 μm to 5 μm. The effect of gas 

response is demonstrated by a shift of SPR spectra and a 

change in light reflectance due to the gas. It is found that the 

absorption of gas molecules on the ZnO sensitive layer 

produces the shift of SPR angle to the lower incident angle. 

A consistent sensing behavior over repetitive circles 

indicates that the SPR device works on good reproducibility 

for gas detection.  

1. Introduction 

Surface plasmon resonance (SPR) devices have attracted 

interest in the application to high sensitivity chemical 

sensors as well as biosensors [1, 2]. SPR phenomenon is 

derived from a p-polarized or tranverse magnetic 

electromagnetic wave (called as evanescent wave) at a 

metal/dielectric interface under the total internal reflection 

(TIR) condition. The evanescent wave has a strongest value 

due to a resonance coupling between the evanescent wave 

and the surface plasmon wave at the condition of kEW=kSP, 

where kEW is the wave vector of the evanescent wave and 

kSP is the wave vector of the surface plasmon. Such 

strongest value is indicated by a sharp valley in the typical 

SPR spectra. The incident light angle at the sharp valley is 

known as SPR angle [2]. The sharp valley is very sensitive 

to a change in thickness and/or refractive index of the 

adjacent dielectric media next to the metal film. SPR sensor 

works based on a measurement of SPR angle shift due to 

change of the adjacent dielectric media, which can be 

attributed to the sensor object.  

So far, metallic film used for SPR-based sensor consists 

of either gold (Au), silver (Ag), or aluminum (Al) [3, 4]. 

Many researchers utilized Au because of a higher SPR 

angle shift (high sensing resolution) and high chemical 

stability. Ag, on the other hand, demonstrates a narrower 

SPR curve but chemically unstable. It has been reported that 

Al may demonstrate a shapper SPR valley than Au and Ag, 

but Al has poor chemically stable [4]. 

In SPR gas sensor application, several types of gas, such 

as H2 [5], chloroform [6], alcohol [7], NOx [8], etc., have 

been investigated. Several researchers used a sensitive layer 

such as zinc oxide (ZnO) [9-12] and titanium dioxide (TiO2) 

[13] formed on a thin metal film for capturing objects. The 

change of refractive index in the sensitive layer due to 

adsorption of gas species on sensitive layer surface results 

in a shift of the SPR spectra, so that such shift can be read 

as a sensor signal. Nanostructured ZnO is one of the most 

promising material in gas sensor applications because of its 

high sensitive response to gaseous species, non-toxicity, and 

low cost. ZnO is also known as sensitive layer for SPR 

sensor which is enable to detect H2S [9], Cl2 [10], NO2 [11], 

ammonia [12], however, to our knowledge, ZnO sensing 

response to CO2 has not been reported yet.  

In this work, we design and fabricate ZnO/Au/prism-

based SPR device and study the effect of CO2 gas to SPR 

spectra. Here, BK-7 semicylindrical prism is used, in which 

the flat surface of the prism is coated by Au thin film and 

then followed by a formation of ZnO nanorods on the Au 

surface. The gas sensing properties of the ZnO nanorods 

towards CO2 gas was studied by monitoring the change both 

of SPR spectra and light reflectance on time-dependent 

characteristics. 

2. Experimental Procedure 

The structure of SPR based sensing device is 

schematically shown in Fig. 1(a). It consists of ZnO/Au/BK-

7 semicylindrical prism, which was fabricated as follow. 

The Au thin film was firstly deposited on the flat surface of 

BK-7 semicylindrical prism by using a sputtering technique. 

Next, ZnO nanostructures were formed on the Au/BK-7 

prism surface by the method which mainly has two steps, 

i.e., formation of a seed layer and growth of ZnO [14]. The 

seed layer was formed on the Au surface by using a dip 

technique. As a starting material, the seed solution was 

synthesized by mixing diethanolamine of about 1.845 ml 

and ethylene glycol of about 60 ml for 60 minutes at the 
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temperature of 75°C. The prism was then dipped in the seed 

solution for 5 minutes, followed by annealing for 30 minutes 

at the temperature of 100°C.  

As a preparation of ZnO growth, ZnO solution was 

synthesized by mixing Zinc nitrate tetrahydrate (Zn(NO3)2) 

of about 0.341 g as a precursor, and hexamethylenetetramine 

of about 0.187 g which was dissolved in the solution of 

ethanol and distilled water (1:3). The ZnO structures were 

grown on the seed layer by dipping the sample in the ZnO 

solution for 60 minutes at the temperature of 90 ºC. In order 

to confirm the growth of ZnO, we characterized the sample 

by using the X-ray diffraction (XRD), scanning electron 

microscope (SEM), and energy dispersive spectroscopy 

(EDS). 

 

 
(a) 

 

(b) 

Figure 1. (a) A modified Kretschmann configuration with 

structure of ZnO/Au/BK-7 prism and (b) experimental setup 

of SPR measurement. 

 

Measurements of SPR spectra were carried out using 

homemade SPR equipment consisting of a laser as a light 

source, a polarizer, a beam splitter for producing p-

polarized light, a modified Kretschmann configuration as a 

sample, and a photodiode as a light reflectance detector, as 

shown in Fig. 1(b) [15]. Here, p-polarized light from the 

beam splitter is irradiated onto the prism/sample interface 

and then the light reflectance is measured by the 

photodiode. We investigate the intensity variation of the 

reflected light as a function of the light incident angle from 

30° to 60° with the resolution of about 0.1°. In this 

experiment, a carbon dioxide (CO2) is flowed into the SPR 

chamber (see Fig. 1(b)) in order to investigate the gas 

response. 

3. Results and Discussion 

The crystalline structure of ZnO nanostructures and Au 

thin film was analyzed by X-Ray Diffraction (XRD) 

technique, using CuKα radiation (λ=1.5418 Å). Figure 2 

shows XRD diffraction pattern of the sample (ZnO/Au). 

The pattern is compared by the XRD pattern standards both 

of ZnO (JCPDS No. 36-1451) and Au materials (JCPDS 

No. 4-784). The result confirms that ZnO structures were 

successfully formed on the Au surface. The diffraction peak 

observed at 2θ ≈ 31.87° corresponding to (100) plane 

confirmed the formation of ZnO structure with hexagonal 

structure. On the other hand, the diffraction peaks at 2θ ≈ 

38.31°, 44.48°, and 64.80° confirmed the (100), (200), and 

(220) planes, respectively, of Au lattice with cubic structure 

on. The unit cell parameter a is estimated of about 3.172 Å, 

which is closed to the bulk ZnO standard of about 3.253 Å.  

 
Figure 2. XRD pattern of ZnO/Au/BK-7 prism structure.  

 

Figure 3 shows a scanning electron microscope (SEM) 

image of ZnO structures formed on the Au film surface. In 

this image, dark region is attributed to the Au film surface 

while white structures are attributed to the ZnO component. 

It can be seen that two types of ZnO structures appear, i.e., 

individual rod-structures and flower-like structures. In order 

to investigate the flower-like structures, the region shown 

by the white square was magnified, as shown in Fig.3(b). 

From this image, it is obvious that the flower-like structures 

are formed by the group of rod-structures with diameter 

ranged from 200 nm to 300 nm and length ranged from 3 

µm to 5 µm.  

The elements at a location of point A in Fig. 3(b) were 

then analyzed by EDS. The Zn, O, and Au elements are 

confirmed to be about 39 %wt, 24.82 %wt, and 17.67 %wt, 

respectively. The other elements, Si element of about 4.88 

%wt and C element of 12.88 %wt are also detected, which 

are probably attributed to the element of glass prism under 

ZnO/Au layer and the residual CO2 gas. 
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(a) 

 
(b) 

Figure 3. (a) SEM image of ZnO structures formed on the 

Au film surface and (b) The magnification of SEM image in 

dotted line square at Fig. 3(a). 

 

Figure 4 shows the light reflectance versus light incident 

angle (SPR spectra) of Au/BK-7 prism and ZnO/Au/BK-7 

prism structures obtained in air at a room temperature. In 

SPR curve of Au/BK-7 prism, an almost ideal SPR curve is 

obtained with a total internal reflection at the light incident 

angle of 44.5⁰ and the SPR angle of 47.0⁰. For 

ZnO/Au/BK-7 prism, a modified SPR spectra is seen. Here, 

the SPR curve of ZnO/Au/BK-7 prism is shifted vertically 

by 0.1 for clarify. In this curve, the SPR angle of 

ZnO/Au/BK-7 prism shifts to a higher angle about 0.5⁰ 
comparing to the SPR angle of Au/BK-7 prism structure. 

This peak shift could be attributed to the additional 

dielectric media, i.e. the formation of ZnO nanostructures 

on the Au layer. Such SPR angle shift due to the formation 

of ZnO on the Au surface has also been reported by Fenga 

et. al [16]. 

 

Figure 4. Experimental result of SPR spectra for both 

Au/BK-7 prism and ZnO/Au/BK-7 prism structures. The 

SPR curve of ZnO/Au/BK-7 prism is shifted vertically by 

0.1 for clarify. 

 

Figure 5 shows the SPR spectra of the ZnO/Au/BK-7 

prism structure both for the measurement under the CO2 gas 

with a flow rate of 2 l/min (gas ON) and measurement 

without CO2 gas flow (gas OFF). It is noted that the SPR 

curve under gas ON is shifted vertically by 0.05 for clarify. 

It can be clearly seen that the SPR angle of the sample 

under gas ON shifts to the lower angle about 0.7°, 

comparing to the measurement under gas OFF. Such peak 

shift may be caused by the chemisorptions states of CO2 on 

the surface of ZnO or the reaction between CO2 and ZnO 

[17]. 

 

 
Figure 5. SPR spectra of ZnO/Au/BK-7 structure for 

measurement under gas OFF and gas ON. The SPR curve 

under gas ON is shifted vertically by 0.05 for clarify. 

 

Next, in order to measure directly the gas response, real 

time measurements were done. Figure 6 shows the three 

datas of the photodiode output as a function of the time 

under gas ON with the flow rate of 5 l/min and gas OFF. 

Figures 6(a), 6(b), and 6(c) are obtained by fixing the SPR 

angle at 46.2º, 45.0º, and 45.8º, respectively. It can be seen 

in Fig. 6(a) that, before the gas is introduced into the SPR 

chamber, the photodiode output is about 3380 mV – 3360 
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mV. When gas enters the SPR chamber at the time of 120 s, 

the output abruptly decreases to the about 3320 mV, and 

then there is no significant change in the photodiode output. 

When the gas flow is stopped at the time of 240 s (gas 

OFF), the output gradually increases. This result strongly 

indicates that, a present of the CO2 gas can be detected by 

our SPR device. It is noted that a small response time (less 

than 10 s) was obtained, but a recovery time is larger than 3 

mins. In order to confirm this result, the same experiment 

was done, as shown in Fig. 6(b). As a result, a similar result 

is also found in Fig. 6(b).  

Figure 6(c) displays the gas response in an opposite 

experimental condition than that of Figs. 6(a) and 6(b). 

Here, the measurement starts from gas ON, followed by gas 

OFF, and finally gas ON. It can be seen that the magnitude 

of the photodiode output gradually increases when the gas 

flow is stopped (gas OFF). When the gas is flowed again 

(gas ON), the output rapidly decreases. This result 

reproduces the results in Figs. 6(a) and 6(b). The results of 

gas response in real time measurement also confirmed that 

the SPR angle under gas ON shifts to the lower angle 

comparing to the SPR angle under gas OFF, as shown in 

Fig.5. 

 

 

Figure 6. Time dependent of photodiode output when the 

gas is flowed (gas ON) and the gas flow is stopped (gas 

OFF). Noted that the SPR angle is fixed at 46.2º, 45.0º, and 

45.8º for Figs. 6(a), 6(b), and 6(c), respectively. 

4. Conclusions 

We have designed and fabricated the SPR device containing 

ZnO/Au/BK-7 prism structure for gas sensor and studied its 

response to the CO2 gas. The gas detection is indicated by 

the shift of the SPR angle to the lower incident angle due to 

the present of CO2 molecule gas on the ZnO surface. The 

measurement of gas sensing in real time also confirmed that 

the our SPR device sensitively responds the CO2 gas. These 

results open up the possibility of the CO2 gas detection 

using ZnO/Au-based SPR sensor. 
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Abstract
Different ion species deliver a different material sputter-
ing yield and implantation depth, thus enabling focused
ion beam (FIB) fabrication for diverse applications. FIB
milling using newly developed double charged Au2+ and
Si2+ ions has been carried out on Au sputtered films to de-
fine arrays of densely packed disk and rectangular geometry
nanoparticles with extinction peak at around 800 nm wave-
length. A possibility to use such ion implantation to tailor
etching rate of silicon is also demonstrated.

1. Introduction
The progress of various micro/nano devices highly de-
pends on available fabrication techniques. Metamaterial
surfaces [1, 2], planar optical elements [3, 4], plasmonic
circuits [5, 6] and many other fields are moving forward
as higher resolution and higher throughput technologies
evolve. Mask projection UV lithography with achievable
resolutions below 100 nm [7] is used where high through-
put is required, i.e. mass production and large area devices.
UV lithography requires mask with a pattern to be projected
on a desired substrate. The masks are usually written us-
ing higher spacial resolution (below 10 nm), but relatively
slower electron beam lithography (EBL) process. EBL uses
focused high energy (typically 30-100 keV) electron beam
to locally modify resist layer witch will be later used as a
mask for metallization and lift-off or etching steps. Fabri-
cation time is longer because electron beam scans the sub-
strate and exposes the resist in small steps rather than pro-
jecting the entire pattern at once. This drawback might be
overcome as multi beam and projection EBL techniques
are being developed. For the patterns which combine large
area low resolution and small footprint high resolution pat-
terns, for example terahertz antennas, a combination of
photolithography and EBL is a common choice [8].

These two major micro/nano fabrication techniques can
be further complimented by focused ion beam (FIB) lithog-
raphy, witch has an additional capability beyond resist ex-
posure and can be used for material removal and a surface
3D milling with tens-of-nanometers resolution. Milling
with Ga+-ions is the most developed technique in the field

of focused ion beam technology and is mostly used for
cross sectioning of samples and lamella preparation for
transmission electron microscopy. Ion beam stability is-
sues have restrained FIB applications in high resolution pat-
terning over large area, but significant progress has been
achieved over the last decade and now ion beam lithogra-
phy (IBL) systems with resolution down to 10 nm are com-
mercially available (Raith GmbH). Low melting tempera-
ture and relatively heavy ions of gallium have made this
material attractive in designing FIB systems, however for
many plasmonic applications Ga implantation and deposi-
tion into gold is increasing losses at the visible-IR spectral
range where Au nanostructures are widely used to concen-
trate light into ”hot spots” for various applications, e. g.,
surface enhanced Raman scattering (SERS) [9, 10], second
harmonic generation (SHG) [11, 12] and enhanced fluores-
cence [13]. Modification of micro/nano electrical circuits
by direct write ion beam lithography is very appealing for
fast prototyping, however Ga implantation creates electri-
cal shorts in the circuits and decreases overall performance
of the modified devices.

As gold is widely used in plasmonics and electronics is
based on silicon, the use of these two ions in IBL systems is
expected to enable new devices and faster prototyping pro-
cesses. Recently developed Au/Si and Au/Si/Ge alloys have
been implemented as ion sources (Raith GmbH), allowing
high resolution patterning with single or double charged Au
or Si ions.

Here we demonstrate direct write capabilities of
nanoparticle arrays using double charged Au and Si ions.
The measured optical properties of the patterns indicates
different resonance positions for similar structures fabri-
cated using diverse ion species. Direct surface modifica-
tion/functionalization with Au2+ is also discussed.

2. Experimental

Ion beam milling using Ga+, Si2+ and Au2+ ions was car-
ried out on a gold coated glass substrates. The substrates
were made by first cleaning 1 cm × 1 cm and 500 µm
thick BK7 glass pieces in ultrasonic bath using acetone
and methanol followed by drying in nitrogen flow. Then,
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Figure 1: a) 25 µm by 25 µm field nanoparticle array di-
rectly milled by focused Ga ions. The structure was pat-
terned writing perpendicular lines into the evaporated gold
layer; b) and c) close-up arrays of the obtained disks and
rectangles respectively.

3 nm chromium for adhesion and 50 nm gold layers were
e-beam evaporated (J.K. Lesker, AXXIS). The coated sub-
strates were then placed into ion beam lithography system
(IonLiNE, Raith) for nano-patterning. Single charged Ga
and double charged Au/Si ions were further used for direct
writing of nanoparticle arrays into the evaporated gold film.

For etching experiments a single side polished p-type
〈100〉 orientation silicon wafer was used as a substrate. The
wafer was rinsed in methanol to remove any remaining par-
ticles and dried under gentle nitrogen flow. The substrate
was then loaded into IBL for gold implantation.

3. Results and Discussion

As mentioned in the introduction many applications use
plasmonic particles where localized surface plasmon (LSP)
resonance enhance electric field in particular spots around
the structure. The resonance frequency can be tuned by
changing particle shape [14], material [15, 16], size or al-
tering its environment [17]. Gold bars in size from tens to
a few hundreds of nanometers were shown to exhibit LSP
resonances at visible-IR spectrum range [18,19], thus lasers
can be used for resonance excitation. Most of the practi-
cal plasmonic devices such as SERS or SHG substrates use
dense arrays of the resonating particles to have higher sig-
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Figure 2: Measured extinction spectra of FIB milled disks
and rectangles. The broadband illumination source is not
polarized.

nal which is being integrated over large area as opposed to
single particle response. Large nanoparticle arrays can be
coated by nonlinear polymers [20, 21] to enhance harmon-
ics generation further.

Most of the periodic plasmonic substrates are prepared
using top-down approach and since high resolution patterns
are required EBL is being used. Electron beam lithogra-
phy process involves resist coating and development steps
which makes it complex and requires auxiliary metaliza-
tion or etching tools. We used fairly simple approach to
fabricate tens-of-microns large fields of plasmonic nanopar-
ticles by direct writing with focused ions - the ion beam
lithography (IBL). The resist processing steps are elimi-
nated in direct write IBL technique and writing speeds up
to 103 µm2/hour can be reached using Ga+ ions [22]. Di-
rect FIB milling is especially appealing where high den-
sity nanoparticle arrays with tens-of-nanometers resolution
need to be fabricated. Figure 1 shows 25 µm by 25 µm
field patterned with focused Ga+ beam. The two particle
geometries - 90 nm diameter disks (Fig.1a) and 90 nm ×
210 nm rectangles (Fig.1b), both separated by 90 nm each
direction from neighbouring particles - were patterned us-
ing Ga ion beam. The structures were written by drawing
a grid composed of 25 µm long perpendicular lines on the
gold coating. The particle size was controlled by chang-
ing the distance between the parallel lines and the separa-
tion width was varied by altering the current of the writing
beam. Higher current would result in faster material re-
moval though the groove width would be larger.

The extinction spectra of Ga milled patterns was mea-
sured using broadband unpolarized illumination source.
Transmission through the selected area with nano-particles,
T , and a reference transmission through the substrate, T0,
were measured and extinction was calculated as Ext =
−lg(T/T0). The data are plotted in Fig.2. No distinctive
plasmon resonance peaks in our measurement window were
observed for the disk structures. However, the bar shaped

2



a)
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Figure 3: Array of rectangular nanoparticles with dimen-
sions 190 nm× 100 nm and∼50 nm spacing. a) and b) top
and 45 degree view of Au2+ milled pattern; c) top view of
Si2+ fabricated strucure. Scale bars are 250 nm.

particles have showed a resonance at around 850 nm wave-
length. This resonance is well suited for SERS measure-
ments as wavelengths around 750 -800 nm are often used
for excitation.

As the rectangular geometry particle arrays have
showed the plasmonic resonance peak, the design was fur-
ther considered for fabrication with double charged gold
and silicon ions. Gold is heavier than gallium and due to
double charge the accelerated ions have higher energy, thus
the material sputtering rate for Au2+ is three time higher as
compared with Ga+. On the other hand, silicon is lighter
and even though its ions have double charge, the milling
rate is somewhere three times slower as compared with
Ga+. Scanning electron micrographs of the patterned struc-
tures are shown in Fig. 3. A writing strategy was a bit dif-
ferent than in case of milling with Ga+. It was found that
redeposition of the milled gold film is closing the formed
gaps between the vertical lines when horizontal ones are be-
ing milled. The writing strategy was then adjusted to mill
vertical lines with a half dose required to cut through the
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Figure 4: Measured extinction spectra of nanoparticle array
shown in Fig.3a. The spectra was measured for two perpen-
dicular polarizations as shown in the inset, the resonance
peak at around 750 nm represents plasmon oscillation mode
lengthwise long axis.

gold layer first, then write horizontal ones and finally re-
peat half dose single pass on the vertical lines. As can be
noticed by comparing Fig. 3 a and b images, the edges are
sharper and the geometry is better maintained when milling
with heavier Au ions rather than lighter Si. A gold layer
milling by gold ions does not affect material properties as
the same material is implanted. The measured extinction
spectra is shown in Fig. 4. The measurements were done
using polarized light source, thus the resonance lengthwise
the bar is well expressed in the spectra with the quality fac-
tor Q = wavelength/width ' 5, which is larger than that
of antennas milled by Ga+ shown in Fig. 2.

A controlled implantation of Au into the substrate near
end points of antenna where light is concentrated might be
useful for SERS based sensors. Further studies are required
to find out if gold ions implanted into a substrate can be ac-
tivated for functionalization. Application of selective gold
implantation was demonstrated to write arbitrary graphene
patterns on silicon carbide substrate [23]. It was shown that
gallium implanted into Si or diamond surface forms several
nanometers thick hard mask for etching [24, 25]. A pos-
sibility to alter silicon etching rate using high lateral pre-
cision Au implantation was tested. Figure 5 shows SEM
images which demonstrate 300 nm width nanograss lines
separated by 100 nm wide flat silicon areas. The etching
was done using SF6/O2 gas mixture in Samco RIE-101iPH
etcher. High energy (30 kV accelerating voltage) Au ions
breaks silicon bonds and makes it more reactive [26], thus
increasing the etching rate. The nanograss in the damaged
areas were formed possibly due to additional local masking
of the implanted ions.

High precision implantation on insulating substrates,
like diamond or SiC, is challenging as surface charging
shifts the beam during writing and distorts the final pat-
tern. In that case, UV light illumination of the patterning
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Figure 5: Silicon surface after 30 s etching in SF6/O2

plasma. The implanted regions resulted in nanograss for-
mation. a) 45 degree view; b) top view.

area might be used to effectively neutralize surface charg-
ing [27] and allow the nanoscale precision.

SERS measurements using thiophenol were carried out
for the Au milled as well as for Au implanted Si substrates
using standard procedure [28, 29]. Due to covalent bond-
ing of thiols to Au there was expectation that SERS signals
from nano-clusters of Au implanted near the antenna tips
or from the surface will be distinguished. However, only
very weak SERS was observed in those first trials. Au an-
tennas for the 785 nm wavelength used in SERS should be
optimised and different Au+ and Au2+ ions compared for
milling and implantation.

4. Conclusions

Focused ion milling (or ion beam lithography) with increas-
ing variety of ion species is becoming a promising nan-
otechnology tool and is not limited to sample slicing for
TEM lamella preparation. High density nanoparticle arrays
with a footprint of 25 µm by 25 µm were fabricated using
focused Ga+, Au2+ and Si2+ ions. The milling rate for
Au2+ was evaluated to be almost one order of magnitude
higher than for Si2+ and 3 times greater than using Ga+

ions. Precise high energy Au2+ implantation into silicon
allows to change Si etching rate and tailor surface morphol-

ogy at the nanoscale. 400 nm period and 300 nm width
Si nanograss lines were demonstrated by gold implantation
and subsequent dry etching. Milling, implanting of ions
with a sub-10 nm resolution is expected to open new appli-
cations in the fields of nano-scale and engineering. Since
different eutectic alloys especially with gold can be pre-
pared, this technology is promising for a readily extension
into other ion species.
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M. Daškevičienė, V. Getautis, and Z. Balevičius,
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Abstract We demonstrate how metamaterial perfect absorbers can be used to achieve near-unity 

optical absorption using ultrathin plasmonic nanostructures with thicknesses of 15 nm, smaller than 

the hot electron diffusion length. By integrating the metamaterial with a silicon substrate, we 

experimentally demonstrate a broadband and omnidirectional hot electron photodetector with a 

photoresponsivity that is among the highest yet reported. We also show how this approach can be 

used to realize highly selective detection of circularly polarized light.  

 

While the non-radiative decay of surface plasmons was once thought to be only a parasitic process 

which limits the performance of plasmonic devices, it has recently been shown that it can be harnessed in the 

form of hot electrons for use in photocatalysis1,2, photovoltaics3, and photodetectors4–6. Unfortunately, the 

quantum efficiency of hot electron devices remains low due to poor electron injection, and in some cases, low 

optical absorption. Here, we demonstrate how metamaterial perfect absorbers (MPAs) can be used to achieve 

near-unity optical absorption using ultrathin plasmonic nanostructures with thicknesses of 15 nm, smaller than 

the hot electron diffusion length7. 

The MPA is composed of a patterned n-type Si substrate, forming Si cubes, with a 1nm titanium adhesion 

layer and a 15nm gold film deposited on the surface (Fig. 1a). The metal film is naturally separated into an upper 

plasmonic resonator and metal backplane below the resonators. While the back plane is broken below the 

resonators, it still effectively acts as a reflector. When the MPA is illuminated, localized surface plasmon 

resonances (LSPRs) are excited on the upper resonators and a Fabry-Perot resonance is also present in the cavity 

formed between the resonator and back plane. This leads to near unity absorption, as shown in Fig. 1b, and the 

resonance wavelength can be readily tuned by changing either the period or resonator size. Furthermore, the 

response is insensitive to the polarization and maintains near-unity absorption up to an incident of ~70° (data not 

shown). Due to the presence of unity absorption and the use of ultra-thin metal films (15 nm), the devices yield 

photoresponsivities over 3 mA/W, which are among the highest reported to date.  

 

Figure 1. (a) Schematic of the MPA device. (b) Optical absorption measurements and simulations for 3 MPAs, all 

dimensions are in nm and H = 135 nm. (c) Measured and calculated photoresponsivity at zero bias, demonstrating 

a peak responsivity >3 mA/W at 1250 nm.  



One of the key benefits of the MPA approach is that the geometry of the top resonator can be used to control the 

polarization selectivity of the response while still maintaining unity absorption. Taking advantage of this fact, we 

have also demonstrated that such devices can be used to discriminate between left and right hand circularly 

polarized light by designing an MPA with a large degree of circular dichroism (CD). A left-handed unit cell of the 

metamaterial is shown in Fig. 2a and consists of a z-shaped silver antenna layer placed above a continuous silver 

back plane. The MPA is designed to be highly absorbing for right handed or left handed light and transparent for 

opposite handedness. Silver is used, in place of gold, to boost the CD by minimizing the absorption of the opposite 

handedness (Fig. 2b). Ultimately, the CD of the structure leads to a polarization discrimination ratio of 3.3 at 0V 

bias while maintaining a photoresponsivity of over 2 mA/W. 
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Figure 2. (a) Schematic of a left-handed chiral MPA device. (b) Simulated optical absorption measurements for 

LCP and RCP polarized light. (c) Measured photoresponsivity for LCP and RCP (left-handed device) 

demonstrating a polarization discrimination ratio of 3.3. 
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Abstract In this paper, we use a low-cost and simple method to fabricate Au nanoparticles(NPs) 

arrays and then investigate its plasmons enhanced electron tunneling characteristic when 

illuminated by light of different wavelengths. The self-assembly and secondary growth method is 

used to fabricate the Au NPs arrays with controlled size and spacing on the insulate glass substrate. 

We find that the photo-induced current strongly dependent on the wavelength of illuminated light.  

Key word: localized surface plasmon resonance, gold nanoparticles array, hot electrons 

 

Summary 

The outstanding light-trapping and electromagnetic concentrating properties of surface 

plasmon introduce variable applications including improving light absorption efficiency in the 

photovoltaic (PV) devices. Recently, plasmonic nanostructures have been investigated to convert 

the collected light into electrical energy by generating hot electrons. When light penetrates into the 

nanostructure and localized surface plasmon resonance (LSPR) generates, plasmons decay and 

transform the collective energy to electrons, which escape from the nanostructure and inject into 

the neighbor materials. Based on this phenomenon, plasmons induced hot electron provide an 

efficient method to convert light into electric current that can be used to develop alternative 

solar-energy harvesting devices or to design efficient photodetector with spectral responses 

circumventing band gap limitations. 

In this paper, we use a low-cost and simple method to fabricate Au nanoparticles (NPs) arrays 

and then investigate its plasmons enhanced electron tunneling characteristic when illuminated by 

light of different wavelengths. Firstly, we combine the self-assembly and secondary growth 

method to fabricate the Au NPs arrays with controlled size and spacing on the insulate glass 

substrate. The interparticles distance decreases with increasing the reagent concentration (HAuCl4) 

and the reaction time. Then we investigate the electron tunneling properties by measuring the I-V 

curves and find that the tunneling current strongly depends on the interparticles distance, and the 

current shows an abrupt increase when the interparticles distance reach the percolation threshold. 

Besides, we find that the largest current occurs when the gold NPs array is illuminated by light of 

LSPR wavelength. Finally, we give an explanation of the LSPR enhanced electron tunneling 

current in the Au NPs arrays. 
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Abstract- In this work, double layer photovoltaic cell (PV) is introduced in which the materials for 

the two layer are different. They are antireflection coating (ARC) layer covered by metamaterial 

(MTM) bounded by glass substrate and covered by air. The reflectance of the solar cell is studied. 

The effect of the MTM parameters on reflectance is studied. Results showed that the reflectance can 

be controlled by changing the reflectance index of MTM. 

 

Solar energy is an important source of energy due to its sustainability and availability in nature. The main 

component in this system is PV. Many studies focused in enhancing the efficiency of the system by improving 

the internal structure of the PV by the addition of antireflection coating (ARC) [1]. Single [2-3] or double [4-6] 

ARC layers are used to achieve minimum reflectance. A common example of ARC is SiNx for its high refractive 

index value [2]. In this paper, we extend our work [7] by considering dissipative Metamaterial (MTM). The 

proposed PV cell consists of double layers (Fig. 1) which are ARC made of SiNx with refractive index n2 and 

MTM layer with complex refractive index n1=n-i. Both layers are deposited on glass substrate with refractive 

index ns and covered by air with refractive index n0.  

 

 

 

 

 

 

 

 

 

Fig 1: The schematic of the proposed nanostructure PV Cell 

 

Following [8-9], the reflectance for our system is derived for both TE and TM polarization. Then, the total 

reflectance R for the PV cell is defined as the average of both values RTE (TE reflectance) and RTM (TM 

reflectance): 

                                                                   
2

TE TMR R
R


                                                                     (1) 

The total reflectance (equation (1)) is solved using maple 13 to verify the characteristics of the proposed PV cell.  
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Fig. 2:  The reflecance as calculated for n0=1, ns=1.47, n1=-2 -i, and n2=2.4 (SiNx) under normal incidence  

As presented by Fig. 2, the reflectance is calculated at different values of . Comparing with zero loss the 

reflectance is below 5.2% for almost the whole spectrum. These results support our proposed structure that the 

addition of MTM improve the absorption of PV cell as compared to previous study [6] 
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Abstract- Samples of polycrystalline Cu(In0.65, Ga0.35)Se2 bulk as well as thin films have been 

prepared. The crystal structure of prepared material identified as chalcopyrite structure using x-ray 

diffraction. Surface analysis was performed using scanning electron microscope and atomic force 

microscope. The optical energy gap is determined and has the value of 1.35 eV. The steady state 

and transient photoconductivity measurements illustrated the photosensitivity, recombination 

processes and the differential lifetime of the generated photo-carriers in the films under investigation. 

 

The most efficient single junction thin film solar cell was designed from polycrystalline CuIn1−xGaxSe2 .The 

highest efficiencies reported up to date for CIGS solar cells is 20.8 % [1]. So it is important to intensively study 

the photoelectronic properties for this alloy. Photoconductivity is considered to be an important tool for 

providing information regarding the nature of the photo-excitations. It is well known that the rise and decay 

curves of photocurrent are governed by the trapping states or recombination centers lying in the forbidden 

energy zone of a photoconductor. Therefore, these curves can be used to understand the nature and distribution 

of traps and recombination center [2]. Alloy of bulk polycrystalline Cu(In0.65, Ga0.35)Se2 has been prepared using 

Bridgman technique. Also thin films have been prepared by thermal evaporation method. The crystal structure 

was carried using x ray diffraction for the prepared samples. The alloy of Cu(In0.65, Ga0.35)Se2 is identified as  

chalcopyrite structure. The results of scanning electron microscope and atomic force microscope insured that the 

deposited layer show densely packed grains. The optical transmission and reflection of the prepared then films 

have been measured and the optical energy gap is determined to be of about 1.35 eV. The experimental results of 

the steady-state photoconductivity measurements is attractive and showed that the photoconductivity increases 

with the photo illumination. However, the slope of the current–voltage characteristics increases with an increase 

in the illumination level F due to excess generation of free charge carriers. The light intensity dependence of the 

photocurrent was plotted to elucidate the recombination processes of the photo-carriers in the film under 

investigation. The plot of photocurrent (Iph) versus light intensity (F) follows a power law Iph ∝F
γ
. The 

photoconductivity of Cu(In0.65, Ga0.35)Se2 showed a super-linearity behavior that explained by considering the 

presence of particular localized levels within the forbidden gap that induce a ‘sensitization’ [3, 4] of the 

semiconductor. Photosensitivity as an important parameter for photovoltaic application was measured for the 

prepared films and showed increased values with light illumination. The results of the transient behavior 

photoconductivity measurements enable us to present two inferences: (i) The decay of photocurrent exhibits fast 

and then becomes quite slow indicating the presence of a continuous distribution of defect states. This is 

confirmed by the inference that is extracted from the values of the exponent . (ii) The slope of such a decay 



curve as the time of the decay process increases that is because of the traps at all energies in the band gap have 

different values of time constant. Accordingly, the decay processes are investigated in line with the concept of 

differential lifetime d, which is calculated to be increased with the increase in time for all investigated levels of 

illumination. 

Acknowledgements, I gratefully acknowledge the King Abdul-Aziz City for Sciences and Technology (KACST), 

Riyadh, Kingdom of Saudi Arabia for their financial support provided through project P-S-11-0615 

 

REFERENCES 

1. P. Jackson, D. Hariskos, R. Wuerz, W. Wischmann and M. Powalla, Compositional investigation of 

potassium doped Cu(In,Ga)Se2 solar cells with efficiencies up to 20.8%, Phys. Status Solidi RRL, 8, (2014), 

219–222. 

2. S. Devi, S.G. Prakash, Pramana-journal of physics 43, (1994)121-127 

3. R.H. Bube, “Photoconductivity of Solids”, John Wiley & Sons, Inc. 1960. 

4. Rose A., “Concepts in Photoconductivity and Allied Problems”, (New York: Wiley-Interscience), (1963). 



            

Manufacturing thermal solar absorber with 2D tandem grating 

structures for high absorption efficiency 

 

J. H. Shin
1
, Y. D. Kim 

1
, H. J. Choi 

1
, H. Lee 

1*
, S. W. Han

2
, and B. J. Lee

2
 

1
 Department of Materials Science and Engineering, Korea University, South Korea 


2
 Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology, South Korea 

*
corresponding author: heonlee@korea.ac.kr 

 

Abstract-This study is about manufacturing technology of thermal solar absorber which consists of 

meta-structured 2D tandem grating. The 2D tandem grating structure contains metal grid, dielectric 

and metal film. Due to these complex grating structures, several resonances are occurred such as 

surface plasmonic resonance and magnetic resonance. As a result, absorption was increased on very 

wide region of wavelength. 

 

Figures and Tables:  

  

Figure 1. Designed 2D tandem grating structures. 

 



 

Figure 2. Schematic process of manufacturing 2D tandem grating structures. 

 

 

Figure 3. Change of absorption by 2D tandem grating structures. 
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Abstract 

In this paper, we report a first hand study of plasmon 

enhanced photocurrent observed in nanostructures based 

heterojunction solar cell. The heterojunction solar cell was 

fabricated using chemically synthesized narrow gap, IV-VI 

group semiconductor nanoparticles (PbS, PbSe), wide gap 

semiconductor ZnO nanowires, and gold nanoparticles, by 

spin-coating in ambient conditions (25C, 1atm). 

Nanostructures of variant sizes were integrated in to the 

heterojunction devices to study the effects on solar cell 

performance. The effects of fabrication conditions on 

device morphology and performance were also studied. 

1. Introduction 

The third generation solar cell composed of nanomaterials 

has been in the center of extensive studies for almost a 

decade. One of the most promising candidates for the third 

generation solar cell is the nanostructures based, 

heterojunction structured solar cell, due to its easy 

fabrication, tunable physical properties, inexpensive 

material cost, wider absorption spectra, and industrial 

scalability, being hotly pursued in the search of new 

alternative solar cell. Solar cells made of different materials, 

of different architectures and of different mechanisms have 

been proposed and studied in experiments. One of key 

challenges in the fabrication of such solar cells is to reduce 

the trap states within or at the interface of materials to 

minimum level. 

In this paper, we report a systematic, ongoing study of 

plasmon-enhanced photocurrent observed in nanostructures 

based heterojunction solar cell. We adopt the heterojunction 

architecture composed by PbS nanoparticles and ZnO 

nanowires, with introduction of Au nanoparticles as 

plasmon providers. To the best of the author’s knowledge, 

it’s never been reported before. As compared to most 

approaches in the field that take advantages of materials’ 

aspect or architecture aspect, our research aims to combine 

the advantages by combining the nanostructures through 

heterojunctions. This approach should be readily applied to 

other materials as well. 

2. Experiment Details 

This paper studies the introduction of Au nanoparticles into 

the heterojunction solar cell made of PbS (PbSe) 

nanoparticles and ZnO nanowires. As far as the authors’ 

best knowledge, there’s no report of The nanostructures 

were synthesized based on modified published procedures. 

The sizes of nanoparticles and diameters and lengths of 

nanowires can be readily tuned by varying the growth 

temperatures, growth time and precursor ratios. The 

fabrication of solar cells was done in ambient conditions by 

spin coating. 

Annealing of films made of nanostructures in different 

gases (air and N2) was investigated as well. The effects of 

nanostructures sizes, semiconductor materials, annealing 

temperatures and annealing gases are systematically 

studied. The nanostructures and solar cell devices were 

characterized by TEM, SEM, AFM, solar simulator and 

quantum efficiency measurements. Introducing metal 

nanoparticles was also studied and enhancement in the 

photocurrent was observed. We believe introducing metal 

nanoparticles increased the photocurrent as well as device 

performance of fabricated solar cell devices. 

 

2.1. Nanostructures Synthesis 

The nanostructures (PbS, PbSe nanoparticles, and ZnO 

nanowires) used in this paper were all synthesized 

according to published references. Au nanoparticles (10nm) 

are purchased from VWR. 

 

2.1.1. PbS, PbSe Nanoparticles Synthesis 

PbS and PbSe nanoparticles are synthesized by nucleation 

method. First, the Pb-precursor (PbO) and oleic acid are 

mixed and dissolved in organic solvent ODE at a 

temperature around 120 C under N2, and then temperature 

is adjusted to desired injection temperature (80C to 120C); 

second, after mixing for about 1 hour, S-precursor (TMS or 

Sulfur powder, Se powder, dissolved in ODE) is injected at 

the set temperature and the temperature is then decreased to 

the growth temperature (50C to 80C).  The growth time 

can be varied between 5 min to 24 hr to adjust the sizes 

(3nm to 10nm) and uniformity. 

 

2.1.2. ZnO nanowires 

ZnO nanowire is fabricated by hydrothermal method []. The 

diameters, lengths and density of ZnO nanowires can be 



2 

 

controlled by growth conditions. Generally, nanowires of 

~30-50nm diameters and of ~1um length can be readily 

grown on seeded FTO glasses. 

2.2. Device Fabrication 

The solar cell devices were fabricated by spin-coating 

method in well-vented fume hood under air atmosphere. The 

FTO substrates, nanostructures were cleaned carefully to get 

rid of excessive precursors, impurities and ligands. Devices 

were fabricated similarly with only PbS nanoparticles, PbS 

nanoparticles and ZnO nanowires, and PbS nanoparticles, 

Au nanoparticles and ZnO nanowires were fabricated. PbS 

solution in Hexane (10mg/ml) was used. EDT and MPA 

were used to remove ligand. Spin coater ran with ~1000rpm. 

About 15 layers were deposited repeated on the FTO 

subtracted with/without ZnO nanowires, interlayered with 

Au nanoparticles. The fabricated devices were annealed in 

air or N2 glove box at 100 °C for 10 minutes.  

2.3. Device characterization 

The devices were characterized by solar simulator (OAI) 

and EQE system. Three types of devices mentioned in the 

above section were characterized.  The IV and quantum 

efficiency were both studied. 

3. Discussion 

To be updated 

4. Conclusions 

To be updated 
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Abstract

Recently, amorphous HgCdTe films have been extensively
studied for various spectral detection applications due to
their interesting properties. Such properties include film
deposition on any substrate, direct growth on device and
higher operating temperatures with the low dark current. In
this work, we investigate the use of metasurfaces for pho-
ton trapping in amorphous HgCdTe detectors that confine
the light near the surface of the detecting materials and con-
sequently reduce the thickness of the semiconducting layer
that is needed, which yields a lower dark current.

1. Introduction

Conventional HgCdTe sensors have “active” volume where
the electron-hole pairs are generated within the semicon-
ductor that is on the order of λ3r , where λr is the wavelength
of operation of the device. This large volume yields a high
dark current. The crystalline HgCdTe-based infrared focal
plane arrays (IRFPAs) also suffer from the thermal expan-
sion mismatch between the Si readout integrated circuits
(ROICs) and the detector components so that the format of
IRFPAs is limited[1]. Thus, the active” volume of the pho-
todetectors has to be reduced and the lattice mismatch issue
has to be solved while keeping a high quantum efficiency
(QE)[2].

In recent years, subwavelength plasmonic photon
sorting devices that utilize metal-insulator-metal (MIM)
posts[3] or localized surface plasmons (SPs)[4] have been
explored for the sensor applications. Amorphous HgCdTe
(a-HgCdTe) has also been gaining considerable attention
not only because it solves the lattice mismatch issue but
also because it utilizes the low cost growth techniques such
as sputtering or chemical vapor deposition (CVD), while
the molecular beam epitaxy (MBE) technique or metal or-
ganic chemical vapor deposition (MOCVD) epitaxial sys-
tems have been used for the crystal HgCdTe (c-HgCdTe)
growth.

Hence, in this work, we study the use of photon trap-
ping in amorphous HgCdTe metamaterials. The proposed
design collects and confines the radiation near the surface
of amorphous HgCdTe material and consequently reduces
the thickness of the semiconducting layer to less than 0.5
µm, thereby also reducing the noise associated with high
operating temperature (HOT)[5, 6].

2. Plasmonic resonators
The structure studied in this work uses dispersion rela-
tion and propagation length of SP waves that are con-
trolled by a periodic array of subwavelength MIM or or
metal-semiconductor-metal (MSM) posts. On the metal-
dielectric interface, the SP wave vector is given as ksp =

ko
√

(εmεd)/(εm + εd), where ko = ω/c, and εm and εd
are the electric permittivities of the metal and dielectric ma-
terials, respectively [7]. The Drude model is used as it de-
scribes the frequency dependency of the metal:

εm = ε′m + iε′′m = ε∞ −
ω2
p

ω(ω + iΓ)
, (1)

where ωp is the plasma frequency and Γ = e/(meffµe) is
the damping rate with e as the electron charge, and meff

and µe as the effective mass and mobility of the charges
respectively. The initial dimensions of the structures can
be chosen based on Fabry-Perot waveguide theory, where
the cutoff frequencies ωmn or wavelengths λmn are given
by[8]

ωmn

c
=

2π

λmn
=

π√
ε

(
m2

`2
+
n2

w2

)1/2

, (2)

where ` is the length of the cavity, w is the width of the cav-
ity, ε is the dielectric constant of the material filling the cav-
ity, and m and n are integer numbers. Due to a Febry-Perot
like resonance of the guided mode, the metal-insulator-
metal (MIM) structure can exhibit a nearly total absorption
at ksp. Since the plasmonic resonators by MSM posts inde-
pendently demonstrate spectral tunability, the combination
of MSM resonators with different geometry on the meta-
surfaces can also independently sort the incident EM fields
into the different spectral bands.

Figure 1 shows a schematic of the polarization inde-
pendent 2D plasmonic metasurfaces. This configuration al-
lows for different ways of detecting the generated carriers
in the HgCdTe semiconducting region: (i) the transparent
and electrically conductive electrode such as Indium tin ox-
ide (ITO) can be deposited on top and can form a detector
together with the bottom metal electrode, and (ii) the inter-
digitated electrodes can be made as each metal unit cell is
connected through a wire. The structure in Fig. 1 is the de-
tector component that can be used as the focal plane array
(FPA) and can be connected to the readout integrated cir-
cuits (ROICs). The effective index of the guided mode on



Figure 1: A schematic of the polarization independent 2D
plasmonic metasurfaces.

the metasurfaces can be approximated as

neff + ikeff = nI

√
1 + (iλsp)/(πhI

√
εmetal), (3)

where nI is the index of the insulator and hI is the thickness
of the insulator[9].

3. Amorphous HgCdTe films
While optical, electronical, and structural properties of
amorphous semiconductors have been extensively studied
over the past few decades, a-HgCdTe has been investigated
very recently[6, 10, 11]. For example, Wang et al.[12]
reported, from his first-principles study, that the imagi-
nary parts of dielectric function of a-HgCdTe shows a large
broad peak, which is in agreement with other amorphous
semiconductors. While Wang et al. chose x = 0.5 where
Hg1−xCdxTe to have random configuration, Jincheng et
al.[13] used RF magnetron sputtering technique to deposit
a-HgCdTe and experimentally measured the dielectric spec-
tra of a-HgCdTe. The energy transition of a-HgCdTe was
different from that of c-HgCdTe, i.e., whereas c-HgCdTe
has many peaks and shoulders on its dielectric spectra be-
tween 1.7 and 4.7 eV, it is observed that a-HgCdTe has a
single broad peak due to the disorder in the surface mor-
phology. Feng et al. found that the dark conductivity and
photoconductivity of a-HgCdTe are different from those
of c-HgCdTe. While the dark conductions (the dark con-
ductivity and photoconductivity) of both c-HgCdTe and a-
HgCdTe films increase with increasing temperature, the a-
HgCdTe thin films show maximal photosensitivity at 240 K
that is higher than that of polycrystalline thin films in the
range from 170 to 300 K. Thus, these optical, electronical,
and structural properties of a-HgCdTe have to be consid-
ered in the metamaterial designs as a-HgCdTe is utilized in
the desired spectral range and operating temperature range.

In our work, we choose the dielectric function of a-
HgCdTe by [13] in the near infrared to the visible spec-
tral range, specifically from 0.7 µm to 1.7 µm, as shown
in Fig. 2. Generally, the optical data given in Fig. 2 can be
tuned with the amount of cadmium in the alloy composition
and annealing temperature.

Figure 2: Real and imaginary parts of the dielectric, i.e.,
ε1 and ε2, respectively, for amorphous HgCdTe film from
[13].

4. Modeling
4.1. Near-IR plasmonic device

We use the analytic approach by [14] and then use finite el-
ement method (Ansys HFSS) for our computational work
to understand the plasmonic behaviors of the structure. We
first check the reflectivity and QE spectra of the 1D plas-
monic structure for the TM polarization that is operating in
the near infrared range. Figures 3 and 4 show the optical
response of the near-IR plasmonic device. The a-HgCdTe
film is sandwiched by the top and bottom metal, compro-
mising the metal-semiconductor-metal system. The thick-
ness of a-HgCdTe, ta−MCT , can be approximately opti-
mized when ta−MCT = λr / (8n). The thickness of tgold
have almost no influence on the optical properties as soon
as they are greater than the skin depth of the metal. Choos-
ing the periodicity of 3/4 (λr / n) can avoid diffraction ef-
fects. Thus, to obtain the resonant frequency of 255 THz,
we chose the periodicity, Λ = 0.6 µm and the thickness of
a-HgCdTe, ta−HgCdTe = 100 nm. Notice that a-MCT film
at 255 THz (1.18 µm) still behaves as a semiconductor[13]
so that this semiconducting region can be used for the pho-
togeneration, where the QE can be exactly calculated by
evaluating the normalized flux of the time-average Poynt-
ing vector along the interface of the metal pad.

The electric field distributions in Fig. 3 shows that the
photogeneration zone can be located below the top metal
within the semiconducting region. The real components of
the electric fields in the z direction, i.e., the SP fields, also
show that at the resonant frequency of 255 THz, this config-
uration can be used for the near IR photodetecing element.
This strong SP localization within the semiconducting re-
gion results in the maximum QE of 83% in Fig. 4 where the
most light is being absorbed in the a-HgCdTe layer.

The 1D structure studied in Fig. 3 and 4 shows the po-
larization dependency, i.e. the resonant frequency in TM
polarization, fTM , is at 255 THz, and the resonant fre-
quency in TE polarization, fTE , is 384 THz. As depicted
in Fig. 1, the 2D rectangular cavities can be used to have
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Figure 3: (Left) Simulated distributions of the electric fields
of the near-IR 1D plasmonic device in the near infrared
range at the resonant frequency of 255 THz. The pe-
riodicity, Λ, is 0.6 µm and the thickness of a-HgCdTe,
ta−HgCdTe, is 100 nm. The maximum QE of the system
is 83%. The thickness of the metal has almost no influence
as long as it is greater than its skin depth. (Right) The real
components of electric fields in the z direction shows the
decaying modes of subwavelength SPs.

Figure 4: Optical response of the near-IR plasmonic device
in Fig. 3. The red line indicates the absorption of a-HgCdTe
where the maximum QE is 83% at 255 THz. The purple
line indicates the absorption of top gold, and the black line
indicates the absorption of the bottom substrate. Less than
5% of little dissipation occurs for both the top and bottom
metal. The blue dashed line indicates the reflectivity.

polarization independency. In general, the 2D dot array has
its resonant frequency located in the spectral range between
the resonant frequencies formed by TM and TE polariza-
tion.

4.2. Near-IR plasmonic device at higher frequencies

While the effective optical properties of the metasurfaces
can be approximated by Eq. 3 such that the dielectric func-
tions in Fig. 2 is used to design the photon sorter for any
spectral range, obtaining subwavelength SPs at even higher
frequencies is challenging since the SP resonances also de-
pend on the structural geometry such as filling vertical cav-
ities with the semiconductors. For example, Ourir et al.[15]
showed the optical diffraction limit at visible and ultraviolet

Figure 5: Calculated SP fields at a higher frequency, 375
THz. The periodicity, Λ, is 0.2 µm, and the thickness of
a-HgCdTe, ta−HgCdTe, is 38 nm. The dimension is opti-
mized to obtain the maximum QE of the system, i.e., 60%.
However, as the real gold becomes more lossy and trans-
parent at a higher frequency, SP fields are created on the in-
terface between the metal and the air which thereby lower
the QE compared to the system that localize most of the SP
fields inside the MSM configuration.

wavelengths as he proposed subwavelength far-field imag-
ing system using a finite-sized ultrathin metallic slab. Here,
we investigate the plasmonic behaviors of the MSM config-
uration at 375 THz, which is a higher frequency than 255
THz studied in Fig. 3. At 375 THz (0.8 µm), the real gold
has a negative permittivity with its absolute value decreas-
ing. Thus, it also affects the wave propagation, causing the
wave propagation on the metal lossy as well. Hence, we
expect to see the SP fields not only on the interfaces inside
the MSM configuration but also outside the MSM config-
uration. The Fig. 5 shows the SP fields, i.e., real compo-
nents of electric fields in the z direction having the decay-
ing modes. The periodicity, Λ is 0.2 µm and the thickness
of a-HgCdTe, ta−HgCdTe, is 38 nm. The dimension is opti-
mized so that the calculated maximum QE of the system is
60%; however, this QE is still lower than the maximum QE
obtained at 255 THz. As the real gold becomes more lossy
and transparent at higher frequencies, SP fields are created
on the interface between the air and the top metal, and are
not as localized under the top metal.

It can be mentioned that both the metal-semiconductor
post configuration and the metal array on the continuous
semiconductor layer has almost has no independency on
the incidence angle of incoming light[5, 14] which is the
characteristic of the strongly localized SP mode.

5. Discussion
The use of a-HgCdTe films to make the photon sorting
metasurfaces has benefits that cannot be found from c-
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HgCdTe films. For example, the a-HgCdTe film can be
grown on any materials with low cost including Si and
glass[6, 13]. Especially the growth of a-HgCdTe on Si
surface is desirable for the Si readout integrated circuits
(ROICs). Si-based a-HgCdTe IR photoconductive detec-
tor can also operate at 80 - 300 K[12]. However, to make
feasible SP-based detectors, one has to carefully consider
new physical parameters that are recently found, such as the
optical gap, the spectral range where the absorption coeffi-
cient is stable, the plasmonic behaviors when a-HgCdTe is
combined with the real metal, etc. to achieve the maximum
QE in desired spectral range, lower the dark current that is
coming from the active volume, and increase the operating
temperature.

6. Conclusions
In this work, we investigated the use of metasurfaces for
photon trapping in a-HgCdTe detector that confines the
light inside the MSM configuration and the detecting ma-
terial and consequently reduces the thickness of the semi-
conducting layer that is needed, which yields a lower dark
current.
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Abstract— Photonic crystal cavities are used in a number of experimental set-ups as they offer
a combination of small volume and large quality factor. Here, we present a versatile, automated
procedure to optimize these structures, and several successful applications. We improve the
quality factor of some of the most common designs by approximately an order of magnitude -
both in theory and experiment, and in addition we propose some interesting applications with
respect to figures of merit other than the quality factor.

Photonic crystals (PhCs), with their wide range of applications including non-classical light gen-
eration, all-optical computational paradigms, solid-state cavity quantum electrodynamics experi-
ments, and sensing, are bound to play a major role in future photonic devices. A strong research
effort has thus been devoted to their optimization with respect to various figures of merit. To that
end, the most technologically-friendly approach consists in taking a simple design and optimizing it
by varying a small number of experimentally accessible parameters. Here, we show how we achieve
that goal by combining a fast mode-expansion method for the simulation of a PhC structure [1]
with a genetic optimization algorithm to find the global maximum of a chosen objective function
with respect to a number of structural parameters [2]. This allows us to greatly improve a device
with no added difficulty in the fabrication process, and has already led to a number of theoretical
and experimental advances.

Figure 1: Optimized (a): L3 and (b): H0 cavity in silicon. The positions of the holes colored in green were
modified. (c): Optimized L3 cavity in a GaN slab on an AlN buffer layer. The positions and radii of the
red holes were modified. (d): Chain of cavities optimized for a photonic simulation of the Kitaev chain; all
the colored holes are modified. (e): Cavity for trapping of dielectric particles and (f): an optimized version
with stronger field in the trapping region.

Our particular focus is the domain of optical cavities based on a PhC slab, which are widely
used for various applications. While the quality factor (Q) of the most popular point-defect PhC
slab cavities (L3, H0, H1) had been significantly improved as compared to the original designs, the
optimization was previously always carried out in a heuristic fashion, which could easily miss the
actual global extremum. We show [2] that being able to compute thousands of structures – and
thus to utilize a global search, the genetic algorithm – allows us to find the true Q-maximum within
a given parameter space. This invariably leads to improving the theoretical Q by approximately



an order of magnitude, which has also brought significant experimental improvements. The first
illustration is an optimized L3 cavity (Fig. 1(a)) with a theoretical Q = 4.1 × 106 which was
fabricated in silicon [3]. Q of almost two million was measured, demonstrating that such ultra-
high Q-values are not exclusively reserved for the larger, waveguide-based PhC cavities. In another
experiment, an optimized H0 cavity (Fig. 1(b)) with a theoretical Q = 1.7 × 106 was fabricated in
silicon [4], and the maximum measured value was Q = 450, 000. The ultra-small mode volume of
this cavity resulted in optical bistability at record-low power for a silicon platform. The optimization
procedure proved to be equally successful in low-index materials: an L3 design optimized for a GaN
slab (Fig. 1(c)) with a theoretical Q = 166, 000 was recently fabricated [5], and Q-s larger than
10, 000 were consistently measured among many cavity replicas. These values are among the highest
in this material, and the reproducibility demonstrates the maturity of the fabrication process of
III-nitride PhCs.

The quality factor is not the only figure of merit for an optical cavity. Since our simulations
return not only Q but also the full electric field profiles of the modes of a given structure, one
could envision various other optimizations. One interesting possibility consists in optimizing the
couplings (the electric field overlap) between successive cavities in a chain. We show in particular
that, if the chain is properly modified (Fig. 1(d)), the eigenvalue equation resulting from a tight-
binding approximation is equivalent to the equation for the Kitaev chain [6] of fermions, which
manifests unpaired Majorana fermions at each edge. This has important implications in view of
performing photonic simulations of the elusive, but highly interesting, physics of Majorana fermions.
Yet another application of our optimization comes in the domain of trapping cavities, which find
applications in sensing. It was recently demonstrated [7] that a PhC cavity with a large hole in
the middle (Fig. 1(e)) can efficiently trap a dielectric particle. The trapping strength in that
experiment is proportional to the gradient of the electric field, and it is beneficial for it to be as
large as possible. With this in mind, we recently optimized a design with stronger field in the
trapping region (Fig. 1(f)), with no compromise on the quality factor.

In conclusion, we demonstrate the successful application of an optimization procedure which
complies with fabrication restrictions and can target the quality factor as a figure of merit, but
also any other objective function derived from the electric field distribution. The procedure is thus
extremely versatile, and in addition fully automated, which opens up possibilities for numerous
future applications.
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Abstract-The defect mode in a dielectric photonic crystal heterostructure of (1/2)
N
(2/1)

N
 can be 

tuned by a single-negative layer D, namely, (1/2)
N
D(2/1)

N
. It is shown that, when D is a 

mu-negative ( < 0)) medium, the defect frequency is red-shifted as a function of the thickness of D 

as well as the static permittivity. When D is epsilon-negative ( < 0) medium, the defect frequency 

is blue-shifted as the thickness increases, but it is independent of the static permeability.  

 

When a defect layer is introduced into the photonic crystal (PC), it is possible to generate a transmission 

peak in the photonic band gap (PBG). With the creation of transmission peak, a defective PC can be designed as 

a narrowband transmission filter [1]. A tunable filter means that the position of transmission peak can be tuned 

by means of certain external agents such as the temperature, the electric field, the magnetic field, and so on 

[2-4]. 

The use of single-negative (SNG) materials in photonic structures has been attracted much attention since 

the emergency of electromagnetic metamaterials (MTMs) [5,6]. There are two types for SNG materials. The first 

is called the epsilon-negative (ENG) materials and the second called the mu-negative (MNG) materials. There 

have been many reports on the optical properties of PCs containing SNG materials [7-9]. Instead of using the 

aforementioned tunable agents, we here use SNG material to tune the defect mode generated in a dielectric 

photonic crystal heterostructure (PCH) of (1/2)
N
(2/1)

N
, where 1 and 2 are the dielectric materials and N is the 

stack number of the mirror. We demonstrate that the defect frequency will be shifted when one type of SNG 

materials is inserted, i.e., the structure is (1/2)
N
D(2/1)

N
, as shown in Fig. 1, where D may be an ENG or MNG 

medium.  

For ENG medium, the permeability is a positive constant and the permittivity function is usually taken to 

be of the Drude-like form, 
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Similarly, if layer D is an MNG medium, the permittivity is a positive constant and permeability function is 
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We use the transfer matrix method to calculate the transmittance spectrum. The calculated results are shown 

in Fig. 1, in which we plot the transmittance responses for four structures, (1/2)
10

, (1/2)
5
(2/1)

5
, 

(1/2)
5
A(2/1)

5
, and (1/2)

5
B(2/1)

5
, in the normal incidence. For a defect-free PC of (1/2)

10
, there is a PBG 



at f = 3.51-5.60 GHz. For the PCH, (1/2)
5
(2/1)

5
, there exists a transmission peak at f = 5.20 GHz. In the 

third panel, an ENG medium of layer A with a thickness of dA = 1 mm is added, i.e., (1/2)
5
A(2/1)

5
, and 

we see that the peak is blue-shifted. The peak is, however, red-shifted when an MNG medium of layer 

B (dB = 1 mm) is inserted, as can be seen in the fourth panel of Fig. 2. The results clearly indicate that 

the defect mode produced in PCH of (1/2)
5
(2/1)

5
 can be tuned by the added SNG layer. 
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Fig. 1 Calculated normal-incidence transmittance responses for four structures, (1/2)
10

, (1/2)
5
(2/1)

5
, (1/2)

5
A(2/1)

5
, and 

(1/2)
5
B(2/1)

5
, respectively. 
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Abstract- Spoof surface plasmon polaritons (SSPPs) were proposed and realized by structured 

metallic surfaces consisting of coupled cavities. We utilize the temporal coupled mode theory 

(TCMT) to describe their properties, including both the dispersion and transmission of the SSPPs. 

Based on the TCMT we can carefully design the resonance properties of the cavities to manipulate 

the propagation of the SSPPs, and further to achieve some interesting coherence phenomena. The 

predictions of the theory are verified by simulations and microwave experiments. 

 

Metasurfaces are a kind of two-dimensional metamaterials that manipulate wave by texturing a flat surface 

with artificial subwavelength structures. For instance, using the structured metallic metasurface consisting of 

coupled cavities can produce spoof surface plasmon polaritons (SSPPs) at terahertz and microwave band [1], 

which mimic the usual surface plasmonic waves in the visible region.  

The properties of these structured metallic surfaces have been studied by the model expansion or the transfer 

matrix method based on the effective medium theory [2, 3]. In a different perspective, however, the coupled 

cavities in the metallic surface can be regarded as a system consisting of coupled resonators and certain 

transportation channels, e.g., the free space or the waveguide as shown in Fig. 1. In view of that, the temporal 

coupled mode theory (TCMT) can be invoked to describe the dynamic processes [4]: 

 
T( ) ,in

d
j

dt
  

a
Ω Γ a K S   (1) 

 ,out in S CS Da   (2) 

where a , Ω , Γ   are matrices describing the cavity modes, (in_out)S represents mode over the channel ports, 

K , C  and D  are phenomenological coefficients for their mutual interactions. In the same time, the transfer 

matrix of a unit cell reads 
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The features of the transfer matrix 1M  are totally dictated by Eqs. (1) and (2). Then both the transmission and the  
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Figure 1: Schematic of the equivalent resonators coupled with waveguides in a structured metallic surface. The 

cavities in the surface and the nearby channels are described by a local resonator and a single-mode waveguide 

correspondingly. The black arrows indicate the power exchanging between the resonator and the waveguide. 

 

dispersion of the SSPPs can be obtained from the total transfer matrix. By that, we show that the polariton gap 

and Bragg gap can be simultaneously observed in a multi-scale periodic structured metallic surface. Furthermore, 

we can carefully design the geometric parameters of the structure to manipulate the propagating characteristics 

of the SSPPs. For example, when the polariton gap and the Bragg gap are tuned to overlap, interesting coherence 

phenomena happen, which may yield electromagnetically induced transparency. Both numerical calculations and 

microwave experiments have been conducted to verify these predictions. 

In summary, we apply the TCMT and combine it with the transfer matrix method to investigate the SSPPs 

in the structured metallic surfaces. Our method provides a useful way to manipulate the waves propagating on 

metasurface with coupled cavities. 
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Abstract-We study the transmission properties in a one-dimensional finite magnetized plasma 

photonic crystal of (1/2)
N
, where 1 is a dielectric layer, 2 is a plasma layer, and N is the number of 

periods. When B = 0, the structure behaves as a multichannel filter with a channel number of N-1. 

The positions of channels can be shifted as the static magnetic field is applied. The shift can be 

blue-shifted or red-shifted depending on the orientation of the applied magnetic field. 

 

The field of photonic crystals (PCs) has been initialized by the works of Yablonovitch and John [1,2] in 

1987. So far, it continues to be one of main fields in photonics and condensed matter physics, partially because 

the emergence of metamaterials [3,4]. A PC can be characterized by the existence of photonic band gaps (PBGs).. 

A PBG is a frequency region within which electromagnetic waves are prohibitive to propagate through the 

structure of PC. One of the familiar applications is the design of PC-based transmission filters [5,6]. It is 

achieved by introducing a defect layer into the PC such that the translational symmetry is broken. In such design, 

the transmission peaks will be produced within the PBG. 

The design of PC filters can alternatively be achievable based on the use of the photonic pass band. In this 

design, no defect layer is required. One of the constituents has a frequency-dependent permittivity. The real part 

of permittivity function must be negative. Materials with these properties may be metals, plasmas, and 

superconductors. The related studies on this kind of filter have been available [7,8]. In [7], a filter with multiple 

channels is designed based on the plasma photonic crystal (PPC). 

This work is to extend the work of [7] to the case of PPC in the presence of static magnetic field. That is, we 

shall consider a magnetized PPC. The analysis of tunable filter will be made from the transmission spectra calculated 

by the transfer matrix method (TMM) [9]. The structure of 1D PPC is (1/2)
N
, where 1 is the dielectric layer and 2 is 

the plasma layer, and N is the number of periods. The thicknesses of 1 and 2 are denoted by d1 and d2, respectively.  

For plasma layer 2, it is a cold magnetized plasma whose permittivity function is given by [10], 
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where pe, le, and  are the plasma frequency, the gyrofrequency, and the effective collision frequency, respectively. 

Expressions for pe and le are given by 
2 2

0pe ne m   and le eB m  . It is worth noting that the minus sign 

prior to le represents the right-hand polarization (RHP), i.e., the static magnetic field B is applied in +z direction. 



Conversely, if the static magnetic field B is applied in -z direction, then it is called the left-hand polarization (LHP) 

[10]. 

The calculated results are shown in Fig. 1, in which we plot the transmittance responses for finite PC 

structures, (1/2)
N
, in the normal incidence. For B = 0, the left reveals N-1 channels for a given N. 

However, when B is applied, the channel position is blue-shifted as B increases under the RHP. 

Conversely, the it will be red-shifted under the LHP. 
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Fig. 1 Calculated normal-incidence transmittance responses for four structures, (1/2)
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Abstract-We demonstrate how to achieve angular selection of electromagnetic waves based on 

Dirac points in two dimensional photonic crystals. The transmittance for s-polarization wave can 

reach unity at the incident angle and frequency corresponding to the Dirac point. Away from the 

Dirac point, the transmittance will decrease sharply. By modifying the photonic crystal structure, 

the wave vector and frequency of the Dirac point can be tuned, leading to the function of tunable 

angular selection.. 

   

Over past decades, many theoretical and experimental researches have dealt with light selection in photonic 

crystals [1-12]. Photonic band gaps and waveguide mode in photonic crystals are often used to obtain frequency 

selection or angular selection of the incident wave [1-4]. As photonic crystals can modify and even eliminate the 

density of electromagnetic states inside the crystal, it can be used to select the direction of propagating 

electromagnetic wave [5-7]. For p-polarized wave, the Brewster angle enables broadband angular selectivity [8]. 

In Two-Dimensional Photonic crystals with C4v symmetry, the system behaves like a zero index material near 

the Dirac-like point. So a normally incident wave can pass through it with no phase change [9,10]. But in a 

hexagonal photonic crystal, the extremal transmission at the Dirac point is associate with the thickness of sample 

[11,12]. 

    In this paper, we show angular selection of electromagnetic waves based on Dirac points in 

Two-Dimensional Photonic crystals with square lattice. With the chosen parameters, the Dirac point emerges at 

the edge of the Brillouin zone and closes a band gap for s-polarization wave. The transmittance can reach 

unity when the incident angle corresponds to the Dirac point, but it will decrease sharply when the incident angle 

changes (see Fig. 1). The principle of angular selection based on Dirac point is hard to be mapped into Effective 

medium theory [13], which is often used to describe the transmission at Dirac-like point. Base on the 

perturbative approach [14], we can adjust the position of Dirac point around the edge of the Brillouin 

zone by modifying the structure of the photonic crystals. As a result, the angular selection of total transmission 

can be tuned within a large range of angles. The physical reason is discussed. 



 

Fig. 1 The transmission spectra with the frequency corresponds to the Dirac point. The horizontal axis 

represents different incident angle. 
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Abstract: We use sphere-imprinted method to realize a double pin-hole nanoresonator with 

wedged sidewalls and demonstrate the applications of accurate sphere size characterizing and fine 

spectrum filtering. 
OCIS codes: (220.4241) Nanostructure fabrication; (350.4238) Nanophotonics and photonic crystals; (230.5750) 

Resonators 

 

A pair of pin-hole apertures theoretically can hold a localized resonance; and for pin-holes made in two perfect 

conducting plates, a 100% transmission is expected at resonance for incident light focused to diffraction limit at the 

aperture [1,2]. However, in order to have a considerable transmission through pin-holes made in real metal, the 

thickness of the metal plate needs to be tapered around the aperture in order to minimize the absorption loss by the 

metal. Here, we introduce a one-step imprinting method to fabricate the stacked aperture-pair with spherically 

wedged side walls and demonstrate the applications of this structure for particle sizing and spectrum filtering.  

Figure 1 (a) schematically shows the sphere imprinting process. At first, a layer of ductile metal with low loss in 

the target wavelength range is deposited on a rigid and transparent substrate (e.g. fused silica). For applications in 

visible and near-IR range, Au and Ag are good candidates. Depending on the wavelength, the metal should be thick 

enough to prevent direct transmission. Rigid and transparent spheres are dispersed into DI water and sonicated 

overnight. The spheres are then spin-casted on a metal-coated substrate and then covered by another substrate with 

the same metal film. Subsequently, a 300- to 600-psi pressure is applied to these two substrates at an elevated 

temperature (~150°C) for 1 to 5 min. After the metal is indented by spheres to form spherical wedges, pressure is 

released and the structure fabrication is complete. The separation between the metal films and the corresponding 

resonant wavelength is uniquely determined by the sphere size.  

 

 

Fig. 1 (a) Sketch of sphere-imprinted nanoresonator fabrication process. (b) and (c) Microscope image and SEM image of sphere-imprinted 
nanoresonators made of ~550nm spheres and 100nm Au films. The insets in (b) and (c) are zoom out images. The SEM image was taken after the 

metal plates being separated.  

Figure 1 (b) shows a microscope image of the double pin-hole nanoresonators made by sphere-imprinting 

illuminated by a white light source. The sample was made by imprinting ~550nm fused silica spheres into 100nm 

Au films. Due to size variation of the microspheres, the transmission shows different colors. The two 100nm thick 

mailto:guo@umich.edu


Au films reflect most of the incident light, thereby producing a dark background in the transmission image. The 

substrates with metal films were inspected by SEM after separation. Figure 1 (c) shows the craters in the Au film, 

showing the success of the sphere imprinting process. 

Since the resonance is sensitive to the microsphere size and the bandwidth is narrow, the sphere-imprinted 

nanoresonantor can be a simple and sensitive technique to characterize the size of microspheres. For low index 

particles like fused silica spheres in the hundreds of nm scale, the commonly used light scattering method through 

non-resonant scattering only provides a size distribution profile. Resonant scattering by direct light illumination is 

also very weak due to the small contrast in refractive index [3]. In comparison, the sphere-imprinted nanoresonantor 

has a sharp resonance, which is sensitive to the sphere size. The transmission spectra of three nanoresonators formed 

by different sizes of spheres (500mn, 550nm and 600nm) indenting into 100nm Au films are simulated, as shown in 

Fig. 2 (a). A 50nm difference in sphere size causes ~90nm shift in the first order resonance (from 1000nm to 

1080nm to 1170nm), which can be easily detected by typical spectrometers. Although the transmission peak 

intensity is only 2.4%, the dark background could help distinguish the resonance.  

 

Fig. 2 3D simulation of the sphere-imprinted nanoresonators. (a) Transmission spectra of sphere-imprinted nanoresonantors made by three sizes 

of fused silica spheres imprinting into 100nm Au films. Inset shows the resonant Ey field distribution in a cross-section plane (y-z plane at x=0) 
the sphere 550nm case. The incident field has a polarization along y-axis and an intensity of 1 V/m. (b) Transmission spectra of a sphere-

imprinted nanoresonator (550nm fused silica spheres imprinting into 100nm Ag films) and a F-P cavity made by two 50nm Ag films separated by 
500nm. 

By substituting Au with Ag (also sufficiently ductile for imprinting [4]), the peak transmission can be increased 

to 7% (Fig. 2 (b)). The bandwidth (FWHM) of this peak is only 18.2nm. In order to achieve such a small bandwidth 

through a Fabry-Perot resonance of two Ag films, the film thickness needs to be as thick as 50nm to provide 

adequate reflection. In this case, the transmission is much lower than the sphere-imprinted nanoresonator, as shown 

in Fig. 2 (b). Both structures are illuminated by a Gaussian beam with a waist of 2um in the simulation. Although 

the metal films can be replaced by dielectric reflective coatings in a F-P cavity in order to increase peak transmission, 

the dielectric coating either works in a narrow band or contains complex multilayers which is costly to design and 

fabricate. Therefore, the sphere-imprinted nanoresonator provides a way of tunable spectrum filtering with relative 

narrow band and easy fabrication.  
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Abstract-In this work, we demonstrate a compact and low power consumption III-V on silicon 

modulator that combines electroabsorption in III-V material with slow light photonic crystal 

waveguides. The proposed design allows a good compromise between the modulator’s figures of 

merit. An extinction ratio up to 20 dB is obtained in a 18.75 µm-long device, exhibiting a 3 dB 

cut-off frequency of 15 GHz, and a total energy consumption below 50 fJ/bit. 

 

Silicon photonics is attracting a lot of attention due to the prospect for low cost and high performance 

solutions of compact integrated optical links for a wide range of applications form intra- or inter-chip links to 

long-haul telecom links. The use of a common technological platform for the realization of photonics passive 

and active devices is a major challenge to reduce fabrication complexity and cost. III-V on Si is a good candidate 

for such a common technological platform. While both PhC-based hybrid III-V on silicon lasers and PhC-based 

silicon modulators have been demonstrated [1], [2], the combination of hybrid III-V on silicon modulator with 

slow light PhC has not been studied up to now. However it can have a major impact to reduce the power 

consumption of integrated photonics chips. The main challenge for such demonstration is the design of a 

structure showing simultaneously compactness and high extinction ratio based on the design of the slow light 

PhC, and high speed which is limited by the capacitance/ resistance of the structure. In this work a hybrid III-V 

on silicon is proposed and modeled by means of 3D Finite-Difference Time-Domain (FDTD) method. A 450 

nm-thick III-V semiconductor membrane which includes 100 nm of n-InP and 130 nm of p-InGaAsP for two 

metal contacts is bonded on 200 nm-thick strip silicon on insulator (SOI) waveguides by adhesive technique 

based on 400 nm thick benzocyclobutene (BCB) polymer layer. Input light from strip SOI waveguide is first 

totally transferred in a strip III-V waveguide, then coupled to the slow light photonic crystal structure (Figure 1). 

The photonic crystal design is based on a compromise between optical and electrical properties. A perfect PhC 

structure would require a large number of rows (typically 10) in the lateral direction, but the electrical contacts 

need also to be put as close as possible to the optical mode in the waveguide core. We found a good tradeoff, by 

using 3 rows of holes on each side along the light propagation direction. In addition an optimization of the PhC 

structure is achieved by slightly changing the first two rows of the W1 PhC waveguide . The hole radius r is 120 

nm except in the first row where the hole radius r1 is 110 nm, and the second row is chirped from the ideal 

lattice by s2 = -20 nm. The slow mode is observed in a 15 nm spectral range with a group index ng from 20 to 

more than 100 (Fig. 2(a) and (b)). A good confinement of light in the PhC structure limited to 3 rows of holes on 

each side is showed for ng = 25 and ng = 71 (Fig. 2(c)). In the other hand, to smoothly couple light from a strip 

waveguide to the slow mode, a deviation of the holes in the first row is required at the input and output of PhC 

structure. This taper includes four steps, each of two periods, with deviations of the first row of 25, 12, 6, 4 and 3 

nm, respectively. Performances of a waveguide modulator in terms of extinction ratio (ER) and insertion loss (IL) 

are evaluated for 18.75 µm-long PhC active region, including 7.5 µm-long tapers and 11.25 µm-long slow light 



PhC. For IL lower than 5 dB, ER larger than 6 dB is obtained for a 9 nm spectral range (Fig 3a). An equivalent 

small-signal electrical circuit of this modulator has been developed in order to evaluate the device bandwidth 

(Fig 3b) and the 3 dB cut-off frequency is estimated to be 15 GHz. Finally, the energy consumption to 

charge/discharge the capacitance is estimated as low as 19 fJ/bit, while the energy dissipation of photocurrent is 

about 28 fJ/bit for a bit rate of 22 Gbit/s. 

Acknowledgements This work is supported by the Nanodesign project funded by the IDEX Paris-Saclay, ANR-11-IDEX-0003-02  

 

Figure 1: (a) View of hybrid III-V on silicon modulator with the top view of PhC waveguide showing the taper to slow light mode; 

and (b) Lateral view of average power distribution 

  

Figure 2: (a) Dispersion curve and (d) group index of the slow light mode of the modufied W1 PhC waveguide; and (c) Modal field 

distribution in W1 PhC waveguide for kx = 0.38 (ng = 25) (left) and kx = 0.45 (ng = 71) (right) 

 

Figure 3: (a) Index group of the slow light mode and optical performances for 18.75 um long PhC active region; and (b) View of 

the W1 waveguide with an equivalent circuit model of the modulator 
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Abstract- We demonstrate the fabrication and analysis of a large-array SERS substrate which uses 

Fano resonances generated from the scatterer-Bloch mode interaction to create absorption-emission 

split peaks tailored to the Raman shifts for specific SERS scattering events in analyte molecules. 

Using standard polymer-based imprint patterning techniques which avoid the need for nanoscale 

roughness these substrates exhibit enhancement factors of up to ~105. 

 

Surface enhanced Raman spectroscopy (SERS) offers a variety of solutions to the problem of low-concentration 

detection and characterization of molecules1. From relatively high analyte densities to single-molecule detection 

SERS is often based on the placement of molecules in truly nanometric gaps1 on structured noble metal 

substrates
2,3

, which are typically of low reproducibility.  
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Figure 1 a) schematic and SEM of Au coated nanodomes. b) SERS response of the CV 1617cm
-1

 band on 

periodicities of nanodomes indicated at laser probe wavelengths. c) Numerical local field analysis of different 

regions of the nanodome indicating area of greatest E-field enhancement, with Bloch substrate mode for this 

periodicity marked in red. d) Broadband transmission of the nanodome arrays in b) showing Fano resonances. 



We explore the use of Fano resonances on optical-scale periodic structures as means of producing the necessary 

field enhancement to drive the SERS interaction.  The Fano resonance effect has previously been shown to 

exhibit favorable absorption and emission properties well suited to the frequency shift displayed in SERS, and 

the use of a periodic system allows large-array detection suited to analyzing large volumes of low-concentration 

analyte4 in an extremely reproducible and tunable manner. Structures of these dimensions are readily controllable, 

and can be designed so the dominant mechanism for enhancement is provided through periodicity rather than 

unpredictable roughness. We show this effect in periodic “nanodome” structures created via nano-imprint 

lithography in a polymer film5 which is coated with the desired thickness of Au (Fig 1a), lower) 

In the context of plasmonics Fano resonances arise from coupling between different plasmon modes supported 

on a structured surface leading to sub-radiant and super-radiant modes6. The idea in this study is to generate a 

Fano resonance due to the interaction between an extended, propagating surface plasmon polariton (SPP) mode 

of the Au surface and LSPs supported by the nanodome structures, such that the super-radiant mode lies to the 

long wavelength side of the sub-radiant mode. The characteristically asymmetric Fano resonance structure can 

be seen in Fig. 1b). The goal is to exploit the field enhancement of the dark or sub-radiant mode (which carries 

with it the benefit of reduced elastic scattering) and the field enhancement and increased radiative scattering of 

the super-radiant mode at the longer, Stokes shifted wavelength. Using a number of different input laser 

wavelengths Fig. 1 c) shows an enhanced Raman response associated with the Fano resonance.  Curiously, 

however, modelling of the system indicates that the participating extended SPP mode is that at the Au substrate 

interface, seen in Fig. 1 c) – the greatest field enhancement lies just to the red side of the predicted Bloch mode 

location, due to the localized dome plasmon-Bloch mode interaction. 

 

Acknowledgements:  The authors are grateful for support from EC Project BONAS (Framework 7 Contract 

No. 261685) and Tyndall-SFI National Access Programme, project NAP376  Nanostructured substrates for 

reproducible and physically innovative surface enhanced Raman scattering (SERS) 

REFERENCES 

1. Fang, Y. Seong, N. H and Dlott, D. D. “Measurement of the distribution of site enhancements in 

surface-enhanced Raman scattering” Science. Vol. 321, p 388, 2008 

2. Dawson, P. Duenas, J. A. Boyle, M. G. Doherty, M. D. Bell, S. E. Kern, A. M. Martin, O. J. F. Teh, A. S. Teo, 

K. B. and Milne, W. I. “Combined Antenna and Localized Plasmon Resonance in Raman Scattering from 

Random Arrays of Silver-Coated, Vertically Aligned Multiwalled Carbon Nanotubes” Nano Lett. Vol. 11, p 

365, 2011 

3. Doherty, M. D. Murphy, A. McPhillips, J. Pollard R. J. and Dawson, P. “Wavelength Dependence of Raman 

Enhancement from Gold Nanorod Arrays: Quantitative Experiment and Modeling of a Hot Spot Dominated 

System” J. Phys. Chem. C. Vol. 114, p 19913, 2010 

4. Doherty, M. D. Murphy, A. Pollard, R. J. Dawson P. “Surface enhanced Raman scattering from metallic 

nanostructures: Bridging the gap between the near-field and far-field responses”, Phys. Rev. X, Vol. 1 011001, 

2013. 

5. McPhilips, J. McClatchey, C. Kelly, T. Murphy, A. Jonsson, M. P. Wurtz, G. A. Winfield, R. J. and Pollard, R. 

J. “Plasmonic Sensing Using Nanodome Arrays Fabricated by Soft Nanoimprint Lithography”, J. Phys. 

Chem. C, Vol. 115, 15234-15239, 2011 

6. Lovera, A. Gallinet, B. Nordlander, P. and Martin, O. J. F. “Mechanisms of Fano resonances in coupled 

plasmonic systems” ACS Nano. Vol. 7, p 4527, 2013 



Photonic crystal simulation of two co-existing SSH models with a
topological phase difference

M. Minkov1 and V. Savona1

1Institute of Theoretical Physics, Ecole Polytechnique Fédérale de Lausanne EPFL, CH-1015 Lausanne,
Switzerland

momchil.minkov@epfl.ch

Abstract— We fine-tune photonic crystal cavities supporting two orthogonally polarized modes
such that when arranged in a 1D chain, each polarization is dimerized, but a strong bond in one
comes with a weak bond in the other. We demonstrate the correspondence of the system to two
co-existing, off-phase SSH models, and show the expected orthogonal, zero-frequency edge modes
which are robust to some particular types of disorder.

Topological insulators and topologically non-trivial phases in general are at the fore-front of
current solid-state research. The associated phenomena are, however, extremely challenging to
realize experimentally, which has, among other things, led to the appearance of a variety of proposals
for analogue photonic systems [1]. Those systems are easier to implement in practice, and, apart
from being potentially useful for the fundamental understanding of the associated physics, promise
some practical applications, like lossless light transmission. Here, we illustrate how a chain of
optical cavities can support two degenerate, orthogonal modes at the edges, owing to the topological
properties of the SSH model of polyacetylene [2] (a dimerized chain of alternating weak and strong
hopping amplitudes), and propose an implementation in a photonic crystal (PhC) setting.

Figure 1: (a): Schematic of a chain of triangular cavities with alternating orientations. (b): Photonic crystal
realization of the chain; the radii of the colored holes are modified for design optimization. In (a) and (b),
the unit cell of the chain is marked by dashed lines. (c): Spectrum of a chain of seven cavities after excitation
with an x-polarized dipole located in the left-most (blue), middle (red) and right-most (yellow) cavity. The
spectrum is computed by a Fourier transform of the time-dependent electric field recorded at the point of
excitation after the decay of the source. (d): Same as (c) but after excitation with a y-polarized dipole. (e):
Electric field Ex profile of the mode excited by an x-dipole in the left-most cavity. (f): Electric field Ey
profile of the mode excited by a y-dipole in the right-most cavity.

The SSH model has two topological phases that can be defined through their Zak phase, which
differs by π. In addition, a finite chain in the ‘topologically trivial’ phase has no edge modes, while
the non-trivial one has two zero-frequency modes localized at the edges. If we consider a chain with
two states (a and b) per site, and we ‘double’ the SSH Hamiltonian,

HS =
∑
j

(
t1aa

†
j,2aj,1 + t2aa

†
j+1,1aj,2 + t1bb

†
j,2bj,1 + t2bb

†
j+1,1bj,2 + h.c.

)
, (1)



for the particular case, t1a < t2a, t1b > t2b (or vice versa), exactly one of the two chains is in
the topological phase, and there are edge modes present regardless of how we truncate the system.
Furthermore, if a finite chain of an odd number of sites is taken, two degenerate, orthogonal modes
appear – one at each edge – with topological protection against some forms of disorder. A single
SSH chain has notoriously weak protection which is broken by e.g. disorder in the on-site energy
– this is also the case here. Interestingly, however, the degeneracy of the two modes is preserved

against some types of a-b hopping, i.e. for example terms of the form tda
†
j,nj

bj,nj
cannot drive the

edge states away from zero frequency due to the topological properties of the chain.
We can do a photonic simulation of the Hamiltonian of eq. (1) in a chain of optical cavities, each

supporting two degenerate electromagnetic modes. This is to say that the matrix associated to eq.

(1), restricted to the subspace of all one-particle states a†j,nj
|0〉, b†j,nj

|0〉, is equivalent to the matrix

associated to the Maxwell eigenvalue problem that arises when computing the modes of the chain on
the basis set of the modes of the individual cavities. As the Hamiltonian HS is number-conserving,
i.e. it is block-diagonal among subspaces with different number of particles, this correspondence
sets a faithful simulation of the physics of the model when restricted to the one-particle subspace.
A curious observation to be made here is that if the operators a and b were interpreted instead
as Majorana fermion operators, a† = a, {ai, aj} = δij , same for b, the Hamiltonian would be
topologically equivalent to the Kitaev chain of a nanowire over a superconductor [3], but would not
be particle-number preserving and so could not be faithfully simulated in a photonic setting.

The proposed optical realization of eq. (1) is illustrated schematically in Fig. 1(a). A cavity with
triangular symmetry supports two degenerate modes, which we label Hx and Hy. We assume no x-y
coupling between consecutive cavities (ensured by the symmetry of the modes), and alternating x-x
and y-y couplings with amplitudes tx12, t

y
12, t

x
21, t

y
21, respectively. In the schematic of Fig. 1(a), these

quantities would be determined by evanescent coupling, which is monotonically decreasing with
distance for both polarizations, and the regime tx12 < tx21, t

y
12 > ty21 (or vice versa) is particularly

hard to reach. Thus, we propose a realization of this regime in a chain of photonic crystal cavities
(Fig. 1(b)), where we can tune the intra-cavity couplings to the required values using a recently
developed optimization procedure [4]. The building block of the chain is a modified H1 PhC cavity
with the in-plane C6 symmetry reduced to C3 in order to have alternating couplings. To verify that
we are in the correct phase, we simulate a finite chain of seven cavities with a 3D-FDTD software.
The expected spectrum of eq. (1) presents two split bands of bulk modes and two degenerate,
zero-frequency modes in the band gap – an a mode localized on one side and a b mode localized
on the other. In our simulation, we excite the structure either with an x-polarized or a y-polarized
dipole located at either the left-most, middle, or right-most cavity. The optical modes (Fig 1(c)-
(d)) for each polarization appear as expected, although the degeneracy is slightly lifted due to the
unavoidable second-neighbor coupling as well as coupling to band modes of the 2D PhC. However,
the expected localized nature of the orthogonal edge states is revealed by the electric field profiles
of the modes in the frequency gap (Fig. 1(e)-(f)).

In conclusion, we outline a system composed of two co-existing SSH models in which, regardless
of how we define the unit cell, there is always one topological and one trivial phase. The proposed
photonic crystal implementation can be easily fabricated, while the FDTD simulations prove that
the effect can be spectrally resolved. We also discuss the types of disorder which lift the degener-
acy and those which do not, which could lead to insights on making structures with degenerate,
orthogonal modes more robust to fabricatin imperfections.
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Abstract-We have developed magneto-optic three-dimensional displays (3D-MOSLMs) with 

submicron scaled magnetic pixels to apply wide-viewing holographic display. The 3D-MOSLMs 

modulated light polarization with magneto-optic (MO) effect to represent holographic 3D images. 

The magnetophotonic crystals (MPCs) enhance magneto-optic (MO) effect by microcavity 

composed of magnetic garnet as defect layer. In this paper, we focused on the magnetophotonic 

crystals (MPCs) for magnetic media of 3D-MOSLMs. Using the MPC increased diffraction 

efficiency and reduced power consumption for thermomagnetic recording. 

 

The holographic display can reconstruct realistic three-dimensional (3D) images without any special 

glasses1). We have developed magneto-optic three dimensional displays (3D-MOSLMs) that use magnetic 

domains as submicron scaled pixels to represent holograms with wide-viewing angle. The brightness of 

reconstructed images depends on diffraction efficiency that is a ratio between reference light intensity and 

reconstructed light intensity. The diffraction efficiency depends on the MO effect and transmittance of magnetic 

films. For improvement of the diffraction efficiency, a magnetic film as display media should have high 

transmittance and large Faraday rotation angle. Thick (BiDyY)3(FeAl)5O12 (BiDyYFeAlG) films can improve 

the diffraction efficiency. However, the power consumption increases for thermomagnetic recording.  

In this study, we focused on the enhancement of MO Faraday effect by one dimensional magnetophotonic 

crystals (MPCs)2). The MPC has two Bragg mirrors and a defect layer of magnetic garnet layer. The MPCs 

enhance the Faraday rotation angle and have high transmittance with thin defect layer. In this paper, we studied 

the improvement of the diffraction efficiency and the decreasing power consumption by using a MPC. 

A MPC was fabricated by ion beam sputtering on substituted gadolinium gallium garnet substrate (SGGG 

sub.). The magnetic defect layer was (BiDyY)3(FeAl)5O12 (BiDyYFeAlG) that has high transmittance and large 

Faraday rotation angle on visible wavelength. Bragg mirrors were constructed by two pairs with SiO2 and Ta2O5 

multi-layer. The structure of fabricated MPC was SGGG sub. / (Ta2O5/SiO2)
2 / BiDyYFeAlG / (SiO2/Ta2O5)

2. 

The thickness of BiDyYFeAlG layer was 1.01 μm. A localized wavelength of the MPC was tuned 532 nm by 

thickness of cap Bragg mirror layers. MO properties of the MPC were compared to BiDyYFeAlG mono-layer 

films with some thicknesses. A BiDyYFeAlG mono-layer film that thickness was 1.2 μm has a 40 % 

transmittance and a 2.6 degree Faraday rotation angle. The transmittance of the MPC was 32 %, which was 

lower than a similar thickness mono-layer film. However, the Faraday rotation angle of the MPC was 3.2 degree, 

which was larger than a similar thickness mono-layer film. According to the above results, the MPC can expect 

larger diffraction efficiency in spite of thin magnetic defect layer.  

The diffraction efficiencies of fabricated magnetic films were measured by a two-beam interferometer. The 

interference fringe was recorded in magnetic films with various energy densities for thermomagnetic recording, 



because the diffraction efficiency depends on a depth of fringes that was recorded by thermomagnetic recording. 

Figure 1 shows relationship between the light energy density for thermomagnetic recording and the diffraction 

efficiency. The diffraction efficiencies of mono-layer films have a peak on the 1.9 μm film and reduce at thicker 

thickness. The 1.9 μm film shows diffraction efficiency of 1.7×10
-2

 %. The MPC was 2.1×10
-2

 %. In addition, 

the MPC can reduce the light energy density for thermomagnetic recording, that is about 60 % smaller than that 

of the 1.9 μm mono-layer film. 

Figure 2 shows the normalized amplitude of electric field of each magnetic film that was calculated by 

matrix approach method. Horizontal axis means a depth from surface of BiDyYFeAlG layer of mono layer films 

and the MPC. This figure shows that absorbed energies on mono-layer films for heating were large in the surface 

area. Therefore, a shape of fringes pattern was changed at near the surface by thermal diffusion from high 

temperature region close to the surface. This caused low fringe depth and the saturation of the diffraction 

efficiency of 1.9 μm mono-layer films. In the MPC, a distribution of absorbed energy was uniformed along 

thickness direction by Fabry-Pérot resonance between Bragg mirrors. In addition, the MPC reduces the 

difference of absorbed energy density and thermal distribution along thickness direction, because the thickness 

of magnetic layer could be thin. Therefore, the MPC shown higher diffraction efficiency compared with 

mono-layer films. In addition, the MPC reconstructed 3D image with lower recording light energy. 

 

  

Fig.1 Relationship between diffraction efficiency. 

(t : thickness of mono-layer BiDyYFeAlG film) 

Fig.2 Distribution of normalized amplitude of electric 

field in BiDyYFeAlG layer. 
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Abstract— We have shown the appearance of Critical States Embedded in the Continuum(CSC)
in an array of waveguides with one non-Hermitian defect. When the number of non-Hermitian
impurities increases, the Floquet-Bloch (FB) modes of the system possess a localization feature
which is distinct from the one found in the standard Anderson model.

The concept of bound states in the continuum (BIC) was first proposed at the early years
after the emergence of quantum mechanics by John von Neumann and Eugene Wigner [1, 2]. The
original idea was based on finding a potential which supports a category of wavefunctions which
are square-integrable and are associated with the energies above the continuum threshold (the
asymptotic value of potential at infinity). However, it turns out that the resulting potential must
go to zero at the origin, whereas sinusoidally oscillate and decay with a power law at infinity. This
type of potentials are prohibitively complicated and hard to be realized experimentally. This fact
postponed the visualization of BIC’s to the recent years, where it was successfully observed in the
optical framework by considering the notion of symmetry [3].

On this manuscript we quest the same goal in a non-Hermitian structure of weakly coupled
single mode optical waveguides [4]. In this set-up, all the waveguides are considered to have a
uniform and real refractive index, except from the central one which can have an additional gain or
loss component. As indicated in Fig. 1, we show that there is a critical value for the imaginary part
of refractive index (corresponding to gain/loss), for which we observe a transition from extended
states to the localized ones.

Figure 1: Intensity of Floquet-Bloch eigenvectors for an array of N=49 weakly coupled waveguides with one
dissipative defect at the center. In the horizontal plane we depict various modes (k) and their corresponding
components (n). The left panel refers to the case when non-Hermitian component of refractive index profile
is below the critical value, i.e. 2V (V is the coupling constant), whereas the right panel happens for a choice
of dissipation strength above this threshold value.

A quantitative description of the localization properties of Floquet-Bloch (FB) modes is provided
by the inverse participation number (I2) which is proportional to the inverse number of non-zero
components in the array. For an extended eigenfunction, it corresponds to the inverse number of
waveguides (system size). However, in our set-up, I2 scales anomalously with the total number of
arrays [5]. Specifically, we have:

I2 ≡
∑

n |φn|4∑
n |φn|2

∼ log(N + 1)

(N + 1)
(1)



In the above definition φn is the field amplitude at the nth waveguide and N is the total number
of waveguides.

Finally, the localized states above the critical point for the attenuating/amplifying defect can be
turned into BIC by imposing a universal gain/loss for all the waveguides. Hence, we are conceptually
able to demonstrate BIC in a much simpler structure than the Neumann-Wigner’s proposal.

When additional number of impurities is considered, the FB modes of the resulting random non-
Hermitian system tend to be exponentially localized [6]. Interestingly, in this case we see that the
traces of threshold value is wiped out. Instead there is a process of gain/loss guiding which makes
the field’s phase to converge towards lossy components and diverge out of amplifying waveguides
in a way that preserves light localization on them. This phenomenon is inherently different from
Hermitian systems where the light is localized due to interference phenomenon associated with
multiple scattering processes from different waveguides. We show both numerically and analytically
that the scaled average of participation ratio, ξN (W,ω) = 1/I2, follows a universal curve. In Fig.

2 we plot the scaled function pN (W,ω) ≡ 〈ξN (W,ω)〉
N , where the averaging is over a fixed frequency

window [−W ,W ] and over various disorder realizations within our statistical ensemble, versus the
scaling parameter Λ ≡ ξ∞/N .

Figure 2: pN (W ) vs. Λ for various random boxes where the strength of imaginary part of refractive index can
be chosen within them. The dashed line represents the corresponding curve for the Hermitian counterpart
of the problem in the presence of the real random on-site potentials. Insets: An extended FB mode (top left
corner) in contrast with an exponentially localized FB mode (down right corner).

In conclusion, we have investigated the presence of critical states at a threshold value in the case
of one non-Hermitian defect in an array of weakly coupled optical waveguides. When more non-
Hermitian impurities are included, the FB modes become localized. This localization phenomenon
is different from the standard Anderson model containing random real impedances.
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Abstract-We calculate the photonic band structure and the electromagnetic modes of a photonic 

crystal; a rectangular array of cylinders of elliptical cross section, for TE and TM polarizations. A 

full band gap for both polarizations was found, and the band structure was compared with that 

presented in ref. [17]. We plan to calculate the band structure and modes considering oblique 

electromagnetic propagation according to the homogeneous axis of the system.      

 

Since the first prediction of the photonic crystals (PC) [1-8], literature about this issue [9-17] has been 

increased vastly.  Photonic band structures represent electromagnetic modes and frequency bands for a 

photonic crystal. Modes can be in-plane (stationary), and out-of-plane (propagating). Frequency bands can be 

permitted or forbidden (band gaps). The plane wave method was used to obtain the band structure for two cases: 

In-plane and out-of-plane. From Maxwell’s equations, we find the wave equation for the electric and magnetic 

fields; in order to solve this equation, we define the fields as Bloch waves, and the inverse of the dielectric 

constant as a Fourier’s series. Considering TE and TM polarizations, in-plane modes are obtained for a 

rectangular array of cylinders of elliptical cross section, and for each polarization, the intensity of the fields is 

presented in the primitive cell and its neighborhoods in a high symmetry point in the Brillouin zone. Considering 

oblique propagation according to the homogeneous axis of the system, we plan to calculate out-of-plane modes 

for the same structure.     

The electric or magnetic field can be written as a Bloch wave expansion  

 

where  is the Bloch wave vector,  is the z-component of the wave vector, and  and  are 

two vectors of the reciprocal lattice. Inverse of the dielectric constant is written as a Fourier series and its coefficients 

are calculated numerically. 

The structure studied, is a rectangular lattice of vacuum (εc = 1) cylinders of elliptical cross section 

embedded in a dielectric material (εe = 11.4). 

In the figure (left hand), the photonic band structure of the studied system is presented. The continuous 

green (dashed blue) curves represent the TE (TM) modes, and the continuous (dashed) black line represents the 

results presented in reference [17]. A full band gap is represented for a grey area. The representation of 

irreducible first Brillouin zone is shown in the left hand inset. In the right hand inset, the rectangular unit cell (uc) 

is shown, where the black (white) colored zone represents the dielectric (vacuum) medium. The sides of the 

rectangular uc are ax and ay= ax/0.77. The ellipse has a minor radius rx=0.38ay, and a major radius ry=0.45ay. The 

filling factor is 0.696.  



In the figure (right hand), the square modulus of the magnetic field is shown in the unit cell (contoured in 

black lines) and its neighborhoods, in the high symmetry point M. Frequency and the speed of light in vacuum 

are presented for ω and c, respectively. 
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Results of the out-of-plane band structure of the rectangular lattice of cylinders of elliptical cross section will be 

present during the meeting.  
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Abstract-We present theoretical study of newly designed structure of ethanol filled sold core 

photonic crystal fiber. The numerical simulation shows that zero dispersion wavelength can be 

shifted by selectively filling of ethanol in the holes of photonic crystal fiber. This type of photonic 

crystal fiber is very useful for communication and sensing applications. 

 

Index guiding photonic crystal fiber (PCF), also known as microstructured fiber, has been extensively 

studied because of their unique properties compare to conventional fibers. The great variety of possible 

geometries in PCF offers the possibilities to control their transmission, dispersion and nonlinear properties. In 

particular, the index-guided PCFs can be designed to match various purposes. Initially, the basic design of PCF, 

characterized by its core size, pitch and a hole diameter, was studied in detail experimentally and theoretically [1, 

2], especially with the aim to achieve ultra-flat dispersion over wide range of wavelengths. many researcher are 

interested to an alternative method to control its transmission and polarization properties is by filling 

the air holes, either completely or selectively, by various liquids such as ethanol [3]. In this paper, we 

propose a selectively hole-filled solid core PCF to achieve ultra-flattened dispersion over wide wavelength 

region. 

Figure 1 is the cross-section view of the ethanol filled solid core PCF. The liquid with the refractive index 

larger than air raises the effective index of the cladding region of the PCF. In this design, the refractive index and 

the shape of the inner core remain unchanged as the original PCF to keep single mode operation in the inner core 

region. The full vectorial finite element method (FV-FEM) which is an efficient and accurate numerical mode 

solver for the analysis of optical waveguides and PCF is utilized to obtain the propagation characteristics of the 

ethanol filled solid core PCF. 

        

(a)               (b)            (c)             (d)             (e) 

Fig. 1: (a) Cross sectional view of ethanol filled solid core PCF, field distribution of fundamental modes of 

(b) air filled, (c) first inner ring fill with ethanol, (d) first inner two ring fill with ethanol, and (e) all ring fill 

with ethanol, solid core PCF at wavelength 1.55 µm. 

 

After finding out the effective indices (neff”s) of the fundamental guided modes on the PCF at various 

wavelength, the dispersion values D can then be deduced according to, 



D(λ) = −
2

22 2

2 c d n

c d

 


 
  ,          (1) 

Where c is the velocity of light in vacuum. 

 We consider the ethanol filled solid core PCF with pitch 2.50 µm, hole diameter (d) 1.40 µm and refractive 

index of the ethanol as described by Kedenberg et. al. [4]. Figure 1 (b), (c), (d) and (e) represent the field 

distribution of the fundamental modes of the PCF. Once we obtain effective refractive indices then by using eq. 

(1) we calculate the dispersion parameter, with and without ethanol filled, of the solid core PCF. Here, the 

material dispersion of the pure silica is calculated by the formula given by Peak et al. in 1981 [5] and include in 

our calculation. From fig. 2, we see the dispersion diagram of the PCF with and without filled ethanol. When 

PCF is not filled by ethanol then zero dispersion wavelengths comes out to be near IR region, i.e. 0.96 µm. while 

we fill the first inner ring with ethanol it shift towards the higher wavelength i.e. 1.54 µm; when all rings are 

filled with ethanol it reaches to 1.56 µm. from the simulation we see that as we increase the number of ethanol 

filled hole, the zero dispersion wavelength shifts towards the higher wavelength. 

 
Fig. 2: Dispersion curve for ethanol filled solid core PCF 

 

We proposed a dispersion compensating structure based on ethanol filled PCF. By varying the ethanol filled 

holes rings, we have investigated the dispersion characteristics of the solid core PCF. As ethanol is filled in the 

different hole-rings of the PCF, different zero dispersion wavelengths (1.15 µm, 1.54 µm, and 1.56 µm) are 

obtained. This type of ethanol filled solid core PCF is very useful for communication, and sensing applications 

such as temperature sensor. 
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Abstract - GaN photonic crystal nanorod cavities are presented as a central building block of a 

fluorescence-sensing platform. The cavities are fabricated with nano-imprinting and subsequent 

high aspect ratio etching. The high electric field strength in the air region allows the placement of 

fluorescent substances in the high field region. The modified emitter environment leads to enhanced 

emission via Purcell enhancement.  

 

Over recent years gallium nitride (GaN) LEDs have matured to provide light emission across broad parts of the visible 

spectrum. Based on this work, GaN is a promising candidate for other integrated photonic applications, since it is 

transparent across most of the visible and IR spectrum. These properties have led to recent suggestions of using GaN 

as a chemical and biological sensing platform [1,2]. Photonic crystal behavior has been demonstrated in high aspect 

ratio GaN nanorod arrays [3], to provide an exciting extension to GaN photonic crystal technologies for integrated 

optics.  

 

 

Figure 1: SEM Micrograph of nanorods (lattice 

constant a = 600 nm) 

 

Figure 2: Band diagram of infinitely high hexagonal nanorods 

radius = 0.28a showing TM band gaps 

 

The GaN nanorod arrays, shown in Figure 1, are fabricated by a top-down approach [4]. The idealized case of 

infinitely high rods provide an in-plane TM (E-field out of plane) band gap (Figure 2). Here, we study the use of 

missing-rod defects schematically depicted in Figure 3 in large hexagonal GaN nanorod arrays as a way of modifying 

fluorescence properties from a dye solution. The missing rod cavity modes are shown to have a high field 

concentration in the air region between the rods, as shown in Figure 4. Figure 5 shows the results 3D FDTD 



transmission calculations for a hexagonal array (lattice constant = 600 nm) of 4.4 µm high, 336 nm diameter GaN 

nanorods supported on a GaN substrate. The lattice constant and nanorod dimensions are representative of the 

physical structure shown in the SEM image of Figure 1. The presence of the substrate causes leakage into the 

substrate, but the photonic crystal effects are still evident. In particular, bands of greatly reduced transmission, 

corresponding to band gaps, still exist. The missing rod cavity has a Q factor of 217 and a Purcell factor of 41 at 

1471 nm. It has therefore the potential to significantly enhance emission from a dipole-like emitter placed in the high 

field region. Scaling of the lattice constant allows shifting cavity resonances to shorter wavelengths for fluorescence 

applications. 

 

Figure 3: Cross section of 

missing rod cavity 

 

Figure 4: E-field distribution in 

missing rod defect cavity 
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Figure 5: 3D FDTD transmission simulation 

through GaN nanorod array 

(lattice constant = 600 nm) with GaN substrate 
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Abstract- Different forms of diffractive behavior of highly ordered arrays of regular-shaped 

InGaN/GaN nanowires fabricated by a top-down process is described. Both core-shell and GaN 

nanowires containing a single InGaN quantum well are considered. Suppression of light trapping in 

the substrate layers can cause Bloch mode formation in the nanowire layer and simultaneous 

suppression of vertical waveguiding in the nanowires.  

 

InGaN-GaN quantum disc and core-shell nanowire arrays are of topical interest for broad range of devices 

including light-emitting diodes, solar-cells and photodetectors. Such nanowires can be readily formed on 

conventional c-plane GaN epitaxy either by bottom-up growth1 or by etching GaN nanowires from a thick GaN 

layer2. The latter method has the advantage that the nanowires have much lower size and positional dispersion 

enabling the observation of diffraction of light guiding in the layer below the nanowires, and a crossover from 

this behavior to one characterized by the formation of Bloch modes confined to the nanowire array3. 

The aim of the paper is to explore this crossover in the diffractive regime of InGaN/GaN nanowire arrays, 

describing the impact of nanowire length and array pitch on the light emission measured in the far field.  It is 

shown that the crossover in diffraction behavior is accompanied by an apparent suppression of effects in the 

far-field emission pattern caused by vertical light guiding in the nanowires.   

Figure 1 shows SEM images of 600 nm pitch hexagonal arrays of GaN nanowires with (left) a single InGaN 

quantum well in the c-plane and (right) a single InGaN/GaN quantum well shell layer grown on 850 nm high 

cores etched from a GaN epitaxial layer grown on a sapphire substrate. Figures 2a and 2b show the 

corresponding k-space projections (K direction) with in-plane wavevector of the luminescence excited by a 405 

nm diode laser for both nanowire arrays in order to highlight the fine features in the plots. In each case the 

k-space projection is characterized by sharp white lines that correspond to light coupled into the slab modes of 

the GaN buffer layer and the sapphire substrate being diffracted into their respective extraction cones. Other 

salient features in Figures 2a and 2b include the Fabry-Perot fringes arising from resonances in the vertical 

waveguides formed by the individual nanowires and ranges of free-space wavenumber where the extracted light 

intensity is very low.  The latter derive from diffraction of the vertically guided light from the nanowire ends 

and dominate the far-field emission patterns4. 

Figure 2c shows a similar k-space projection for a hexagonal array (600 nm pitch) of taller InGaN/GaN 

core-shell nanowires grown on a Si substrate.  The nanowires are vertical-sided apart from a narrowing of the 

cross-section just at the nanowire base owing to a lack of epitaxial growth on the AlN nucleation layer used to 

initiate the growth of on the Si substrate.  The combination of the narrowing and the greater nanowire length 

optically decouples the array from the substrate so that light propagates in Bloch modes confined to the effective 



layer formed by the nanowire array. Further evidence of the predominance of nanowire-to-nanowire coupling of 

light in this structure comes from the lower contrast of the Fabry-Perot fringes and the absence of diffraction 

pattern associated with light propagation in the vertical guided modes.   

 

 

(a) 
 

(b) 

Figure 1 SEM images of hexagonal arrays 850 nm high GaN nanowires containing a single InGaN/GaN quantum 

well parallel to the c-plane (left), and 850 nm high InGaN/GaN core-shell nanowires (right). Array pitch = 600 nm. 

 

 

 

  (a) 

 

   (b) 

 

  (c) 

Figure 2 Normalized k-space projections of the far field angular PL intensity variation with frequency and in-plane 

wavevector along the K direction for arrays of (a) 850 nm tall nanowires containing a single quantum well, (b) 850 nm tall 

core-shell nanowires and (c) 1.6 μm tall core-shell nanowires with optical decoupling from the substrate.  

 

The above results are confirmed by measurements of the far field emission from arrays of core-shell 

nanowires with a 2 micron pitch. The greater distance between the nanowires causes lateral decoupling to 

recover the effects due to vertical light guiding in the nanowires. The implications of this crossover in behavior 

on device applications will be considered. 
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Abstract— We consider exciton polaritons in a semiconductor microcavity with a saturable
absorber. Such design promotes nonlinear losses of the system with a bistability of the condensate
particles number on the intensity of pump. We demonstrate new type of bright spatial dissipative
exciton-polariton soliton which spatial extent lies in the sub-micrometer range, much smaller than
the typical widths of regular optical dissipative solitons.

1. INTRODUCTION

A signature of saturable absorption (SA) is nonlinear response of the system dissipation on the
increase of input power. SA-based heterostructures paved the way for studies of dissipative solitons
(DSs) [1]. However, typical implementations in the framework of classical optics are unable to
reduce the spatial extent of DSs [2] which are bounded from below to ten(s) of micrometers.

We propose a new kind of cavity polaritons-based DSs with dramatically decreased spatial
extent [3]. Exciton polaritons (EPs) represent hybrid light-matter bosonic quasiparticles emerging
in high-quality (high-Q) semiconductor microcavities [4]. Their photonic character allows fast
velocity propagation of the particle wavepackets. Strong nonlinear self-interaction inherited from
the excitonic counterpart provides the possibility of control. Another reason why EPs attract
growing interest is that they can form quasi-Bose-Einstein condensation [5].

2. SYSTEM AND MODEL

We consider the system that consists of an incoherently pumped semiconductor microcavity with an
embedded SA. The equations of motion for the EP macroscopic wavefunction, ψ, and the reservoir
occupation number, nR, read

i~
∂ψ(r, t)

∂t
= − ~2

2m
∇2

⊥ψ(r, t) + α|ψ(r, t)|2ψ(r, t) +
i~
2

(RnR(r, t)− γc)ψ(r, t); (1)

∂nR(r, t)

∂t
= −(γR +R|ψ(r, t)|2)nR(r, t) + P (r), (2)

where

γc = γc[|ψ(r, t)|2] = γ0

(
1 +

β

1 + σ|ψ(r, t)|2

)
(3)

in (1), thus we introduce the dependence of EPs inverse lifetime on their concentration, |ψ(r, t)|2,
brought by the SA. Physically, such a nonlinear term tends to increase the lifetime of particles
in regions of high density and thus provides spatially-dependent lifetime-enhanced formation of
localized solutions. Here β and σ are the main parameters describing the SA: γ0(1 + β) has the
meaning of the effective EP lifetime with account of the saturable absorption in the limit |ψ|2 → 0;
σ is the ratio of the saturation intensity, σ ≈ 1/|ψ|2s. In the limit σ|ψ|2 � 1, γc ≈ γ0 and the
particle lifetime is maximized.
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Figure 1: (a) Bistability in the steady state: |ψ0|2 as a function of P0. (b) DS formation in the absence of
the particle self-scattering, α = 0. Upper left-most inset shows the DS density profile in the steady state.
Upper right-most inset illustrates the phase distribution. Lower inset illustrates the switching wave velocity
dependence on the intensity of pump.

Figure 2: DS formation with account of the particles self-scattering, α =15 µeV/µm2. (a) Single soliton
formation for 1 µm initial Gaussian wavepacket; (b) creation of pair of solitons for 2 µm initial wavepacket.
Inset in (a) demonstrates logarithmic DS profile.

3. DISSIPATIVE SOLITONS

The results of numerical modelling are presented in Fig. 1. Initially a Gaussian density profile of
width 10 µm is created in the centre of the sample by a short strong laser pulse thus preparing two
spatial regions with different particle concentration. Further, the system evolves under background
homogeneous nonresonant excitation, P . The bright soliton appears as a trade off between (i) gain,
free dispersion, and particle repulsion terms which favor spreading of particles and (ii) nonlinear
losses favoring localization.

Accounting for the particle-particle scattering drastically changes the properties of DSs, see
Fig. 2.

In Fig. 2b we demonstrate that variation of the initial profile allows one to create various spatial
patterns.
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Abstract: We investigated the interaction of one-dimensional porous silicon photonic crystals and 

plasmonic structures. For this purpose we placed ordered metallic nanostructures on top of a 

one-dimensional photonic crystal structure. We adjusted the properties of both structures so that the 

plasmonic resonance is located in the photonic band gap. The work includes the fabrication, 

measurements as well as the simulation of these structures. 

 

We fabricated porous silicon photonic crystals by electrochemical etching of crystalline silicon in 

hydrofluoric acid [1]. The porosity and the thickness of the porous layers are determined by the etching 

current and the etching time, respectively. By changing the etching current periodically we obtain a 

variation of the effective refractive index and thus a photonic crystal in one dimension (Figure 1). The 

position and the width of the photonic band gap can be tuned by the thickness of the layers and their 

porosities. The properties of these structures were investigated using spectroscopic ellipsometry and 

simulations were performed using the transfer-matrix method [2]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The plasmonic structures were fabricated using nanosphere lithography [3]. This process uses the 

self-assembly of nanospheres as mask for metal evaporation (Figure 2). The resulting metal structures 

show plasmonic resonances in the visible range. The shape of the nanostructures was changed by 

annealing in order to shift the plasmonic resonance [4]. These structures were investigated by 

reflectance measurements on a silicon substrate. 

 

500 nm 
500 nm 500 nm 

250 nm 

Figure 1. Cross section of a porous silicon photonic 

crystal fabricated by electrochemical etching. 

Figure 2. Image of the plasmonic structure fabrication 

by nanosphere lithography on a silicon substrate. 



To combine both structures we used the porous silicon photonic crystal as substrate for the 

nanosphere lithography. We designed the structures so that the plasmonic resonance is located in the 

center of the photonic band gap (Figure 3). The samples were investigated by spectroscopic 

ellipsometry and reflectance measurements in order to study the interaction and enhancement effects of 

these structures. Further we will provide simulations using a finite-element method. 
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Figure 3. Combination of a metallic nanostructure and a 

one-dimensional photonic crystal. The properties of the 

structures are designed to have the plasmonic resonance 

in the photonic band. 
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Abstract-In this work, we have investigated the optical properties of one-dimensional photonic 

quasi-crystal (1D-PQC) with a defect layer of TeO2-based chalcogenide. First, optical constants of 

Ta2O5, SiO2 and TeO2 were measured by ellipsometer. The 1D-PQC was designed using the 

transfer matrix method (TMM). Designed structures were fabricated by rf sputtering system. The 

deposition rates of the each film measured by scanning electron microscope (SEM). The optical 

properties of 1D-PQC were evaluated before and after exposing He-Ne and He-Cd laser.  

 

 

Photonic crystals (PCs) have attracted intensive research due to their unique characteristics and potential 

applications in photonic and optical telecommunication devices. The types of PC are one-, two-, 

three-dimensional. Above all, one-dimensional (1D) PCs can be easily fabricated in comparison with 2D, 3D. So, 

more researches on 1D-PCs have been investigated. A well-designed 1D-PCs offer photonic band gap (PBG), 

which can prohibit the propagation of electromagnetic waves. In addition, introducing a defect layer into the 

1D-PC generates a localized defect state in the PBG, and the defect state leads to a selective transmission. In this 

work, the optical properties of 1D-PQC with a defect layer based on chalcogenide evaluated by UV-VIS-NIR 

spectrophotometer. The value of extinction coefficient (k) of TeO2-based chalcogenide was almost zero in near 

infrared (NIR) region, so TeO2 was considered to the defect layer. Similarly, Ta2O5 and SiO2 have got different 

refractive index (n), where extinction coefficient (k) was almost zero within NIR region.  

The 1D-PQC was simulated by TMM prior to fabricate it. Each thin film was prepared by rf sputtering onto 

polished p-type Si (100) substrates, and their complex refractive indices were measured by using ellipsometry. 

The refractive indices of Ta2O5, SiO2 and TeO2 were approximately 2.1, 1.45 and 2.01 at a wavelength of NIR 

region, respectively. We assumed that the constituent layers (Ta2O5 and SiO2) are non-absorbing and 

non-dispersive dielectrics at a wavelength of NIR region. By utilizing the simulated results, we designed 

1D-PQC structure with PBG in the NIR region. Fig. 1 shows the 14-pair 1D-PQC schematic diagram, where 

thickness of Ta2O5 (dH), SiO2 (dL) and TeO2 (dD) is 100nm, 200nm and 250nm, respectively. Fig. 2 shows 

optical properties of 1D-PQC calculated by TMM, these structure has PBG within 870nm ~ 1150nm (NIR 

region) and defect level appear at 1030nm. Designed 1D-PQC was fabricated by reactive rf magnetron sputtering 

system. Sputtering performed under base pressure of 10
-6

 Torr and work pressure of 10
-3

 Torr. Currently, we are 

evaluating the variation on the optical properties of 1D-PQC before and after exposing He-Cd laser (325 nm) 

and He-Ne laser (632.8 nm). The optical properties of 1D-PQC with a defect layer will be evaluated by 

UV-VIS-NIR spectrophotometer. We predict that TeO2-based 1D-PQC can be utilized as reversible band pass 



filter optimized at NIR region. 
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Fig. 1. The 1D-PQC schematic diagram. Fig. 2. Transmittance spectrum of the 1D-PQC simulated by 

TMM. 
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Abstract- Ten-pair TeO2/SiO2 one-dimensional photonic crystal (1D PC) has been investigated. 

The 1D PC containing a single defect layer of Ta2O5 generated a selective transmittance in photonic 

band gap (PBG). The 1D PC structure was designed by transfer matrix method (TMM), and 

fabricated by rf sputtering technique. The samples are exposed by He-Cd laser and He-Ne laser to 

evaluate the variation of optical properties before and after illuminating light. The fabricated 1D PC 

structure was measured by UV-VIS-NIR spectrophotometer. 

  

Photonic crystals (PCs) have received considerable attention for potential applications in optical 

telecommunication devices. PCs are periodic dielectric structures where the interfaces between the dielectric 

media behave as light scattering centers. That is, main feature of PCs is the existence of a photonic bandgap 

(PBG), forbidding propagation of a specific wavelength band of light. If a localized defect state is created by 

introducing a disorder into the perfect PC, it generates the resonance peak within a PBG. The 1D PCs with the 

defect mode receives a lot of attention due to applicability of various photonic devices such as band pass filters 

and lasers. 

Multilayer film composed of TeO2, Ta2O5 and SiO2 was fabricated by using rf sputtering method. The target 

materials, TeO2, Ta2O5 and SiO2, of purity 99.99%, were utilized to deposit the 1D PC. The p-type Si (100) 

wafer and quartz were used as a substrate after cleaned by acetone, trichloroethylene, isopropyl alcohol, and 

Di-water. The RF reactive sputtering was conducted under base pressure of 4 x 10
-8

 Torr and working pressure 

of 5 x 10
-3

 Torr. In order to get multilayer film which consists of alternated layer of TeO2 and SiO2, the films 

were deposited in the presence of an oxygen (O2) and argon (Ar) gas. Fabricated samples were exposed by 

He-Cd (325nm), He-Ne (632.8nm) according to exposure conditions. The optical properties of samples are being 

measured by using a Fourier transform infra-red spectroscopy (FTIR) and UV-Vis spectrophotometer. Figure 1 

shows schematic diagram of multilayer film composed of TeO2, Ti3O5 and SiO2. And figure 2 shows the 

transmittance spectrum simulated by TMM. The aim of this study is to evaluate the change in the optical 

properties of the 1D PC with a defect layer as a function of refractive index after exposing laser 
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Fig. 1. Schematic diagram of a 10-pair 1D PC with a 

defect layer. 

Fig. 2. The calculated transmittance spectrum of a 10-pair 

1D PC with a defect layer. 
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Abstract-We demonstrate experimentally a microcavity based on SiO2/TiO2 with two gold layers 

directly attached to the central base of the microcavity. The design of optical modes based on the 

peculiarities of Tamm plasmons provides reduced absorption due to the fixing of the node of the 

electric field of optical mode to metallic layers. Experimentally measured reflection and 

transmission spectra exhibits three features, corresponding to three hybrid modes of the microcavity. 

The widths of spectral features confirm that absorption of light by metallic layers is vanishing for 

optimized mode. The latter is confirmed by resonant transmission of light through the structure. In 

case of the laser structure, two intracavity metallic layers could serve as contacts for electrical 

pumping. 

 

Tamm plasmons (TP) are a novel type of the electromagnetic field localized at the interface of a specially 

designed Bragg reflector (BR) and a metal and were recently predicted theoretically [1] and subsequently 

demonstrated experimentally [2]. TP are very feasible to make: they can be obtained by depositing a metal film 

on top of a BR (which can contain some active media). The TP provides a very simple way of lateral light 

localization in the semiconductor structures (microcavity) [3] and is readily fabricated by basic photolithography 

without the need of etching through micrometer-scale-thick multilayer structures. In the last few years, TP 

became the subject of intense experimental and theoretical studies aimed at the development of novel 

optoelectronic devices. The TP-based structure experimentally demonstrates a series of important physical 

effects, in particular, strong coupling of TP and excitons [4], lasing under optical pumping [5]. Plasmonic 

circuits utilizing both TPs and surface plasmons could become the basis for the new generation of optical signal 

processing systems [6]. 

A peculiarity of TP localized on thin metal films of sub-wavelength thickness embedded into the 

microcavity is the occurrence of a node of electric field in the metal. For the implementation of the efficient 

electrical pumping of the microcavity, the two metallic layers should be inserted into the structure. Recently, the 

design of the lasers based on microcavity, with two intracavity metallic layers, and with low decay of the 

eigen-mode providing possibility of lasing has been proposed theoretically [7]. This work is aimed at 

experimental verification of the concept of a reduced absorption of a light by TP-based microcavity modes [8]. 

For experimental studies, the microcavity structure, containing two intracavity gold layers were grown by a 



BAS 450 magnetron sputtering system (Balzers, Lichtenstein). The base pressure in the deposition chamber was 

10
−4

 Pa, the thickness of the layers in the structures was determined using a scanning electron microscope (SEM) 

(JEOL JSM-7001F, Japan). 

The structure with two intracavity metallic layers had the following design: the base of the microcavity made 

of SiO2 of the thickness of 251 nm is sandwiched between two gold layers of the thickness of 40 nm and 

surrounded by two 7-period SiO2/TiO2 BR. The thickness of gold layer was chosen to make spectral features, 

corresponding to hybrid TP modes, highly visible. On each interface between the metallic layers and the BR, TP 

can be localized. Another Fabry-Perot mode can be localized between two metallic layers. When the frequencies 

of the three modes are matched, three hybrid modes appear. 

We have measured experimentally reflection and transmission spectra which depict three features, 

corresponding to three hybrid modes of the microcavity. For optimized mode, the resonant transmission of light 

through the structure and widths of spectral features in the reflection and transmission spectra confirm that 

absorption of light by metallic layers is vanishing. 

In summary, we have demonstrated experimentally a microcavity based on SiO2/TiO2 with two gold layers 

directly attached to the central base of a microcavity [8]. Microcavity mode engineering utilizing peculiarities of 

Tamm plasmon allowed achievement of reduced absorption of light by metallic layers. Our observation opens a 

way for the development of vertical cavity lasers with non-absorbing intracavity metallic layers. 
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Abstract-Based on the nonreciprocal body wave of the honeycomb-lattice photonic crystal (PC) with 

simultaneously the parity (P) and time-reversal (T) symmetries broken, unidirectional waveguides with arbitrary 

bending have been designed by the optical transformation. The numerical results show the incident waves can pass 

through the bending waveguide without any reflections in one direction, but totally reflected in the opposite direction. 

The design avoids the nonlinearity and almost vanishing term in material parameters to realize the waveguide, which 

could be applied to improve nonreciprocal performance of electromagnetic devices. 

 

1. Introduction 

In the past few years, considerable research efforts have been devoted to the transformation optics to manipulate 

electromagnetic fields and control light rays in unprecedented way. Using the coordinate transformation to map the 

distributions of permittivity and permeability from a virtual space to a physical space, numerous devices have been 

designed, such as invisible cloaks [1, 2], carpet cloaks [3, 4], field concentrator [5] , bend[6], rotator [7] and 

waveguide coupler[8]. 

In many cases, it might be important to have the light transport selectively for only one direction. Unidirectional 

edge states is one of the most attractive characteristics founded in photonic crystals (PC) for which electromagnetic 

waves are guided along their edges (surface wave) in one direction and immuse to arbitrary disorders on the wave 

channel. The one-way surface wave has been demonstrated in magnetic PC made of gyro-magnetic rod array. The 

underline mechanisms are proved to be topological electromagnetic (EM) edge states [9], or magnetic surface 

plasmon (MSP) resonance [10]. Recently, by engineering the complex permittivity dielectric plane in its entirety, 

parity-time (PT) symmetric potentials have been constructed to achieve body wave unidirectional transmission 

[11–18]. The recent studies also reveal that simultaneously break of the P and T symmetries can cause the space wave 

unidirectional in bulk PC [19], which could be used to realize the cloaking application [20].   

In this work, we will show that the honeycomb-lattice PC (graphene like structure) can support unidirectional 

body wave when both time-reversal symmetry (TRS) and space-inversion symmetry (SIS) of the PC are broken, and 

this kind of body wave can be arbitrary bending by optical transformation. The numerical results show so designed 

bending waveguide makes the incident waves pass through the waveguide without any reflections in one direction, but 

totally reflect in the opposite direction. The optical transformation does not change the distribution of off-diagonal 

imaginary elements in the tensor permittivity or permeability and space symmetry of the PC, so the physical 

properties of P and T symmetries broken can be maintained, i.e. the nonreciprocal wave transmission. It is found that 

the transformation does not lead to the appearance of unpleasant extreme value in the elements of tensor permittivity 

and permeability; therefore it may be possible to be implemented using carefully designed artificial structures of 
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gyro-medium. We expect optical transformation base on the nonreciprocal medium could be applied to improving the 

nonreciprocal performance of electromagnetic devices such as circulators and isolators. 

2. Unidirectional waveguides with arbitrary bending 
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Figure 1. The 2D wave bending structure in the Cartesian coordinate system (a) arbitrary angle bending and (b) arbitrary path bending.  

It is known that one-way waveguide can be realized by the body wave of PC where the T and P symmetries are 

broken but PT symmetry reserves. This kind of waveguide should be straight one in order to meet the requirement of 

asymmetry propagation in the PC. However, in many practical applications, bend waveguide is needed. To this end, 

we designed the one-way bend waveguide in the framework of optical transformation. We explore two types of 

non-straight waveguides, the angle bending waveguide and the meander waveguide as shown in Figure 1.  
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Figure 2. (a)Schematic and geometrical parameters of the honeycomb lattice of YIG cylinders. Corresponding one-way electric field 

distribution when the ESMF is 900oe. (b) +30◦ from the lower left , (c) −30◦ from the upper right, (d) −30◦ from the upper left and (e) 

+30◦ from the lower and , respectively.  

To achieve the desired effect, the wave beams in the original space, i.e. the straight waveguide should have 

perfect of one-way transmission. The literature [19] proposed a two-dimensional (2D) magneto-optical photonic 

crystal whose bulk modes support one-way propagation for group velocity. However, the wave beam in the proposed 

GPC is severely broaden as it propagating, which limits the practical applications of one-way body wave of GPCs. We 

found under certain conditions the honeycomb-lattice GPC structure can support unidirectional self-collimated wave 

beams. Taking the advantage of honeycomb lattice where there are two different sites, we use two different sets of 

rods to break the SIS, The radii of the rods are respectively rA=0.2a and rB =0.13a, as schematically shown in Fig.2 



            

(a). In our case, the dielectric constant of the cylinders is  =15.26.  Its relative permeability is in the form of [9]: 
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As an illustration, Fig. 2(b)-(e) show one-way phenomena of a Gaussian wave beam impinges on the PhC slab. 

The working frequency of the wave beam is supposed ω= 0.473(2πc/a) and the beam incidents upon the surface of the 

GPCs slab at angle θinc =30
◦
. We see the incident wave beam has a negative refraction at the interface, and refracted 

wave beam is allowed to extend along the propagation direction. In the PC, the beam profile does not have a great 

change which is due to the EFC’s curvature is small, resulting self-collimation effect. Figure 2(c) shows the 

simulation of electric field distribution in the PhC slab with the incident beam at θinc =-30
◦
 from the upper right. It is 

thus visible that the incident wave is totally reflected. Figure 2(d) and (f) have a similar effect. This system allows the 

existence of propagating modes in GPC for positive angles between the 15° to 55°. 

In the transformed space where the bend waveguide presents, we first consider a one-way arch bend waveguide 

ABC’D’ displayed in Fig. 1(a). This waveguide can be mapped from the straight one-way waveguide ABCD by the 

coordinate transformation  

cos( / )x x y h  , sin( / )y x y h  , z z                               (2) 

in Cartesian system, where , ,x y z  are an arbitrary points in the original space, , ,x y z    are the corresponding points 

in the transformed space, and  is the radian of the bending angle. As the one-way straight waveguide is composed by 

the ferrite YIG rods in the background medium air, the realization of the mapping requires the materials parameters of 

the air and YIG, which are of (
1 1 ， )、(

2 2 ， ) respectively, should have following forms:  
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where J  is the Jacobian transformation matrix. The above equations provide full expressions of the permittivity and 

permeability tensors for the wave-bending region in the Cartesian coordinate. It should be noticed that the 

transformation performance in the x-y plane does not change the conjugate distribution of imaginary part of 

permeability. Thus the transformation performance does not change unidirectional body wave transmission properties 

of the original space.  



We set 3  , if we replace the bending part with the ideal transformation media described by the above 

equations but keep other parts unchanged; a TM-polarized Gaussian beam impinges on the structure and is smoothly 

guided along the circumferential direction without any distortion (see Fig.3 (b)). But the incident beam from the 

opposite side will be completely reflected, as shown in Fig.3 (a). Such functionality is the motivation for designing the 

ideal one-way arbitrary angle bending waveguide. In this design, the materials in the waveguide bends are all 

inhomogeneous and anisotropic, which are difficult for implementation. By analyzing its parameters, we transform the 

tensors from the Cartesian coordinates to the Cylindrical coordinates to simplify the complexity (see the Eq.5). 

Especially, when the bending angle is equal to 90 degrees, the permeability is a biaxial anisotropy features, its value is 

only related to . The proposed parameters design is much easier to realize. 
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Figure 3. The corresponding electric field distribution is shown with (a) and (c) −30◦ from the upper right, (b) and (d) +30◦ from the lower 

left. 

In the other case, although the waveguide bend discussed above is a circular angle bending, it can be easily 

generalized to the arbitrary path bending case. As shown in Fig.1 (b). For an arbitrary path analytic 

function 0( ) ( )x f y x x   
, yy  , z z  . In order to simplify the analysis model, as an example, ( ) sin(2 / )f y a y h , 

0 0x  .We can get the an ideal transformation media, as shown below. 
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The material parameter is applied in the simulation of the waveguide bend structures. Figure 3(c) and (d) 



            

illustrate the distributions of the electric fields for an S shape path waveguide bend filled with the designed material. 

From Fig.3 (d), we clearly observe the reflectionless wave bending with the material. However, there exist significant 

reflections, as shown in Fig.3 (c). 

These examples clearly validate the design of arbitrary waveguide bend based on the numerical technique. 

Meanwhile, the waveguide bend frequency range is also subtly simulated and validated. Regardless of the original 

space or the transformed space, this platform possesses one-way implemented effect, and the frequency range remains 

the same. By reasonable design of photonic crystal structure, according to the characteristics, broadband frequency 

effect can be obtained. Clearly, the EM wave is smoothly transmitted along the bend and surfaces of isophase are 

maintained. One-way bend waveguide characteristics are implemented, and the bending effect is still evident. The 

transformation materials of the air background can be simplified and successful experiments, such as the literature 

[26-28]. I believe that the new experimental work will soon be carried out according to this design idea. 

3. Conclusion 

In conclusion, we have given a honeycomb-lattice systems composed of gyromagnetic materials. By 

simultaneously broking both TRS and SIS, this structure is designed to support one-way body propagating modes for 

group velocity. Based on this platform, we designed a transformation nonreciprocal media by the optical 

transformation to obtain the angle bending waveguide and the meander waveguide. Transformation performance from 

the original space does not change the conjugate distribution of imaginary part of permeability, and still have 

unidirectional body wave transmission properties. The design can be used to guide incoming wave unidirectionally 

along the bending part of a waveguide without distortion. Besides, one-way frequency range has not been changed 

between the original space and the transformed space. Considering there is no extreme value, the structures can be 

fabricated precisely using carefully designed artificial structures of gyro-medium. The current design is therefore 

closer to reality for future realizations. Numerical simulations are performed to illustrate its functionality. 

Acknowledgements, This work was supported by the NSFC (6130106, 61271080 and 61071007) and RFDP 
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Abstract
We present numerical predictions for the photonic TE-like
band gap ratio and the quality factors of symmetric local-
ized defect as a function of the thickness-slab and temper-
ature by the use of plane wave expansion and the finite-
difference time-domain methods. The photonic-crystal
hole slab is composed of a 2D-hexagonal array of iden-
tical air holes of circular cross-section, embedded in a
non-dispersive III-V semiconductor quaternary alloy slab,
which has a high value of dielectric function in the near-
infrared region, the symmetric defect is formed by increas-
ing the radius of a single hole in the 2D hexagonal lattice.
Furthermore, we present numerical predictions for the op-
tical transmittance spectrum, and the electromagnetic field
distribution. Ours results show a strong temperature depen-
dence of the quality factor Q, the maximum (Q=7,000) is
reached at t=350K, but if the temperature continues to in-
crease the efficiency drops sharply.

1. Introduction
Optoelectronics devices operating in the infrared range
arouse a growing interest due to their potential applica-
tions in optical telecommunications, atmospheric pollu-
tion monitoring, industrial process control, medical diag-
noses, optomechanical systems, characterization of materi-
als, analysis of biological samples, biomedical applications,
and chip light manipulation [1, 2, 3, 4, 5, 6]. Recently,
much interest has been drawn in semiconductor photonic-
crystals hole slabs in which the structure is formed by a
2D-hexagonal lattice. The advantage of a semiconductor
photonic-crystal hole slab is that in addition to providing
light guided modes and photonic gaps for some frequency
ranges for the TE-like or TM-like polarization modes, it
also allows the easy inclusion of defects, and efficient light-
emitters into the crystal [7, 8]. In semiconductor-based pho-
tonic crystal hole slabs can make important contributions
to the design of new devices operating in the near infrared
range [9, 10, 11, 12, 13, 14]. A lot theoretical studies have
been undertaken on binary semiconductor photonic crys-
tal slabs. However, few theoretical results on III-V qua-
ternary semiconductor photonic crystal slabs have been re-
ported. In this theoretical work using supercell plane wave
expansion (SCPW) and the finite-difference time-domain
(FDTD) methods [15, 16, 17, 18, 19, 20] we have calcu-

lated the photonic band gap ratio and Q-factor as a function
of temperature, and the electromagnetic field distribution
for electromagnetic waves propagating in a semiconduc-
tor photonic-crystal hole slab composed of a 2D-hexagonal
array of identical air holes of circular cross section, and
a symmetrical point defect, embedded in a non dispersive
Ga1−xInxAsySb1−y semiconductor quaternary alloy slab.

The paper is organized as follows: In Sec.2.1, we briefly
describe the mathematical setting of band structure calcula-
tion by the use of a supercell plane wave expansion method.
In Sec.2.2 and Sec.2.3 we present the FDTD basis to calcu-
late spatial distribution of the electromagnetic fields. Nu-
merical parameter, results and discussion are presented in
Sec.3. Finally, we conclude in Sec.4.

2. Theoretical framework
2.1. Supercell plane wave method

Using the Bloch theorem and Fourier series expansion for
electromagnetic fields, and dielectric function, ε(r⃗, x, t) in
a 3D periodic medium and Maxwell’s equations, after some
algebra we obtain the following equations for the expan-
sions coefficients E⃗K(G⃗) and H⃗K(G⃗):

−
∑
G⃗′

k(G⃗− G⃗′)(K⃗ + G⃗)× [(K⃗ + G⃗′)× E⃗K⃗(G⃗′)]

=
ω2
K⃗,m

c2
E⃗K⃗,m(G⃗), (1)

−
∑
G⃗′

k(G⃗− G⃗′)(K⃗ + G⃗)× [(K⃗ + G⃗′)× H⃗K⃗(G⃗′)]

=
ω2
K⃗,m

c2
H⃗K⃗,m(G⃗), (2)

with,

k(G⃗) =
1

V0

∫
V0

dr⃗
1

ε(r⃗, x, t)
exp(iG⃗ · r⃗), (3)

where V0 denotes the volume of the unit cell of the photonic
crystal, ω and c are the frequency of the electromagnetic
wave and the speed of light, respectively.

As suggested by Samara [21] it is not likely that the
quantity ε(r⃗, x, t) is really linearly dependent on temper-
ature over a broad temperature range. Therefore, we fit



the dependence of such quantity by Varshni-type equation
given by

ε(r⃗, xi, t) = ε(r⃗, xi, 0) +
δt2

η + t
, 0 ≤ xi ≤ 1, (4)

with δ = 4.8× 10−3K−1, η = 550K [22]. The parameter
ε(r⃗, xi, 0) for a given concentration x = xi, is determined
by evaluating equation (4) at t = 300K and the expres-
sion proposed by Mikhailova [23]. Thus, we can obtain the
static dielectric constant value of the quaternary alloy for
concentration, x = xi. We propose the dielectric constant
as a function of the temperature t, at x = 0.16 for the qua-
ternary alloy, as [24]

ε(r⃗, 0.16, t) = 13.6 +
4.8× 10−3t2

550 + t
. (5)

From equations (1), (2), and (5) we can obtain the pho-
tonic band structure solving the eigenvalue equations nu-
merically for each value of K⃗ and for each value of the
band index m. The kernel of the supercell method of ex-
pansion in plane waves is constructed considering the pe-
riodic arrangement of the photonic-crystal slab along the
y-direction with a period aN , while in the x − z plane the
structure is a 2D periodic lattice with period, a, with a sym-
metrical point defect. Supercell method in the x − z plane
also is used to calculate defective modes [15].

The Ky component of a wave vector K⃗, is restricted
to the interval (−π/aN) < Ky < (−π/aN) in a first
3D Brillouin zone, and tends to zero when the super-
cell size aN increases, then the wave vector is chosen
in the form K⃗ = (Kx, 0,Kz). As long as the domain
in the y-direction is sufficiently large, the coupling be-
tween the modes of the adjacent slabs is negligible, and
the eigenmodes converge to the correct results for just
one plane of holes. In general, the modes of a 3D-
photonic crystal are hybrid and involve six components
(Ex, Ey, Ez,Hx,Hy, Hz). However, the separation of
Maxwell’s equations into E-polarization (TM: transversal
magnetic mode) and H-polarization (TE: transversal elec-
tric mode) is only possible for 1D and 2D photonic crys-
tals. The 3D periodic hole slab possesses σ̂x, σ̂y , and σ̂z
reflection symmetries, then an analogous classification of
the modes is possible with respect to reflection in the y = 0
plane. Therefore, even (E⃗ = (Ex, 0, Ez); H⃗ = (0,Hy, 0))
and odd (E⃗ = (0, Ey, 0); H⃗ = (Hx, 0,Hz)) modes at
y = 0 are the analog of TE and TM modes respectively.
Fig. 1. shows the profile of the hole slab (left) and k-
path in the first Brillouin zone of the 2D hexagonal lattice at
Ky = 0 plane (right), the system is invariant under reflec-
tions through the y = 0 plane, which allows us to classify
the modes in even (TE-like) and odd (TM-like).

2.2. FDTD method

A 3D-FDTD method is used to calculate field distribution,
the frequency, power spectrum transmittance, and coupled
modes.

G

K
M

Kx

Kz

Figure 1: (Color online) Left: Schematic illustration of the
photonic-crystal hole slab composed of a 2D-hexagonal ar-
ray of identical air holes of circular cross-section, fabri-
cated in a Ga0.84In0.16As0.14Sb0.86 semiconductor quater-
nary alloy slab. Right: k-path in the first Brillouin zone of
the 2D hexagonal lattice at Ky = 0 plane, Γ, M, and K are
the three high-symmetry points.

The unit cell configuration for the FDTD calculation
and elementary lattice vectors a⃗, b⃗ are shown in Fig. 2. We

a

b

Unit cell

x

z

Figure 2: (Color online) 2D schematic illustration of the
photonic-crystal hole slab composed of a hexagonal array
of identical air holes of circular cross-section, fabricated in
a Ga0.84In0.16As0.14Sb0.86 semiconductor quaternary al-
loy slab; the shaded rectangle shows the FDTD unit cell at
Ky = 0 plane.

consider a plane wave packet of Gaussian time dependence
uniform in the y-direction passing through the hexagonal
array in x − z plane. The wave packet is a set of plane
waves with different frequencies, named Gaussian modu-
lated continuous wave (GMCW), where the incident field
for each input point has the form

F inc
y (x, zinc) = AF (x, zinc) exp

[
−
(
t− t0
2W

)2
]
sin(ϖt),

(6)
where A is the field amplitude, F (x, zinc) is the rectangu-
lar transverse field spatial distribution at the incident plane
location zinc, t0 is the time offset,W is the pulse half width
parameter and ϖ = 2πc/λ is the carrier frequency of the
input wave.

For the numerical band structure and the field distri-
bution calculations Bloch-Periodicity in ±x, y, z-directions
are the boundary conditions used in this work. Per-
fect Matched Layer (PML) in ±z-direction are the

2



boundary conditions used for the transmittance spectra
calculation.[16, 19, 20]

2.3. Power transmittance and quality factor

For an electromagnetic wave propagating in the x−z plane
the power can be obtained by the flux of the Poynting vector
through any x − y plane near the FDTD absorbing bound-
aries (PML). The total power through the x− y plane at the
z position can be calculated for TE and TM modes as

PTE = Re

(
1

2

∫
s

(Ěx + Ěz)×H∗
ydxdy

)
, (7a)

PTM = Re

(
1

2

∫
s

Ěy × (H∗
x +H∗

z )dxdy

)
, (7b)

where Ě is the complex value that comes from the Dis-
cretized Fourier Transform (DFT) calculation andH∗ is the
complex conjugate value. We calculate the power normal-
ized to the input signal given by Eq.(6).

The quality factor, Q of the point defect is defined as

Q = ω0
U

Pabs
, (8)

where U is the stored energy in the resonant mode with
frequency ω0 and Pabs is the power absorbed in the bound-
aries.

3. Results and discussion
For numerical calculations, the following parameters were
considered: The PWM convergence tolerance for the eigen-
values of the equations (1) and (2)was 10−12. Therefore,
the precision obtained in the frequency was roughly the
square root of the convergence tolerance, the carrier wave-
length of the input wave λ = 1.5µm, lattice constant
a = 1µm, hole radius r = 0.45µm, dielectric function
of the background material ε = 1 (air), dielectric func-
tion of the Ga0.84In0.16As0.14Sb0.86 semiconductor slab
ε(r⃗, 0.16, 300) = 14.1 is given by Eq.(5).

The excited Gaussian pulse was given by Eq.(6), with
A = 1, F (x, zinc) = 0 if |x − xinc| > 6µm else
F (x, zinc) = 1, t0 = 9.94× 10−15s, W = 2.81× 10−15s,
and ϖ = 1.26 × 1015rad/s in the Γ −M direction. For
the power transmittance the computational domain ±z was
truncated by ten additional PML layers with 1 × 10−12

theoretical reflection coefficient. The space cell size was
taken as ∆x = ∆z = 0.008µm and the time step size
was selected as ∆t = 1.779 × 10−17s, that satisfies the
FDTD stability limit [19, 20]. Figure 3(a) shows the pho-
tonic band structure for the lowest even modes and Fig-
ure 3(b) shows the photonic band structure for the low-
est odd modes, both even and odd modes calculated by
the PWM method for periodic slab. The photonic bands
are presented along the Γ−M−K− Γ edge of an irre-
ducible Brillouin zone (Right in Fig. 1). As it is seen,
the Ga0.84In0.16As0.14Sb0.86 periodic hexagonal photonic-
crystal hole slab has a wide band gap (gray zone) in the even

modes (electric field in the x− z plane). This characteristic
is observed at ωa/2π = 0.33 − 0.51. Nevertheless, this
is not an authentic band gap because radiation modes ex-
ist above the light line (dashed line) in the same frequency
range. Conversely, Fig. 3(b) shows a small band gap in the
odd modes (magnetic field in the x − z plane). This fea-
ture is observed in a hole hexagonal photonic crystal slab
because even and odd modes have close similarities in TE
and TM modes of the 2D hexagonal photonic crystal, re-
spectively.
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Figure 3: (Color online) Photonic band structure of
a Ga0.84In0.16As0.14Sb0.86 periodic hexagonal photonic-
crystal hole slab. (a) even modes and (b) odd modes. The
slab dielectric constant is 14.1, its thickness is T = 0.6a,
the air rods radius is r = 0.45a, and the cladding back-
ground is air.

Fig.4 shows a graph of the band gap ratio, △ω/ωc for
even modes as a function of slab thickness T at room tem-
perature for the Ga1−xInxAsySb1−y, ωc is the frequency
at the center of the gap. As observed, there is an optimal
thickness at T = 0.6a, which justifies the use of slab thick-
ness T = 0.6a in our calculations for r = 0.45a. The
existence of an optimum thickness can be understood by
considering two limiting cases of a very thin or very thick
slab. If the slab is too thin, practically there are no guided
modes and the lattice periodicity do not affect the cladding.

3



On the other hand, if the slab is very thick the photonic
band gap approaches to the 2D-photonic crystal case. How-
ever, higher modes are pulled into the photonic band gap.
Fig.5 shows a graph of the band gap ratio, △ω/ωc for

 y-parity: even
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Figure 4: (Color online) Band gap ratio, △ω/ωc for TE-
like modes as a function of the slab thickness T , for
Ga0.84In0.16As0.14Sb0.86 slab, ωc is the frequency at the
center of the gap. The slab dielectric constant is ε(r⃗, x =
0.16, t = 300K) = 14.1, the air rods radius is r = 0.45a,
and the cladding background is air.

even modes as a function of the temperature for slab thick-
ness, T = 0.2a, T = 0.4a, T = 0.6a, T = 0.8a, and
T = 1.0a, radius r = 0.45a, Indium and Arsenic concen-
trations, x = 0.16 and y = 0.14 respectively. We see that in
the graphs the bad gap ratio depends linearly on the temper-
ature. This result is due basically to the dielectric constant,
which is strongly linked with the electronic energy band
structure of the semiconductor quaternary alloy, and to the
variation of the critical point energy levels, originated by
the lattice thermal expansion and DebyeWaller effect. Fur-
thermore, an analysis shows that the dielectric constant in-
crease linearly with the temperature in 150 − 400K range.
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Figure 5: (Color online) Band gap ratio, △ω/ωc for TE-
like (even) modes as a function of the temperature for slab
thickness T = 0.2a, T = 0.4a, T = 0.6a, T = 0.8a, and
T = 1.0a, and the same parameters as in Fig. 4.
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Figure 6: (Color online) Q-factor for TE-like mode as a
function of the temperature for ω0a/2πC = 0.24, slab
thickness T = 0.6a, defect-radius rd = 0.45a and lattice
radius r = 0.3a.

Fig. 6 shows a strong temperature dependence of the
quality factor Q, the maximum (Q=7,000) is reached at
t = 350K, but if the temperature continues to increase the
efficiency drops sharply. At t = 350K the quality factor
begins to decrease, it is because the vertical radiation losses
in the cavity becomes large. To better understand this result,
in Fig. 7. we show the distribution of electric field intensity
in the center of the slab, y = 0, and in the upper border,
y = T/2. As shown, the energy into the cavity (y = 0) at
ω0a/2πC = 0.24 is smaller than the energy radiated verti-
cally (y = T/2). This result agrees with other reported for
InSb [15].

4. Conclusions
In conclusion, our theoretical predictions allow a better un-
derstanding of this type of photonic crystals based on qua-
ternary semiconductors, and their applications to the design
of new optoelectronic devices in the infrared spectrum.
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Abstract
In this work using the transfer-matrix formalism, we
present a theoretical study of the optical properties of 1D
photonic crystals (PCs) based on Cu3TMSe4 (TM = V, Nb,
Ta) sulvanite compounds. In addition to the existence of
photonic band gaps (PBGs) in this type of PCs, we have
found regular bands in a wide low frequency range where
the real part of the sulvanite dielectric constant takes high
values than the imaginary part, for which dissipative effects
are present. However for higher frequencies the photonic
band structure (PBS) presents flatter bands as well as PBGs.
Also, we have demonstrated that for low frequencies the
transmission, reflection and absorption coefficients are sen-
sitive to the number of periods that make up the structure,
as well as to the sulvanite layer width.

1. Introduction
After works by Yablonovitch [1] and John [2] in which the
photonic crystals were proposed, many experimental and
theoretical works have been devoted to the understanding
of the physical properties of these crystals. PCs are periodic
structures characterized by the periodic variation of refrac-
tive index and the consequently periodic spacial variation
of the dielectric constant, thus allowing the appearance of
define frequency ranges and address for which the propa-
gation of the electromagnetic waves is prohibited or permit-
ted. The frequency bands trough which the electromagnetic
wave propagation is not permitted are called photonic band
gaps [3]. In essence, a photonic crystal is an artificial pe-
riodic structure characterized by a photonic band structure
(PBS), which may be modified to control the properties of
light, leading to a new era of optical devices.
As a consequence, the tunability of PCs opens a new per-
spective in the scientific research and in technological ap-
plications. To obtain a tunable PC, the dielectric constant or
the magnetic permeability of one of the constituents materi-
als must depend on some external parameters, such as elec-
tric or applied magnetic fields [4], temperature and hydro-
static pressure [5], applying mechanical force, stress, etc.,
which can modify the structure of this systems and conse-
quently the optical response function of the PC.
The ternary compounds Cu3TMSe4 (TM = V, Nb, Ta) are
interesting materials which exhibit promising properties as
relatively large optical band gap [6], mixed conductivity,

d
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b/2 b/2
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Figure 1: (Color online) Pictoral view of the 1D pho-
tonic crystal studied, composed of alternating layers of
Cu3TMSe4 (TM = V, Nb, Ta) sulvanites and air. In (a) the
origin its located at the center of a first salb (with dielectric
constan ε1 and magnetic permeability µ1) of width a with
period d=a+b, where b is the slab width of the second ma-
terial (with dielectric constan ε2 and magnetic permeability
µ2) as shown in (b).

with an ionic conductivity a room temperature due to Cu+

interstitial impurities and a hole conductivity due presum-
ably to Cu vacancies [7], remarkable photoconductivity,
photoluminescence, as well as significant values of refrac-
tive index [8, 9]. Recently studies done to the sulvanite
compounds, has reported that Cu3TaS4 (Eg = 2.70eV)
thin films are transparent over the entire visible spectrum
while Cu3TaSe4 (Eg = 2.35eV) thin films show some ab-
sorption in the blue, the later is a possible candidate as a
p-type transparent conductor with potential applications in
solar cells and electrochromic devices [10, 11].
In this paper, the PBG in a photonic crystals compoused of
alternating layers of Cu3TMSe4 (TM = V, Nb, Ta) sulvan-
ites and air is theoretically examined. We first investigate
the tunability of band gaps in the normal incidense case, as
well as, the trasmission, reflection and absorption response,
through suitable selection of slab thickness and numbers of
periods.

2. Theoretical Framework

In Fig. 1 we present a scheme of a 1D photonic superlattice
studied in this work composed of alternating layers of sul-
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Figure 2: (Color online) Adjust of real and imaginary parts
of the dielectric function for (a) Cu3VSe4, (b) Cu3NbSe4,
and (c) Cu3TaSe4.

vanite compounds Cu3TMSe4 (TM = V, Nb, Ta) and air.
First, we considered the dispersion relation for the 1D PCs
without absorption effect on the sulvanite layer. The prop-
agation of an in-plane linearly polarized electromagnetic
field is of the form ~E (z, t) = E (z) e−iωtx̂, along the z-
axis. By using Maxwell’s equation for linear and isotropic
media, it is demostrated that the amplitude E(z) of the elec-
tric field satisfies [12]

d

dz

[
1

n (z)Z (z)

dE (z)

dz

]
= − n (z)

Z (z)

ω2

c2
E (z) (1)

where n (z) =
√
ε (z)

√
µ (z) and Z (z) =

√
µ (z)/

√
ε (z)

are the refraction index and impedance, respectively, of
each layer material.

For a photonic crystal composed of alternating layers
of two different materials, Eq.(1) must be solved by assum-
ing both the electric field and its first derivative continu-
ous across an interface, wich means that the two-component
function

ψ (z) =

(
Ez
1
nZ

dE
dz

)
, (2)

is continuous through the photonic structure.
This condition may be conveniently written by means of a
transfer matrix as

ψ (z) =Mi (z − z0)ψ (z0) , (3)

where

Mi (z) =


cos
(
ω|ni|
c z

)
ni

|ni|
cZi

ω sin
(
ω|ni|
c z

)
− |ni|

ni

ω
cZi

sin
(
ω|ni|
c z

)
cos
(
ω|ni|
c z

)


(4)
The transfer matrix for one period is obtained by the

product M2

(
b
2

)
M1

(
a
2

)
, whose elements are:

P = cos
bk2
2

cos
ak1
2
− Z2

Z1

|n1|
n1

n2
|n2|

sin
bk2
2

sin
ak1
2
, (5)

O =
|n1|
n1

cZ1

ω
cos

bk2
2

sin
ak1
2

+
n2
|n2|

cZ2

ω
sin

bk2
2

cos
ak1
2
,

(6)

R = −|n2|
n2

ω

cZ2
sin

bk2
2

cos
ak1
2
−|n1|
n1

ω

cZ1
cos

bk2
2

sin
ak1
2
,

(7)

S = cos
bk2
2

cos
ak1
2
− Z1

Z2

|n2|
n2

n1
|n1|

sin
bk2
2

sin
ak1
2
, (8)

with k1 = ω
c |n1|, k2 = ω

c |n2|, noting that PS − OR =
1. The photonic band structure is obtained considering the
periodicity of the photonic crystal that allows us to use the
Bloch condition

ψ (z + d) = eiqdψ (z) , (9)

with q chosen within the first Brillouin zone (BZ) of the
photonic superlattice, i.e., −πd ≤ q ≤ π

d , obtaining the
secular equation

PS (1− λ)2 −OR (1 + λ)
2
= 0, (10)

with λ = eiqd, which leads to the two following equivalent
relations:

sin2
(
qd

2

)
= −OR, (11)

cos2
(
qd

2

)
= PS, (12)

by means of which we may obtain the dispersion relation-
ship, that is the photonic band structure of the periodic su-
perlattice, ω = ω (q).

Another equation equivalent is obtained by substracting
(12) from (11) and using (5)-(8)
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Figure 3: (Color online) PBS and transmittance in 1D photonic structures with a = b = 200nm. Panels (a), (b) and (c) are for
Cu3VSe4, Cu3NbSe4, and Cu3TaSe4, respectively.

cos qd = cos(k1a) cos(k2b)−1

2

(
k1
k2

+
k2
k1

)
sin(k1a) sin(k2b).

(13)

The transmission and reflection coefficients are calcu-
lated by (14)

TN =
1

1 + |M12|2
,

RN = |M21

M22
|2,

considering the corresponding transfer matrix for N pe-
riods, which must be written as [13]

MN =

PUN−1 − UN−2 OUN−1

RUN−1 SUN−1 − UN−2

 (14)

where P, O, R and S are the elements of the transfer
matrix for one period. Here, the function UN = UN (q)

that is defined as UN = sin(N+1)qd
sin qd , are the second-order

Chebyshev polynomials.
The absorption is calculated from equation

T +A+R = 1 (15)

where T, A, and R represent the fractions of incident
light that are trasmitted, absorbed, and reflected by PCs,
their sum must equal unity, since all the incident light is
either transmitted, absorbed, or reflected.

Now, we introduce the complex wave vector in the 1D
PC considering the absorption effect, the dispersion relation
now can be expressed as

cosQd = f1(ω) + f2(ω) (16)

where Q represents the complex wave vector, f1(ω) and
f2(ω) denote the real and imaginary part, respectively.

Substitute n1 = 1, n2 = nr+ini , ζr = Re
(
n2 +

1
n2

)
and ζi = Im

(
n2 +

1
n2

)
into equation (13) and simplify-

ing, we finally get

f1(ω) = cos

(
nr
ωb

c

)
cosh

(
ni
ωb

c

)
cos
(ωa
c

)
− 1

2
ζr sin

(ωa
c

)
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(
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ωb

c

)
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(
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c

)
+
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2
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(ωa
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)
(17)

f2(ω) = − sin

(
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− 1

2
ζr sin
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− 1

2
ζi sin

(ωa
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)
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(
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c

)
cosh

(
ni
ωb

c

)
Simplifying cosQ using Q = qr + iqi we obtain

cosQ = cos (qr + iqi)

= cos qr cosh qi − i sin qr sinh qi
(18)

It is important note, the real part of the complex wave
qr corresponds to the wave number in the 1D PC, and qi
determines the absorption coefficient. The real part of the
PBS can be found based on equations (16) and (18), it can
be expressed as

cos qrd = f1(ω)

[
f22 (ω)

sin2(qrd)
+ 1

]− 1
2

(19)
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Figure 4: (Color online) PBS and real part of cosQd, f1(ω) in the inset. Panels (a)–(d), (b)–(e), and (c)–(f) are for Cu3VSe4,
Cu3NbSe4, and Cu3TaSe4, respectively. Calculations were performed with a = b = 200nm, considering dissipative effects
on the dielectric function in sulvanite layers.

3. Discussion

In our calculations we have used and adjusted the data for
the dielectric constant and the absorption of these materi-
als as a function of frequency, using the reported results
in Ref. [8]. In Fig. 1 it is shown the behavior of the real
and imaginary parts of the dielectric constant for the sul-
vanites compounds, as a function of frequency. Note that
for frequency values bellow 0.7 PHz the real part of the di-
electric constant is greater than the imaginary part and takes
its maximum value about 0.5 PHz. For frequencies higher
than 0.7 PHz the real part of the dielectric constant goes to
2.0, 1.5, and 0.5 for Cu3VSe4, Cu3NbSe4, and Cu3TaSe4
sulvanites, respectively.

The results of numerical calculations of the PBS with-
out absorption effects using Eq.13, is shown in Fig.3. We
choose the structure parameters as follows, ε1 = µ1 = 1 for
air layer, a = b = 200nm, µb = 1 and εb equal to 10.07,
8, 59 and 7.26 for Cu3VSe4, Cu3NbSe4, and Cu3TaSe4
sulvanites, respectively. Five photonic band gaps are ob-
served in the structure shifted to higher frequency regions,
result in agreement with the smaller dielectric constant of
the sulvanite compounds as displayed above. The gray ar-
eas correspond to the photonic band gaps, while the colour
bands are the allowed frequency regions. Also, we calcu-
lated the transmission spectra with the same parameters for
a corresponding multilayered photonic structure composed
of 50 unit cells. As a consequence of the periodic arrange-
ment of alternating layers with high and low refraction in-
dex in the PCs, interference effects cause some frequen-
cies to be transmitted, while others completely reflected.
It is clear that in the absence of absorption effects, it is

possible to achieve transmission of the incident light up to
100%. When we take into account dissipative effects in the
calculations of PBS, the imaginary part of dielectric con-
stant causes absorption of incident wave, while it propa-
gates through of PC. Fig.4 shows the PBS or the dispersion
relation qrd

π . In the region bellow 0.7 PHz for which the real
dielectric constant is higher than imaginary part, the disper-
sion curves have wide frequency range than those present
at higher frequencies. Additionally, for frequencies values
above 0.7 PHz, the PBS become flatter and the band gaps
are different with the increasing of the frequency. It can
be explained because the absorption effect is augmenting
with the frequency and its effect is higher above 0.7 PHz
as is seen in Fig. 2. To compare and understand better the
results obtained in the PBS, insets (d–f) show f1(ω) as a
function of frequency representing the real part of the com-
plex wave vector cos(Qd), the blue curve line corresponds
to the function f1(ω), while orange horizontal lines corre-
spond to the values f1 = ±1. The intersection of f1(ω)
curve with the straight line f1 = 1 gives the frequency val-
ues at the BZ center where is equal to zero, likewise, the
intersection of f1(ω) with f1 = −1 gives the frequency
values at the BZ edge. The |f1(ω)| ≤ 1 oscillation, defines
the permitted frequency regions or bands and |f1(ω)| > 1
the frequency regions where the band gaps happen. In PBS
results showed before, it is possible find the frequency re-
gions where the light can propagate in the PCs, but it is not
possible to know its intensity, this information can be seen
from transmission spectrum.

The effect of the number of periods of the proposed
1D PC composed of Cu3TaSe4 sulvanite is evaluated as
displayed in Fig. 5. The number of periods was varied

4
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Figure 5: (Color online) Transmission and reflection response of PCs based on Cu3TaSe4 sulvanite for different periods
number, N = 5, 8, 10. Calculations were performed with a = b = 200nm.

from 5 to 10 with a and b fixed. Panel (a) for N = 5
shows three peaks of transmission corresponding with the
first three bands in the PBS (Fig. 4), where we can ob-
serve the lowest intensity in the third peak which disappear
in the panels with N = 8 and N = 10. It is important to
note that close to 0.5 PHz and higher frequencies, the dissi-
pation within the sulvanite layers augment, hindering light
transmission in the PCs, which diminishes to zero with the
increasing of the penetration depth, that is, increasing the
number of layers, N. Complementarity, we calculated the
reflection spectrum of the PCs shown in Fig. 5 (d – f). The
interference of incident light beams partially reflected and
transmitted at the interfaces between layers gives as result
the presence of peaks in the reflectance spectrum. Signifi-
cant peak intensity about 90% and 70% are attained for the
number of unit cells N = 5, 8, and 10. This can be ex-
plained because in these frequency regions there are a high
refractive index contrast between the air and sulvanite lay-
ers, whos dielectric constant takes values between 7 and 10.
At frequencies below 0.1 PHz, a number of reflection res-
onances about 40% in intensity are obtained, iqual to the
number of periods N that make up the structure.

From these results, it is observed that PCs composed
by sulvanite and air can be designed to reflect or transmit
defined spectral ranges in different regions of the electro-
magnetic spectrum, namely, visible (from 0.38 PHz to 0.5
PHz) and near infrared regions (for values lower than 0.38
PHz).

Finally, in Fig. 6 we calculated the absorption coef-
ficient to establish the regions in which optical losses are
significant in the PC. Panel (a) shows the effect of the num-
ber of periods on the absorption of air– Cu3TaSe4 sulvanite
1D PC. It can be seen that the absorption is sensitive to the
number of periods that make up the structure in frequen-
cies below 0.3 PHz, for larger number of periods, greater
absorption is observed in the PC. In the range 0.1 to 0.3
PHz, the PC absorbs between 40% and 80% of incident

light. For frequencies above 0.3 PHz, the absorption be-
haviour continue augmenting, but is the same in the three
cases. Absorption results for different width layers of the
1D PC are presented in panel (b). The absorption peaks are
shifted to regions of lower frequency with the increasing
of the sulvanite layer thickness. These results can be seen
as a consequence of the dissipative effect of the sulvanite
dielectric constant.

4. Conclusions

Within the transfer matrix technique, we have analytically
studied the photonic band structure as well as the transmis-
sion, reflection, and absorption coefficients of 1D PCs con-
sisting of two alternating layers of air and Cu3TMSe4 (TM
= V, Nb, Ta) sulvanites. We have demonstrated the exis-
tence of photonic band gaps in this type of PCs, and found
that the PBGs are shifted to higher frequencies with sulvan-
ites containing V, Nb, and Ta, respectively. Also, we con-
sidered dissipative effects on the sulvanite dielectric con-
stant by using the complex wave vector in the 1D PCs. In
this case, the PBS behavior is different from that found by
using real wave vectors. We have found regular bands in
low frequency regions where the real part of the sulvanite
dielectric constant takes high values than the imaginary part
where the dissipative effects are present. Finally, we have
demonstrated that for low frequencies the absorption is a
sensitive function of the total number of periods, increasing
with this number and with the sulvanite layer width. We
hope experimental work on these subjects confirm our find-
ings, which certainly can be taken into account to be used
in future technological applications.
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Abstract- The minimal absorption of graphene in visible and near-inferred range has severely 

limited its application. This work demonstrates that the absorptance in a monatomic graphene layer 

can be greatly enhanced to nearly 80% when magnetic polaritons (MPs) or surface plasmon 

polaritons (SPPs) are excited in deep metal gratings. The plasmon frequency is essentially not 

affected by the additional graphene layer. Meanwhile, the enhanced graphene absorptance is angular 

dependent for SPPs but independent for MPs. 

The remarkably high carrier mobility of graphene makes graphene a great candidate for ultrafast

optoelectronic devices. However, in the visible and near-infrared (NIR) range, graphene only absorbs 2.3% of 

the incoming light and thus severely limits its application. Therefore, absorption enhancement is highly desirable 

for graphene-based photon detection. In this work, a method of enhancing the absorptance of graphene is 

presented by using a deep metallic grating. The structure is illustrated in Fig. 1(a) where a single sheet of 

graphene is laid atop a silver (Ag) deep grating.

FIG. 1 (a) Schematic of the graphene-covered deep Ag grating. (b) Comparison of the absorptance of the

graphene-covered (w/ graphene) and plain (w/o graphene) Ag deep grating with h = 200 nm, = 400 nm, and b

= 30 nm.



Figure 1(b) shows the absorptance for transverse magnetic (TM) waves at normal incidence with and 

without a graphene overlay. The incident wave is TM polarized with a 10° incident angle. The three dominant 

peaks at 6700 cm1, 18350 cm1, and 20930 cm1 are due to the excitation of fundamental order of MP (MP1), 

the second order of MP (MP2), and SPP mode, respectively. The absorptance is raised from 0.21, 0.66, and 0.57

to 0.81, 0.99, and 1.0 for MP1, MP2 and SPP, respectively. However, the absorptance of graphene monolayer is 

much more than the increase of the absorptance of the whole structure. The power that is dissipated only in

graphene can be obtained from the power dissipation density w (W/m3):

     
2

0
1

2
w x,z x,z x,z  E (1)

where   is the imaginary part of the dielectric function and E is the electric field. Figure 2 shows the power 

dissipation profile for both the plain and covered Ag grating at MP1 and MP2. The high local absorption in the 

graphene sheet across the opening indicating a high absorptance of graphene, which is 0.68 and 0.77 for MP1 

and MP2, respectively. The graphene absorptance can be more than 0.8 for SPP due to a different enhanced

electromagnetic field near the surface of grating. This absorption enhancement is closely related with the unique 

optical conductivity of graphene in this wavelength range, which is explored in this work. The angle dependence 

of enhanced graphene absorption due to MPs and SPP is also investigated.

FIG. 2 Power dissipation profile at MP1 and MP2: (a) plain grating at MP1; (b) graphene-covered grating at 

MP1; (c) plain grating at MP2; (d) graphene-covered grating at MP2. The unit of w is 105 W/m3 and the scale bar 

is not linear beyond 6 × 105 W/m3.
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Abstract- Graphene-polymer heterostructures have recently been shown to efficiently absorb GHz 

electromagnetic radiation up to ~ 50%. We demonstrate that those structures are robust to 

fabrication process defects (microscopic holes, microscopic embryos of second layer or grain 

boundaries). Moreover, using near-zero refractive index metamaterial as a substrate, the device 

tends towards perfect absorption. Absorption is consequently enhanced from 41.8% to 87.5% using 

a near-zero epsilon as a substrate. 

 

Graphene-PMMA heterostructures present good shielding efficiency against GHz electromagnetic radiations 

[1]. Theory and experiments demonstrate that there exist an optimum number of seven graphene sheets separated 

by thin polymer spacers to obtain maximal absorption. This is explained by an arithmetic addition of ideal 

graphene sheet conductivies for small number of layers.  

However, real fabrication process results in defective (non ideal) graphene and can therefore no more be 

considered as infinite perfect 2D materials. Indeed, CVD process introduces microscopic holes or microscopic 

dots (embryos of a second layer) that may affect the absorption properties. Numerical calculations, using 

Rigorous Coupled Wave Analysis method, show that the absorption of the optimum graphene/PMMA sandwich 

is robust in the sense that it does not depend strongly on graphene quality for low concentration of defects [2]. 

We also demonstrate that grain boundaries in graphene do not affect the good shielding efficiency of the 

proposed device. 

 Moreover, solving the analytical expression of the Fresnel formulas for the transmission and reflection of a 

plane wave at the interface made of infinitely thin (compared to the incident wavelength) conducting layer 

sandwiched between two dielectric media, gives the following expression for the maximum absorption [1]: 

                                1
m a x

1 2

n
A

n n



                                  (1) 

 

where n1 refers to the refractive index of the incident medium (air) while n2 to the one of the substrate 

(SiO2). This maximum absorption is reached if the conductivity σ of the system verifies the conditions: 

                                  
1 2 0R e ( ) ( )

I m ( ) 0

n n c 



 



  .                              (2) 

 

 When the distance between the graphene layers exceeds a couple of nanometer, the interlayer interaction 

does not play any role and the conductivity increases linearly with the number of graphene layers. Knowing the 

mailto:michael.lobet@unamur.be


sheet conductance of single graphene at 30 GHz [3], i.e. Re(σ)/ ε0c = 0.37, the optimum number of seven 

graphene sheets can be retrieve from conditions (2). Maximum absorption of 41.8% is deduced if the incident 

medium is air and the substrate is SiO2.  

 In order to reach better absorption, formula (1) suggests lowering the refractive index of the substrate. 

Ideally, a material presenting zero refractive index would give a perfect absorption. This can be done using 

metamaterials with near-zero refractive index. Assuming effective dielectric permittivity of 0.1, with no 

dissipative part, for a nonmagnetic substrate of 5 mm thickness, Figure 1(a) shows dependence of the absorption, 

reflection and transmission coefficients with an increasing number of graphene-polymer layers. Absorption is 

clearly enhanced by the presence of a near-zero epsilon substrate and peaks to 87.5% when the number of layer 

equals three. Since n2 ~ 0, Re (σ)/ ε0c = 1 ~ 3 x 0.37 fulfill the conditions (2). Figure 1(b) shows the dependence 

of the absorption, reflection and transmission with respect to the refractive index of the substrate, for a fixed 

number of layer N = 3. The absorption increases as the effective refractive index of the substrate decreases. 

 

Figure 1: Absorption, reflection and transmission coefficients for graphene-PMMA heterostructures deposited on 

near-zero ε metamaterial. (a) ε = 0.1 and variation of the number of layers N and (b) N = 3 and variation of the 

refractive index of the substrate.  

More realistic modelisations of near-zero refractive index will be presented. 
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Abstract-In this work, we demonstrate strong electric resonance response in 

perforated graphene sheet at far-infrared part of electromagnetic spectrum. 

Unlike the metallic meta-materials relying on the geometrical inductance for 

magnetic response, the electric resonance in graphene is mainly caused by 

localized plasmons and thus enabling sub-wavelength confinement of 

electromagnetic field. The active tunable electric resonance by electrostatic 

doping on the graphene sheet provides efficient route for compact biosening, 

far-infrared imaging and detection.   

 

The human history of humankind is linked to the use and exploration of the electromagnetic 

spectrum from ultraviolet, visible to infrared in various applications. While the far-infrared part of 

electromagnetic spectrum roughly corresponds to frequencies from 0.3THz to 30THz still present 

a challenge for both electronics and photonic technologies. Since the molecules of many chemical 

compounds have rotational and vibrational modes lying in the same energy range as far-infrared 

radiation, utilization of this particular part of spectrum is greatly desired in many fields including 

defense, biomedical, pharmaceutical and food industries
1
. Especially, far-infrared radiation with 

the frequency in the range from 0.3-10THz (which nowadays is renamed as “terahertz band”) is 

viewed as the foundation to next generation of noninvasive imaging, wireless communication and 

astronomy
2
. However, far-infrared technology is still immature due to lack of efficient sources and 

detectors working in this region. Over the past decades, we has seen significant progress of 

photodetector and emitter design leading to the initially promising achievements, such as 

metamaterial-based hot electron bolometer
3
, quantum cascade laser

4
, active terahertz modulator

5,6
, 

etc. Among them active device is critical for real-time manipulation of far-infrared or terahertz 

waves. In many studies, split rings have become a central element from far-infrared to 

near-infrared because of its large magnetic response driven by the circular current and produce 

fascinating optical properties, such as superresolution imaging, cloaking and sensing
7-10

. Graphene, 

a monolayer carbon atom arranged in honeycomb structures, is a promising candidate for this 

application because of its electrically tunable properties and low-loss in comparison with metals 

working at near-infrared frequencies
11-14

. Therefore, desirable applications can be achieved by 

taking advantage of graphene in the scope of metamaterials. At present, most studies are focus on 

the hybrid structure between artificial-metamaterials and graphene with dynamically controlling 

its optical response from terahertz to mid-infrared, which is relying on the strong interaction 



between local electric field and Dirac fermions of graphene
15-17

. Despite the broadly tunable 

carrier density, the modulation depth is still limited by its one-atom-layer thickness and the 

nonresonant nature of the finite intraband-absorption. On the other hand, the potential of graphene 

as novel plasmonic material has been considered due to deep subwavelength confinement and 

electrical tunability at mid-infrared frequency
18

. However, the nature of graphene-based 

metamaterials in response to far-infrared radiation still lack of sufficient awareness. In this work, 

we investigated the intrinsic response of graphene-based metamaterial to the incident far-infrared 

radiation. The results indicate dominant electric-resonance in graphene metamaterial rather than 

the usually magnetic-response, furthermore, we demonstrate the realization of active tunable 

graphene metamaterial following the Babinet’s principle
19

 for applications in bio-sensing, 

photo-detection and imaging.     
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Fig. 1. a. graphene-based metamaterial investigated in this work,b. field profile for graphene SRR 

and rings, and composite metamaterial, c is the spectral characteristic of graphene ring structures, 

d is the spectral characteristics of graphene-based composite metamaterial under difference 

polarizations.  
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Abstract: This work demonstrates the ultra-subwavelength confinement of terahertz light in 

grating coupled graphene field effect transistors by employing a defect in one-dimensional 

plasmonic crystal. In comparison with metallic metamaterial, graphene plasmon offers the 

prospective for compact, electrical tunable applications at terahertz band. Due to the larger 

intrinsic inductance of graphene at terahertz frequency, we find strong concentration of electric 

field in the cavity composed of gates and graphene-channel. By appropriate design the periodic 

and dimensions of grating-gate, the electric field can be four orders of magnitude larger than 

incident wave. This value is significant larger than previous reported works in either metallic 

plasmons or otherwise. 

 

     Terahertz (THz) research became a spotlight of scientific interest due to a vast amount of 

applications in security, quality control, astronomy, and sensing benefiting from the observation 

that a large number of materials are transparent or have rotational and vibrational modes lying in 

this region. However, despite decades of worldwide efforts, the THz region of electromagnetic 

spectrum still continues to be elusive for solid state technology. This is due to lack of efficient 

source and detectors working in this particular spectral region. Recently, carbon-based 

nanomaterials-carbon nanotubes and graphene have exhibited extraordinary ability to absorb and 

modulate THz electromagnetic field. It is shown that carbon-nanotude quantum dots coupled to 

antennas are extremely sensitive for broad-band THz detection at l0K
4
. Furthermore, 

graphene-based FET exhibit strong photo-thermoelectric effect and rectification of THz waves at 

room temperature
5
. Among these devices, log-periodic antenna over hundreds of micrometers is 

needed in order to funnel the incident field onto the sub-wavelength device. To improve the device 

performance at THz frequency, compact large array with area-matched with incident wave is 

needed for focal plane application. Therefore, subwavelength design of optical component with 

strong resonance response to THz frequency is anticipated. In previous works, artificial 

metamaterial like SRR, H-shape exhibit novel effects include gradient-index lenses, modulators 

and negative refraction with strong magnetic response for terahertz radiation
6
. Since the intrinsic 

inductance of noble metal is negligible at THz band, geometrical inductance with ring-like 

structure is needed for shrinking the incident wave. To this regards, the structural period of 

metamaterials is usually larger than tens of micrometers. In this work, we demonstrate 

ultra-subwavelength concentration of THz light by making usage of the intrinsic inductance of 

graphene. In comparison with noble metal, recent SNOM measurement indicates large 

wavelength-compression ratio due to the graphene-plasmon at mid-infrared frequency
7
. Despite of 

this, the ac dynamics of Dirac fermion at THz frequency is still lack of sufficient investigations. 

Here, one-dimensional plasmonic crystal with a defect is implemented by using a grating coupler, 



we find that the THz radiation is enhanced significantly when the defect plasmon is excited. 
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Fig. 1 (a)Sketch of grating coupled graphene with a defect, (b) is the electric field value in the 

defect cavity, (c)is the lattice mode resonance with different gate length and (d) is the Rabi 

splitting between lattice and defect modes. 

   Fig. 1(a) depicts the structure investigated in this work, a defect is implemented by using 

high-k dielectric layer in the middle of the device and the periodic part of channel acting as Bragg 

reflector to reduce the leakage of electromagnetic energy. The plasmon in this configuration is 

excited by the near-field of gratings. In this configuration, there exists lattice mode and defect 

mode located at different frequencies. When these modes are in off-resonance with each other, the 

field is mainly localized in the defect or the side channel cavity in similar to the case of photonic 

crystal micro-cavity. In Fig. 1(b), it can be found that the near-field is enhanced by more than four 

orders of magnitude for the defect mode, which is significant higher than most of the previous 

works reported.  

 

[1]Fitch, M. J.; Osiander, R. Jchns Hopkins APL technical digest, 25, 348 (2004). 

[2]He, X.; Fujimura, N.; Lloyd, J. M.; Erickson, K. J.; Talin, A. A.; Zhang, Q.; Gao, W.; Jiang, Q.; Kawano, Y.; 

Hauge, R. H.; Léonard, F.; Kono, J. “Carbon nanotube terahertz detector,” Nano. Lett. 14, 3953-3958 (2014). 

[3]Weis, P.; Garcia-Pomar, J. L.; Höh, M.; Reinhard, B.; Brodyanski, A.; Rahm, M. “Spectrally wide-band 

terahertz wave modulator based on optically tuned graphene,” ACS Nano., 6, 9118-9124 (2012). 

[4]Rinzan, M.; Jenkins, G.; Drew, H. D.; Shafranjuk, S.; Barbara, P. Nano. Lett. 12, 3097-3100 (2012). 

[5]Vicarelli, L. Vitiello, M. S.; Coquillat, D.; Lombardo, A.; Ferrari, A. C.; Knap, W.; Polini, M.; Pellegrini, V.; 

Tredicucci, A. Nature materials, 11, 865-871 (2012). 

[6]Chen, H.; O’Hara, J. F.; Azad, A. K.; Taylor, A. J.; Averitt, R. D.; Shrekenhamer, D. B.; Padilla, W. J. Nature 

Photonics, 2, 295 (2008). 

[7]Chen, J.; Badioli, M.; Alonso-González, P.; Thongrattanasiri, S.; Huth, F.; Osmond, J.; Spasenović, M.; Centeno, 

A.; Pesquera, A.; Godignon, P.; Zurutuza Elorza, A.; Camara, N.; García de Abajo, F. J.; Hillenbrand, R.; Koppens, 

F. H. L. Nature, 2012. 



Nonequilibrium Plasmons with Gain in Photo-inverted Graphene

J. M. Hamm1, A. F. Page1, F. Ballout1,and O. Hess1

1Imperial College London, UK
j.hamm@imperial.ac.uk

Abstract— Graphene supports TM-polarized plasmons in the THz to mid-IR regime. When
pumped into inversion these plasmons couple strongly to the electron/hole plasma via stimulated
and spontaneous emission processes. We here present the exact (complex-frequency) dispersion
of nonequilibrium plasmons and extract the associated stimulated and spontaneous emission
rates. Our results show that graphene plasmons can become amplified under realistic conditions
(temperature and collision loss) and provide an ultrafast channel for carrier recombination.

Graphene plasmons are collective excitations of charges within the 2D sheet of carbon atoms.
A strong energy confinement, low group velocities and high tunability, make graphene plasmons
exciting candidates for plasmonic applications in the THz to mid-IR range. Further, and in differ-
ence to metals, graphene offers the possibility to directly supply plasmons with gain, by pumping
the plasma of massless Dirac fermions (MDFs) into a state of inversion.

Within the random-phase approximation the dispersion of the plasmons in suspended graphene
is obtained by finding the complex-frequency zeros of the the dynamic dielectric function

εRPA(q, ω) = 1− VqΠ(q, ω) = 0 (1)

where Vq = e2/(2ε0q) denotes the 2D-Coulomb potential and Π(q, ω) the polarizability of the
non-interacting electron/hole plasma. For our analysis we do not employ the local approximation
σs(q → 0, ω), which only holds for small wavevectors q, or assume Im[ω] � Re[ω], as plasmons in
inverted graphene always couple to the electron/hole plasma.

Until recently graphene plasmons have only been investigated in equilibrium. To calculate the
nonequilibrium plasmon dispersion of inverted graphene, we present a theory that holds for arbitrary
carrier distributions Π[n](q, ω). Exploiting the fact that the polarizability is a linear functional of
the MDF distribution n(ε) we find [1]

Π[n] =

∫ ∞
−∞

dε
∂Π|T=0

µ=ε

∂ε
n(ε) (2)

where Π|T=0
µ (q, ω) is the well-known zero-temperature equilibrium polarizability [2, 3]. For our

study of nonequilibrium plasmons we assume an inverted quasi-equilibrium distribution [4], i.e.,
n(ε)→ n|Tµe,µh

(ε) = θ(ε)f |Tµe
(ε)+θ(−ε)f |T−µh

(ε), with Fermi functions f |Tµe
(ε) (f |Tµh

(ε)) for electrons
(holes). Solving Eq. (1) with Eq. (2) gives the complex-ω plasmon dispersion ω(q) = ωpl(q)−iγpl(q),
whose real and imaginary parts are the frequency and loss dispersion. The latter relates to the net
stimulated absorption spectrum via γstimpl (ω) = 2Dpl(ω)γpl(q(ω)), whereDpl(ω) = (2π)−1q(ω)dq/dω
is the plasmon density of states.

In Fig. 1 we compare the complex-frequency dispersion of (a) extrinsic (doped) graphene in
equilibrium, and (b) intrinsic graphene in an inverted quasi-equilibrium, both at zero temperature.
In doped equilibrium (a) the exact frequency dispersion ωpl(q) matches the usual real-frequency
dispersion within the loss-less regime II, but begins to deviate in the interband excitation regime,
and crosses through the intraband excitation regime III. The decay rate γpl(q), which quantifies
the Landau-damping, makes a smooth transition from II to III. For the instrinsic inverted case one
observes the emergence of a new regime I, in which plasmons are amplified via stimulated emission
processes. Note, that the dispersion already differs from the real-frequency approximation before
crossing through the inter- and intraband regimes where stimulated absorption takes place.

The application of Eq. (2) allows us to investigate the influence of doping, temperature and
collision loss on nonequilibrium plasmons. Using Fermi’s golden rule we can separate the net
stimulated absorption spectrum, into absorption and emission parts γstimpl (ω) = Apl(ω) − Gpl(ω).
Integration of these spectra over frequencies gives the carrier generation and recombination rates.
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Figure 1: Plasmon dispersion ωpl(q) and decay rates γpl(q) for (a) extrinsic, and (b) intrinsic inverted
graphene at zero temperature. Quantities rescaled to ω̃pl = ~ωpl/µ̄ and γ̃pl = ~γpl/µ̄ with µ̄ = µe + µh.

Figure 2 depicts (a) the spontaneous plasmon emission spectra and (b) carrier recombination
rates for varying inversion balance m = (µe − µh)/(µe + µh) using the exact dispersion, and,
for comparison, the most common approximations. While the carrier recombination rate is well
approximated by the real-frequency approximation, an accurate result for the spontaneous spectrum
is only obtained when using the exact (complex-frequency) dispersion.
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Figure 2: (a) Spontaneous plasmon emission spectra G̃pl, and (b) carrier recombination rates Γ̃
(e)
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dence on inversion balance m = (µe − µh)/(µe + µh). We define G̃pl = (~vF )2Gpl/µ̄
2 and Γ̃

(e)
pl = ~Γ

(e)
pl /µ̄.

An important result of our work is that the plasmon emission rates in inverted graphene exceed
previous estimates [5] by a factor of 5. The strong coupling of nonequilibrium plasmons to the
electron/hole continuum suggests that plasmon amplification is possible, even in the presence of
high collision loss. However, the broadband ultrafast spontaneous emission will compete with the
stimulated plasmon emission, and thus impact on both plasmon coherence and the lifetime of gain.
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Abstract-We investigate the photonic band structure of superlattices constituted by alternated 

graphene and dielectric layers. The bands result from the coupling of the transverse magnetic 

plasmons supported by the graphene sheets. The dispersion relations are calculated for doped 

graphene in the THz spectrum. The band structure is compared with reflection spectra calculated 

using the ATR technique. 

 

 

Graphene, after being discovered in 2004, has attracted a great deal of research interest in the past few 

years. This is due to the promising applications emerging in all fields of science and technology [1]. Specially, in 

optics, graphene is a novel platform for building devices such as THz detectors and optical switches, biosensors 

and transparent conductive electrodes, etc. [2]. For the study of its optical properties, graphene is characterized 

by a surface conductivity,  , described by the Kubo formalism in the limit of low energies, c   , for high 

doped graphene [3] 
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  and  
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1

  . Due to its electrical properties, it has 

demonstrated that graphene support Transversal Magnetic (TM) surface plasmons (SP) which can be excited via 

Attenuated Total Reflection (ATR) technique in the THz region [4], and Transversal Electric (TE) surface 

plasmons, which can exist only in a small frequency range, are also excitable by this technique [5] . In this work 

we use the slab graphene approximation, i.e., it is taken that each graphene sheet has effective thickness, 

nmtg 5.0 and an equivalent dielectric constant given by the following equation [6] 
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We show the existence of Transversal Magnetic SP excited via ATR technique. It is found that once the SP is 

excited, it remains stable within a short range of variation of the dielectric slab in Otto configuration, giving rise 

to a well-confined SP mode. With interest of analyzing the existence of these plasmons the complex projected 

bands are calculated and absorption effects are discussed. Finally, we analyze the reflection and transmission 

spectra of a graphene-dielectric multilayer. 
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Abstract- Tamm Optical States at the interface of a truncated photonic crystal and an organic 

polymer have been obtained due to the metal-like optical properties of the heavily dye-doped 

polymer. The dispersion curves of these novel modes show two cut-off wavelengths controlled by 

the mismatch of the mode propagation and the high reflectance bandwidth. These results reveal the 

potential applications of materials doped with strongly interacting excitons in photonic structures 

through controlled photonic modes. 

 

Decades ago, molecular crystals shown metallic reflection associated with strong interactions between 

neighboring molecular excitons. [1] In these organic materials the individual molecules are spatially distributed 

in the crystal lattice and can be considered as small local dipoles that can be excited collectively under specific 

conditions. This behavior is responsible for the optical properties of the material, whose real part of the 

permittivity can achieve negative values resembling metallic behavior in a restricted wavelength range. 

Interestingly, whilst metals support Surface Plasmon-Polaritons, a molecular crystal can support Surface 

Exciton-Polaritons. [2] Recently, we showed that it is possible to obtain metal-like properties in heavily 

dye-doped polymers, where the polar molecules (J-aggregates) are randomly spatially distributed. [3] The optical 

properties of these dye-doped polymers can be described by a Lorentz oscillator model. The resonance frequency 

is associated with the absorption peak of the excitonic transition of the molecule, and the oscillator strength with 

the concentration of molecules in the polymer. With sufficient oscillator strength the real part of the permittivity 

reaches negative values over a limited spectral band, giving a metallic appearance (see Figure 1.A).  

 Tamm Optical States are lossless interface modes propagating along the surface between two periodic 

dielectric structures. [4] Among their most interesting properties is the possibility to excite them within the light 

cone. One of these periodic structures can be replaced by a metal with a high reflectance value in region of the 

photonic stopband of the other periodic structure; these modes are known as Tamm-Plasmon States and are 

characterized by parabolic dispersion relations. [5] Unfortunately metals are a not tunable materials, their 

properties are established at the atomic scale, limiting the possibilities of modal design. In this paper we 



demonstrate that special Tamm Optical States with tunable dispersion curves can be excited at the interface 

between a Distributed Bragg Reflector (DBR) and a thin film of the excitonic material. 

Figure 1.B shows the optical response (reflectance) of a truncated DBR, a Tamm Plasmon structure and 

Tamm Exciton structure. The Tamm Plasmon structure shows a high reflectance, close to unity, for the whole 

wavelength range, except when the mode condition is fulfilled, where we observe a clear dip due to mode 

excitation. However, the dye-doped polymer shows a metallic response in a limited band, therefore the 

reflectance follows the truncated DBR response in almost all the wavelength range and only shows a dip 

associated with the mode excitation when momentum matching to the mode is possible. If we take into account 

the fact that the DBR edge changes with the angle, the mode condition may only be fulfilled for a limited 

wavelength range and a limited incident angle (momentum). In this way, while in the dispersion curve of a 

Tamm Plasmon mode is a complete parabola, in a Tamm Exciton mode the dispersion relation is a truncated 

parabola with two cut-off wavelengths, being only accessible under limited illumination conditions (Figure 1.C).  

 

In this work we will show experimentally and theoretically the presence of Tamm Exciton Optical States. 

We will use the spectrally narrow high reflectance region of the polymer and the mode propagation constraints 

to tune the mode cut-off wavelengths. We will study which parameters dictate the dispersion curves and how it 

is possible to control them experimentally. These results reveal potential applications of materials doped with 

strongly interacting excitons in photonic structures through controlled photonic modes. 
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Figure 1. A) Real part of the permittivity as a function of wavelength for a Lorentz oscillator with an oscillator strength of 0.4. B) 

Reflectance of a Tamm exciton structure (E-Tamm), a Tamm plasmon structure (P-Tamm) and the DBR without the metal or 

dye-doped polymer. All the plots are for 20 degrees of incidence. C) Calculated dispersion curves of the Excitonic Tamm modes for 

two different DBRs. C corresponds to the central wavelength of the DBR band. The blue area indicates the bandwidth where the 

dye-doped polymer shows negative values of the real part of the permittivity as in a metal. 
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Abstract-The thermo-optical response of polydimethylsiloxane (PDMS) doped with metallic 

nanoparticles is theoretically studied. The temperature dependence of the effective refractive index 

of the mixture has been analyzed through the spectral evolution of the output power ratio of a beam 

crossing a sample. Both the nanoparticle size and the concentration effects have been analyzed to 

design a potential temperature sensor.   

 

 

Polydimethylsiloxane, also called PDMS or dimethicone, is a mineral-organic polymer of the siloxane 

family. It belongs to a group of polymeric organosilicon compounds that are commonly referred to as silicones. 

PDMS is the most widely used silicon-based organic polymer. It is specifically known for its unusual properties. 

PDMS is transparent at optical frequencies, it has low autofluorescence and is considered bio-compatible (with 

some restrictions). The PDMS sticks tightly to glass or another PDMS layer but at the same time is also flexible. 

In addition, it is possible to mold nanostructures. Finally, PDMS is a very cheap material. For all these reasons, 

PDMS is present in several applications, such as contact lenses, medical devices and flexible microsystems. 

The use of PDMS with embedded metal nanoparticles (NPs) is currently a hot research topic [1] [2] [3]. 

These works reported the possibility to obtain homogeneous samples of colloid NPs in a PDMS. The 

advantageous properties of the NPs, like their plasmon resonances, and those of PDMS, like the extraordinary 

large and linear thermo-optic coefficient (dn/dT) [4], can be used for many applications. For this reason, a 

detailed study of the properties of the mixture is required.  

In this work, the thermo-optical response of polydimethylsiloxane (PDMS) doped with metallic NPs is 

theoretically studied. The different optical properties of PDMS under different temperatures induces a shift of 

the plasmon resonances of the metallic nanoparticles. This effect can be also observed in a spectral shift of the 

effective refractive index of the compound, in particular in its absorption. A study of the output power ratio of 

the light beam passing through the PDMS doped with NP layer can show this phenomenon. Fig. 1 and Fig. 2 

summarize some of the previous results, considering a silver nanoparticles (radius=5 nm), as some 

concentrations.  

As a summary, the variation of the effective refractive index of the considered compound produced by a 

temperature change can be easily observed through the output power ratio of the beam crossing a sample. The 

high thermo-optic coefficient of PDMS along with the resonant phenomena in the absorption of NPs produce 

remarkable changes in the output power ratio. In addition, the broad range of working temperature, the linearity 

and high sensitivities make this compound a good candidate to work as an optical sensing element.   



 

Fig. 1 Thermo-optical properties of composite formed by PDMS and Ag NPs. Particle sizes is R = 5nm. The filling factor is 0.05w% (continuous line) 

and 0.01 w% (dashed line). a) Extinction efficiency spectra of a spherical Ag NP (R=5 nm) embedded in a PDMS matrix for several temperature values. b) 

Output power ratio spectrum of a light beam crossing a sample of the compound (10µm of thickness) for two concentrations of NPs, 0.05w% (continuous 

line) and 0.01 w% (dashed line), and two different external temperatures. 

 

 

 

Fig. 2 Effective refractive index of composite formed by PDMS and Ag NPs. The filling factor is 0.05w% (continuous line) and 0.01 w% (blue line). 

(a) Real part for NPs with 5nm radius. (b) Imaginary part for NPs with 5nm radius. 

 

Acknowledgements  

Authors acknowledge funding support from the Spanish Ministerio de Economía y Competitividad (grants 

no. TEC2013-47342-C2-2-R and no. TEC2013-50138-EXP) and the R&D Program SINFOTON 

S2013/MIT-2790 of the Comunidad de Madrid. 

 

REFERENCES 

1. J. Wu, R. Wang, H. Yu, G.Li, K. Xu, N. C. Tien, R. C. Roberts and D. Li, Inkjet-printed microelectrodes on 

PDMS as biosensors for functionalized microfluidic systems, Lab Chip,15, 690-695, 2015. 

2. P. Gaiser, J. Binz, B. Gompf, A. Berriera and M. Dressela, Tuning the dielectric properties of 

metallic-nanoparticle/elastomer composites by strain, Nanoscale, 7, 4566-4571, 2015. 

3. E. Ozkan, F. T. Ozkan, E. Allanb and I. P. Parkin, The use of zinc oxide nanoparticles to enhance the 

antibacterial properties of light-activated polydimethylsiloxane containing crystal violet, RSC Adv. ,5, 

8806-8813, 2015. 

4. C. Markos, K. Vlachos, and G. Kakarantzas, "Bending loss and thermo-optic effect of a hybrid PDMS/silica 

photonic crystal fiber," Opt. Express, 18, 24344-24351, 2010. 



            

Room-temperature Microdisk Microlsers of Perovskites 

Self-Assembled from Solution 

 

Q. Liao
1,2

, X. Jin
2
, K. Hu

2
 and H. B. Fu

1,2,*
 

1
 Beijing National Laboratory for Molecular Sciences (BNLMS), Institute of chemistry, Chinese Academy of Sciences, 

Beijing 100190, P. R. China 


2
 Beijing Key Laboratory for Optical Materials and Photonic Devices, Department of Chemistry, Capital Normal 

University, Beijing 100048, P. R. China 
*
corresponding author: hongbing.fu@iccas.ac.cn 

 

Abstract- Whispering gallery mode (WGM) semiconductor microdisk lasers (MDLs) are key 

components for applications ranging from optical communication, spectroscopy, to high throughput 

bio-sensing, but require sophisticated top-down processing techniques and exhibit a green-gap in the 

lasing spectral range by using semiconductors, such as IIInitrides and IIIphosphides. Currently, 

organic-lead halide perovskite semiconductors (CH3NH3PbX3 with X = Cl, Br, I) have been the forefront 

of solar energy and optical gain materials. Here, we report for the first time single-crystalline square 

microdisks (MDs) of CH3NH3PbBr3 prepared by using a one-step solution self-assembly method. We 

found that four side-faces of square MDs of CH3NH3PbBr3 constitute a built-in WGM microresonator 

with a quality factor as high as 430. Single mode lasing at 557 nm had been achieved in a 2.02.00.6 

m
3
 square MD at a threshold of 3.6  0.5 J/cm

2
 at room temperature. By partial replacement of Br 

with Cl in mixed perovskites CH3NH3PbClxBr3-x, lasing wavelengths of our WGM MDLs have been 

continuously tuned in the green spectral range from 525 to 557 nm with decreasing x = 1 to x = 0. 

 

Semiconductor microdisk lasers (MDLs) have been intensively investigated in the past decades, because of 

their applications ranging from optical communication, spectroscopy to high throughput bio-sensing. As 

compared with vertical cavity surface emitting laser (VCSEL),
1
 which is generally composed of a semiconductor 

gain-layer sandwiched between top and bottom mirrors of a Fabry-Pérot (FP) optical cavity, whispering-gallery 

mode (WGM) MDLs utilize successive total internal reflection (TIR) along the disk circumference and provide 

high cavity quality factor (Q) and small mode volume (V) for integration of miniaturized devices.
1
 A variety of 

active materials have been explored in WGM MDLs, including quantum-well structures as well as embedded 

and/or coated quantum-dot layers.
1
 Nonetheless, fabrication of semiconductor MDLs require sophisticated 

top-down processing techniques and expensive apparatus. Moreover, these commonly used semiconductors, 

such as IIInitrides and IIIphosphides, exhibit a green-gap in the spectral range of lasing wavelengths.  

Most recently, organic-lead halide perovskite semiconductors (CH3NH3PbX3 with X = Cl, Br, I) have shown 

huge potential in photovoltaics, with a power conversion efficiency exceeded 15% in both vapor- and/or 

solution-deposition processed solar cells.
2
 Furthermore, it has been demonstrated that organic-lead halide 

perovskites are also super optical-gain materials with excellent optical properties, such as large absorption 

coefficients, high photoluminescence (PL) quantum yield (PLQY), and slow Auger recombination rate.
3
 Note 

that in abovementioned photovoltaic and laser devices, the active layers are composed of a polycrystalline 

thin-film of CH3NH3PbI3.  



Here, we report for the first time single-crystalline square MDs of CH3NH3PbBr3 prepared by using a 

one-step solution self-assembly method. The four side-faces of square MDs of CH3NH3PbBr3 constitute a 

built-in WGM microresonator with a quality factor as high as ~430 (Figure 1b and c). Single mode lasing at 557 

nm had been achieved in a 2.02.00.6m
3
 square MD at a threshold of 3.60.5 J/cm

2
 (Figure 1a and d). By 

partial replacement of Br with Cl in mixed perovskites CH3NH3PbClxBr3-x, lasing wavelength of our WGM 

MDLs had been continuously tuned in the green spectral range from 525 to 557 nm with decreasing x = 1 to x = 

0.  We believe that the low defect-density in our single-crystalline square MDs, together with the ambipolar 

charge transport as well as the high carrier mobility associated with perovskites, make them attractive candidates 

to realize electrically pumped on-chip coherent light sources. 

 

 

Figure 1: (a) -PL spectra of a square MD with a footprint of 2.02.00.6 m
3
 as shown in (b), measured as a 

function of excitation density at 400 nm. Inset: enlarged -PL spectra between 555 and 559 nm show that the 

single mode lasing peak around 557 nm is blue-shifted with increasing the excitation density. (c) -PL image of 

a square MD above lasing threshold. Lasing light couples out at four edges and four corners of the square MD. 

(d) Integrated PL intensity as a function of excitation density.  (e) Typical PL decay profiles of square MDs of 

CH3NH3PbBr3 monitored around 557 nm, showing the evolution from SE to lasing emission with increasing the 

pumping laser power.   
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Abstact： 

Au is a promising material for red to near-infrared plasmonic applications, such as surface 

enhance Raman scattering spectroscopy (SERS) and optical nanocircuits. Focused ion-beam (FIB) 

milling into metallic thin films is a practical way to fabricate high-definition plasmonic 

nanostructures. Commonly used multi-crystalline metallic films have rough surface and thus high 

loss and scattering of surface plasmons. To resolve this problem, chemical grown single-

crystalline gold flakes have been used for the fabrication of high quality plasmonic nanostructures. 

However, the size of flakes is usually limited. In this work, we present a new synthesizing 

method of ultra-large millimeter-sized single-crystalline gold flakes for large-area plasmonics. By 

heating the mixture of ethylene glycol (EG) and chloroauric acid solution (HAuCl4(aq)) in the 

glass bottle with coverslips at one hundred centigrade for several days, we can stably obtain 

millimeter-sized gold flakes on the coverslips. The thickness of most flakes is about one 

micrometer. To decrease the thickness and obtain extremely thin but large gold flakes, we have 

used stacked coverslips to create a limited space.  The gold flakes grown on the surface in 

between the stacking cover slips are much thinner compared to the flakes grown outside. The 

reduced flake thickness might be attributed to the laminar flow of the grow solution in the 

restricted space between the cove slips. The stacked coverslips method can be used to produce 

millimeter-sized single-crystalline gold flakes with thickness of only tens of nanometers. 

Applications of such large and thin gold flakes in plasmonic integrated nanocircuits or SERS 

substrate are anticipated. 
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Abstract- We investigated the surface work function (WS) of 15-nm-thick nearly 
grain-boundary-free VO2/TiO2 thin films using Kelvin probe force microscopy (KPFM). WS maps 
obtained while varying the sample temperature enabled us to observe metallic and insulating 
domains with distinct WS values, while the sample underwent the metal–insulator transition. The 
temperature dependence of the metallic fraction well explained the evolution of the resistance based 
on a two-dimensional percolation model. The KPFM measurements also showed that the 
percolation clusters were fractal objects. 

 
VO2 exhibits metal–insulator transitions (MITs) and structural phase transitions near room temperature.1 The 

coexistence of metallic and insulating domains in VO2 thin films and its influence on the phase transition 
behaviors have been investigated extensively.2 The domain configurations significantly affect the macroscopic 
physical properties of VO2 thin films, as well as the performance of prototypical devices based on VO2 thin films, 
including a split-ring-resonator-based metamaterials,3 active terahertz nanoantennas,4 and ultra-thin perfect 
absorbers.5 We report on simultaneous measurements of the work function, WS, and the resistivity, , of 
VO2/TiO2 thin films.6 The local WS maps showed that the films had tens-of-nm-sized metallic and insulating 
domains with clearly distinct WS values. The percolation model well explained the relationship between the 
metallic domain fraction and . Real-space domain maps also suggested that the percolation clusters formed a 
fractal surface  
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Abstract-We have investigated the properties of multilayer films consisting of indium tin oxide 

(ITO) and silver oxide (AgOx) for application in transparent conducting electrodes. The 

ITO/AgOx/ITO multilayer films were deposited by rf sputtering technique at room temperature. The 

effect of AgOx interlayer film on the optical and electrical properties was studied as a function of 

Ar/O2 gas ratio. The electrical and optical properties of ITO/AgOx/ITO multilayer films were 

influenced by the thickness and Ar/O2 gas ratio of the interlayer. The optical thickness was 

simulated by transfer matrix method (TMM) to improve optical transmittance. 

 

In recent years, the flexible transparent electrodes have received considerable attention due to core 

technology to realize new generation devices. The transparent conducting oxide (TCO) films have been used in 

various applications in optoelectronic devices such as liquid crystal displays, organic light emitting diodes, and 

solar cells [1-2]. In particular, indium tin oxide (ITO) is widely used as a TCO material thanks to its outstanding 

electrical and optical properties. However, it is difficult to apply to ITO film on the polymer substrates owing to 

its mechanical brittleness and the poor electrical conductivity. Also, amorphous ITO films deposited at room 

temperature have poor electrical conductivity caused by reduced dopant activation [3]. In order to enhance 

characteristics of TCO films without substrate heating during deposition process, several studies have reported 

TCO/metal/TCO multilayer films, which have high optical transmittance and electrical conductivity than single 

TCO films of the same thickness [4]. In recent year, Yun et al. [5] reported the advanced TCO/metal-oxide/TCO 

structure to minimize the high degree of reflection caused by the metal interlayer. 

In this work, ITO/AgOx/ITO multilayer films were deposited by radio frequency (RF) sputtering technique 

at room temperature. The target materials, ITO and Ag, of purity 99.99%, were used to deposit multilayer films. 

The p-type Si (100) wafer and soda lime glass were used as substrates after cleaned by acetone, trichloroethylene, 

isopropyl alcohol, and DI-water. The RF reactive sputtering to fabricate AgOx films was carried out under 

different Ar/O2 gas ratio, in order to obtain various chemical compositions. Here, Ar/O2 gas ratio means the real 

gas flow rate of O2 and Ar. The processing chamber was pumped to base and working pressures of 10
-6

 and 10
-3

 

Torr, respectively. The sputtering conditions of ITO and AgOx films presented in table 1. X-ray diffractometer 

(XRD), x-ray photoelectron spectroscopy (XPS), ultraviolet visible spectrophotometer (UV-VIS), ellipsometer, 

and four-point probe were measured to evaluate the properties of the each film (AgOx and ITO), respectively. In 

addition, the optical and electrical properties of ITO/AgOx/ITO multilayer films were also evaluated as a 

function of Ar/O2 gas ratio. Figure 1 shows the transmittance of ITO/AgOx/ITO multilayer films deposited onto 

glass substrates. The optical transmittance of the multilayer films was influenced by the thickness and Ar/O2 gas 



ratio of the AgOx interlayer. The transmittance spectra measured were compared with calculated results by 

transfer matrix method (TMM). 

The aim of this work is to theoretically and experimentally demonstrate the high quality ITO/AgOx/ITO 

multilayer films for application in transparent conducting electrodes. Further studies to improve optical 

transmittance are now in progress by calculating the optical thickness. 

 

Table 1. rf sputtering conditions of ITO and AgOx films 

 ITO AgOx 

Power (W) 75 25 

Base pressure (Torr) 10-6 10-6 

Working pressure (Torr) 10-3 10-3 

Substrate temperature (℃) RT RT 

Ar/O2 gas ratio (sccm) 30:1 30:0, 30:1, 30:2 

 

Figure 1. Transmittance spectra for ITO/AgOx/ITO multilayer films as a function of AgOx thickness: (a) 

Ar/O2 gas ratio (30:0), (b) Ar/O2 gas ratio (30:1), and (c) Ar/O2 gas ratio (30:2) 
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Abstract— We study nonlinear properties of multilayer metamaterials created by graphene
sheets separated by dielectric layers. We demonstrate that such structures can support localized
nonlinear modes described by the discrete nonlinear Schrödinger equation and that its solutions
are associated with stable discrete plasmon solitons. We also analyze the nonlinear surface modes
in truncated graphene metamaterials being a nonlinear analog of surface Tamm states.

One of the remarkable properties of nonlinear systems is the ability to sustain a localized
wavepackets – solitons, which can propagate over long distance without loosing its shape. In the
area of plasmonics discrete solitons can be observed in the metal-dielectric multilayers [1]; periodi-
cal arrays of nanowires [2] or nanoparticles [3]. Recently it was shown, that a 2D material graphene
is strongly nonlinear material [4], which results in possibilities of third harmonic generation [5], or
existence of solitons [6]. In order to increase the effective nonlinearity of photonic structures with
graphene, a natural idea is to use graphene multilayers [7], which possess the principal property of
photonic crystals – band-gap structure of spectrum.

In this article, we study nonlinear properties of multilayer metamaterials created by graphene
sheets separated by dielectric layers. We show that this type of metamaterial is essentially non-
linear, and the origin of nonlinearity is the Dirac-cone shape of the charge-carriers spectrum in
the graphene. The expression for the graphene’s nonlinear conductivity [8] is obtained using the
Boltzmann kinetic equation formalism. We demonstrate that such a multilayer structures are de-
scribed exactly by the stationary discrete nonlinear Schrödinger equation, and, as a result, can

Figure 1: (left panels) Dependence of soliton norm P (in MV2/m2) upon frequency ω and wave vector kx for
the Fermi energy of graphene EF = 0.157 eV, interlayer distance d = 40µm, and dielectic layer permeability
ε = 3.9; (right panels) Soliton spatial profiles for kx = 0.05µm−1 and ω = 1.98 meV [panel A], ω = 0.52 meV
[panel B], ω = 9.7 meV [panel C], or ω = 9.36 meV [panel D].



support spatially localized nonlinear modes in the form of discrete solitons. We show the existence
of two types of solitons. The plasmonic soliton [example is shown in Fig.1(a)] bifurcates from the
low-frequency boundary of the first band (black domain in left panels of Fig.1) and exist in the

semi-infinite gap. Since in this region kx > ωε1/2/c, this type of soliton is characterized by the
evanescent waves in the dielectric between the graphene layers. At the same time, the frequency
defines the degree of soliton localization, as follows from the comparison of Figs. 1(A)–1(B). Thus,
in the vicinity of the band edge the soliton is delocalized – its electric field is distributed over a
large number of graphene layers [Fig. 1(A)]. When frequency is detuned from the band edge, the
soliton becomes more localized – its electric field is either distributed over a few graphene layers,
or effectively concentrated in the vicinity of one graphene layer, as shown in Fig. 1(B). It should be
underlined that the soliton inherits the properties of a Bloch wave at the band edge from which it
bifurcates: signs of the electric field tangential components at adjacent graphene layers are opposite
(staggered soliton).

Solitons can also exist in the upper (finite) gaps of the spectrum. Notice that in those gaps kx <

ωε1/2/c, and solitons are characterized by propagating waves in the dielectric between graphene
layers (this type of soliton is further referred to as a photonic soliton). An example of photonic
solitons is shown in Fig. 1(b). Photonic solitons are characterized by considerably larger soliton
norms P if compared to the plasmonic ones [compare legends in Figs. 1(a) and 1(b)]. Photonic
solitons bifurcate from the upper edge of the gap and are considerably wider than plasmonic ones,
and at large amplitudes they become two-hump [Figs. 1(C) and 1(D)]. This happens due to the
fact that, by contrast to plasmonic solitons, for photonic solitons local maxima and minima of the
electromagnetic field are generally not located at graphene layers.

We also analyze the nonlinear surface modes in truncated graphene metamaterials being a
nonlinear analog of surface Tamm states.

To conclude, we have analyzed nonlinear graphene-based multilayer metamaterials and demon-
strated that they can support spatially localized nonlinear modes in the form of discrete plasmon
solitons. We have described the properties of this novel class of discrete solitons, including the
dependence of their parameters on graphene conductivity. We have also predicted the existence of
nonlinear surface modes in the form of discrete surface solitons.
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Abstract— In this paper, few-layered g-C3N4 nanosheets film was successfully prepared by
liquid exfoliation and vacuum filtrated self-assembled method. The obtained g-C3N4 nanosheets
film displayed transparent character and tunable thickness. The blue-shift of the PL spectra of the
nanosheets film indicated the energy gap increased, which is the changing process of g-C3N4 from
indirect-gap semiconductor to direct-gap semiconductor while bulk g-C3N4 gradually exfoliated
into few-layered nanosheets. The corresponding height of AFM image showed the thickness of
the nanosheets was around 2 nm consisting of nearly 6 C-N layers. The photocurrent test showed
the as prepared film had a good photocurrent response nearly 0.19 µA to each switch-on and
switch-off event.

Recently, Two-dimensional (2D) nanosheets, made of few atomic layers, have attracted tremen-
dous attention owing to their unique properties and potential applications in the areas of electronics,
sensors, catalysts, bioimaging, biomedical applications, and energy storage. Two-dimensional (2D)
atomically-thick materials, graphene and graphene-like layered transition metal dichalcogenides
(TMDs) have showed vast potential as novel energy and biomedical materials due to their unique
physicochemical properties. Mono- and few- layered TMDs-obtained either through exfoliation
of bulk materials, such as liquid exfoliation and mechanical exfoliation, or bottom up syntheses
are direct-gap semiconductors, whose bandgap energy varies between compounds depending on
their composition, structure and dimensionality, while bulk TMDs are indirect-gap semiconduc-
tors. However, metal-free graphitic-phase C3N4 (g-C3N4) has similar properties. Bulk g-C3N4

is indirect-gap semiconductor while mono-layered is direct-gap semiconductor. Recent theoretical
investigations reveal that g-C3N4 nanosheets exhibit unique electronic and optical properties. For
instance, an infinite g-C3N4 sheet with energy gap ∼2.65 eV is predicted to have an electronic band
structure with band edges straddling the water redox potentials. Thus, g-C3N4 sheets should be a
promising photocatalyst for the water-cleavage reaction, to produce hydrogen under sunlight. In
this paper, few-layered g-C3N4 nanosheets film was successfully prepared by liquid exfoliation and
vacuum filtrated self-assembled method and the microstructure was researched.
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Fig. 1. TEM image and SAED spectrum of g-C3N4 nanosheets: (a) TEM image, (b) SAED.
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Fig. 2. AFM image of g-C3N4 nanosheets: (a) smooth area , (b) fluctuate area.
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Fig. 3. Photograph of the color change of g-C3N4 nanosheets solution before and under UV light illumination
(a), PL spectra of g-C3N4 under different condition (b).
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Fig. 4. Photocurrent response of g-C3N4 nanosheets film (0.5 V, 0.5 M Na2SO4 solution).
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Abstract- The capability to accurately control the position of nanoparticles is of great interest in the 
nano-sciences. However, controlling the exact position of sub 10nm particles can be particularly 
challenging. Here we propose a low power method to overcome this challenge by utilizing the 
tunable dirac plasmons in a nanostructured graphene nanoroad. In our nanoroad we produce an 
electrically tunable optical potential and carefully study the nanoparticle transport using langevin 
dynamics and also consider the plasmonic heating effects. 

 
In recent years many efforts have been made to accurately trap and manipulate nanoparticles for high 

performance biomedical lab on chip applications by applying highly localized electromagnetic fields and 
plasmonics [1-5]. However manipulating the exact position of sub 10nm particles can be particularly challenging 
due to random brownian motions taking over the transport dynamics [6]. In this work we propose a method to 
overcome the limitations associated with positioning extremely small nanoparticles and take a step closer to true 
single atom manipulations using the wonder material graphene. 

 
In summary in this work we propose applying graphene’s tunable Dirac plasmons [7, 8] in a carefully 

designed graphene nanoroad structure which provides the ability to electrical tune the position of the localized 
infrared energy in resonant structures by creating localized surface plasmon resonances. We show that by 
changing the gate voltage of the graphene nano road we are able to achieve an electrical tunable optical potential 
well which can potentially displace the nanoparticle in the order of a few micro meters in a continuous and 
thermally stable manner. A major challenge in optical tweezers is to ensure the object of interest is not harmed by the 
high power incident electromagnetic field. This is particularly important for medical applications. In result, this 
criterion imposes fundamental limitations on the maximum power intensity that can be applied, particularly for 
nanosized particles whose dynamics is mostly enforced by random heat fluctuations [6]. In order to address this issue 
in our analysis we have considered the effects of heating and random Brownian motions. We accurately calculate the 
dynamics of the system using Langevin dynamics and produce the propagation path of the nanoparticle in a 
coupled multi physics system. We also take into account the heating of the structure and losses that are induced 
inside the system and monitor the temperature. We believe this novel design provides a new route to achieve 
high performance single molecule position control and can be applied as an electrically controllable nanoroad in 
a wide range of future lab on chip applications.  
 



 

 
Figure 1. Showing the electrically controlled optical potential field. In this design the total length of the nanoroad is 
approximately 2um. The dip in the optical potential well is transported from one end of the nanoroad to the other by 
changing the effective wavelength of the dirac surface plasmons by changing the applied gating voltage. This tunable 
potential can stably control sub 5 nm dielectric particles while keeping the trapping power intensity below 1mW/um2. 
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Abstract-We experimentally demonstrate 99% extinction of millimeter wave transmission when 

single layer graphene (SLG) covers the openings of 2-nm-wide apertures through a metal film. By 

resonantly coupling millimeter waves with annular nanogaps, the extremely localized fields lead to 

the nearly-perfect extinction and strong absorption in SLG. Furthermore, by integrating these ionic 

gel, enhanced intraband absorption in the SLG leads to 80% modulation of millimeter waves with 

an operational voltage as low as 1.5V. 

 

Two-dimensional (2D) materials such as graphene possess unique electrical and optical properties that are 

not present in bulk materials [1-2]. Due to their atomic-scale thickness, however, 2D materials usually interact 

only weakly with electromagnetic waves, presenting challenges for realizing high-performance optoelectronic 

devices. This work demonstrates that by confining light into ultra-small metallic gaps, it is possible to 

dramatically boost this interaction with graphene [3]. As an extreme case, terahertz (THz) waves (with a 

wavelength of 1 mm) are squeezed into gaps about 105 times smaller, allowing them to interact with 99% 

efficiency with a 0.3 nm- thick graphene layer. 

 

 

Figure 1: (a) A CVD-grown monolayer graphene is transferred onto a metallic aperture array with an aperture 

size of 2 nm. (b) Measured terahertz (THz) transmission spectra for the 2 nm-wide annular gap array without 

(black dashed line) and with (red solid line) graphene. For easy comparison, we normalized the transmission 

amplitudes with the maximum value in the figure. Adopted from [3]. 

   

To realize this experiment, we used atomic layer lithography [4] to define the extremely narrow (2 nm) gaps 



in a thin gold film (Fig. 1a). The thickness of the Al2O3 layer deposited by atomic layer deposition determines 

the lateral width of the vertically aligned gaps. While the resulting gaps cover only 0.002% of the sufrace, 25% 

of incident THz energy passes through the metal film. Amazingly, placing a monolayer graphene at the exit side 

of these gaps without an Al2O3 spacer allows 99% THz extinction leading to a reduction by another 2 orders of 

magnitude at the resonance (Fig. 1b), while the graphene on the bare substrate shows a typical extinction of ~20% 

over a broad THz frequency range [5]. This huge extinciton is mostly caused by strong absorption near the 

nanogaps.   

As an application of this strong absorption, we also demonstrate high-contrast modulation of THz 

transmission [6] using monolayer graphene. For such modulation experiments, we had to insert a 2-nm-thick 

Al2O3 spacer between graphene and the metallic nanogaps as described above. This allowed an electrically 

controllable hybrid material platform, consisting of the 2-nm-wide annular gaps, a graphene film, and an ionic 

gel layer. The enhanced intraband absorption in the graphene leads to a very large modulation depth of 80% with 

an operational voltage as low as 1.5 V [3].  

In addition to graphene, such ultra-strong light-matter interactions mediated by nanogap structures could 

also benefit a wide range of applications involving 2D materials or biomolecules.  
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Abstract-We analyze coupling of light to planar dielectric waveguides using polarization-selective 

meta-grating couplers. The meta-grating couplers are based on metal nanoantenna arrays, arranged 

in a fishbone pattern. High index contrast waveguide platforms like TiO2/SiO2 and 

silicon-on-insulator are considered. 

 

A grating composed of properly arranged nanoantennas (“meta-grating”) can couple light into different 

directions based on the circular polarization state of the incoming light, as demonstrated recently by Lin et al. in 

the case of slot antennas in metal film coupling to surface plasmon polaritons [1] and by Mueller et al. for metal 

ridges coupling to long-range surface plasmon polariton stripe waveguides [2]. While coupling to plasmonic 

waveguides is interesting for demonstration purposes, coupling to dielectric waveguides is a matter of greater 

technological importance. Such a coupling scheme could be used, e.g., for polarization-controlled routing or 

switching, e.g. in quantum optics. 

 

 
      (a)           (b) 

 

Figures 1: (a) Directional emission from an array of gold antennas embedded in a homogeneous dielectric, 

modelled as ideal dipoles. (b) Wavelength dependence of the coupling, showing intensity of light coupled in 

opposite directions for a circularly polarized incident beam. 

 

5 µm 



In the present work, we first consider the general case of coupling into a homogeneous dielectric. In this case, 

the fishbone antenna array shows highly directional emission for a circular polarization state, as shown in the 

simulation presented in Figure 1a, where gold antennas are modelled as ideal dipoles. Using finite-difference 

time-domain simulations, we consider the wavelength response in the NIR range, shown in Figure 1b, and its 

dependence on the geometrical properties of the array. Numerical calculations will be supported by experimental 

evidence. 

 

In order to study coupling to waveguides, we consider coupling to planar TiO2 / SiO2 waveguides and to SOI 

waveguides, where we compare coupling efficiency and wavelength dependence to that of state-of-the-art 

fiber-to-waveguide grating couplers [3]. The influence of the position of the metal antenna arrays with respect to 

the waveguide layer is studied, as well as optimization with respect to minimizing back-reflections. In contrast to 

conventional grating couplers, meta-grating couplers offer the advantage of being able to steer externally the 

direction of the coupled light, by changing its polarization, enabling e.g. fast polarization-dependent switching 

and could therefore open new opportunities in integrated optics. 
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Abstract 

We report here calculation of the electronic bands structures 

of type I GaAs/Ga1-xAlxAs superlattices with x=1, using the 

envelope function formalism. We have studied, the indirect-

direct band gap transition in both symmetric 

(GaAs)n/(AlAs)n and asymmetric (GaAs)m/(AlAs)4 

superlattices at room temperature and the effect of the well 

thickness, the valence band offset and the temperature on 

the electronic properties of GaAs (d1=25.2 Å)/AlAs 

(d2=11.6 Å) superlattice. These results are in good 

agreement with the photoluminescence measurements 

reported in literature. In the investigated temperature range, 

the cut-off wavelength 674 nm ≤ λc ≤ 709 nm situates this 

sample as near infrared detector. 

1. Introduction 

In their works, Esaki and Tsu [1], proposed the 

semiconductors superlattices (SLs) consisting of alternating 

two different semiconductors. The development of 

molecular beam epitaxy (MBE) made it possible to 

elaborate various semiconductors nanostructures 

superlattices [2]. Among them, type I (GaAs/ Ga1-xAlxAs) 

[1-3], I type II (InAs/GaSb [4]) and type III superlattices 

(HgTe/CdTe [5]). In the last two decades, these artificial 

materials have attracted the attention of both cryogenic and 

high temperatures applications fields, like optoelectronic 

devices [6], detectors [7], medical diagnostics and other 

applications [8]. 

In the fundamental studies, the realization of such 

nanostructures, in particular (GaAs)m/(AlAs)n superlattices, 

with m and n denote the number of GaAs well and AlAs 

barrier monolayers (ML) in one period (with 1ML thickness 

is about 2.83 Å [9]), has the advantage of an almost equal 

lattice constants and the lattice matching of 0.1 % between 

the two compounds is very small [10]. Such systems have 

attracted many attentions, in order to determine their bands 

structures and other properties. Therefore, the difference 

between the bottoms of the conduction band to the top of 

the valence band is well known as band gap energy which is 

considered as one of the most important parameters to 

understand different phenomena associated with such 

sensor nanomaterials. 

However, the lowest energy level of GaAs in the 

conduction band is located at Γ point (the center of the first 

brillouin zone), while it is at X point for AlAs, which is 

lower than X-valley energy of GaAs, due to the interface 

band offsets. 

Because of the superlattice potential two different X 

states are to consider: Xz which is parallel to growth 

direction [001] and Xxy perpendicular to it. The theoretical 

calculations of Matsuoka et al. [11] based on tight-binding 

method as well as the empirical pseudopotential of Mäder et 

al. [12] predict that Xz states lie below Xxy states for n= m> 

1. In other words, the lowest energy for indirect SLs 

correspond to Xz states and for n= m= 1 the lowest 

conduction bands are Xxy states. These theoretical results 

were supported by the photoluminescence and 

photoreflectance measurements of Ref.[11]. However, the 

experimental observations of Ge et al. [13] on short period 

(GaAs)m/(AlAs)n superlattices with m, n≤ 4 show that the 

conduction band minimum (CBM) of such systems is 

corresponding to Xxy for n=m=1, 2 and 3 where it is Xz for 

n=m ≥ 4 SLs. In addition, Litovchenko et al. [14] reported 

that for n≤ 3 the SLs is indirect and the CBM occurs at Xxy 

valley of AlAs barriers by using PL, on a symmetric 

samples (n=m), ranged from 1 to 10 ML at low temperature. 

On the other hand, different theoretical investigations 

and experimental measurements, on (GaAs)m/(AlAs)n SLs 

have predicted the existence of indirect-direct band gap 

transition for a certain range of thicknesses. The 

calculations of Yamaguchi [15], using the tight binding 

method, predict that, superlattices with n=1 to 5 ML have 

an indirect band gap and for n=7 to 20 ML have direct gap. 

However, the tight binding calculations of Fujimoto et al. 

[16] on a symmetric superlattices (n= m) show the existence 

of such band gap transition at n=8 ML, while their 

experimental measurements at room temperature show it at 

about n=10 ML. For Cingolani et al. [17] this transition 

occurs at n= m= 12 ML using photoacoustic spectroscopy, 

high excitation-intensity time-resolved luminescence and 

photoluminescence excitation at both T=10 K and 300K, on 

a number of symmetric ultra-short period (GaAs)m/(AlAs)n 

superlattices. 

In this paper, we report the electronic properties of 

GaAs/Ga1-xAlxAs superlattices with x=1, based on the 

envelope function formalism at room temperature. The 
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indirect-direct band gap transition in both symmetric 

(GaAs)n/(AlAs)n and asymmetric (GaAs)m/(AlAs)4 SLs, the 

effect of the well thickness and the temperature on the band 

gap energy. These results were compared and discussed 

with the experimental measurements and other theoretical 

calculations reported in the literature. 

2. Superlattices band structure theory 

The type I superlattices band structure calculations, could 

be performed by the envelope function formalism [5,18]. 

We continue here to use the valence band offset Λ, between 

heavy holes subbands edges of GaAs and AlxGa1-xAs at Γ 

point. The value assumed for Λ is 530 meV, issued from 

experimental measurements of Vurgaftman et al. [19] and 

the theoretical calculations of Zhang and co-workers [20] 

using the first principales quasiparticale theory. But Wang 

et al. [21] have calculated a larger value of 587 meV, using 

an atomistic first principles approach. 

The general expression of the dispersion relation for 

light particles (electron and light hole) subbands of the 

superlattice is defined by [18,22]: 

z 1 2 1 1 2 2

2

p

1 1 2 2

1 2

1 1
cos[k (d d )] cos(k d ) cos(k d ) [(ξ )

2 ξ

k 1
(r 2)] sin(k d ) sin(k d ) (1)

4k k r

    

 

 
The subscripts 1 and 2 refer to GaAs and AlxGa1-xAs, 

respectively. kz is the wave vectors in the direction of 

growth axis and kp(kx,ky) is the wave vector in plane of the 

superlattice which describes the motion of particles 

perpendicular to kz. In our case; 

1

2

k
ξ = r

k
 and 

2

1

E ε
r =

E ε Λ



 
 

E is the energy of the light particles in the superlattice 

measured from the top of the Γv valence band of AlxGa1-xAs 

bulk, while εi (i =1 or 2) is the interaction band gaps E(Γc) - 

E(Γv) in the bulk GaAs and AlxGa1-xAs, respectively (Fig. 

1). 

At given energy, the two–band Kane model [23] gives 

the wave vector (ki
2
+kp

2
) in each host material: 

2 2 2 2

1 1 p 1

2 2 2 2

2 2 p 2 1-x x

2
P (k +k ) = (E ε Λ) (E Λ)  for GaAs

3

2
P (k +k ) = E (E ε ) for Al Ga As

3

  












 

The relationship between Kane matrix element P and 

Kane energy Ep is given by the expression [24,10]: 

p2

0

E
P =

2 m
 

For a given energy E, the superlattice state exists if the 

right-hand side of the dispersion relation lies in the range [-

1, 1] that implies –π/d ≤ kz ≤ π/d in the first Brillouin zone, 

where d=d1+d2 is the superlattice period. 

The superlattice heavy hole subbands are obtained from 

the same equation (1) with: 

1
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k
ξ = r

k
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HH
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Where mHH
*1

and mHH
*2

 are the heavy hole effective 

mass of GaAs and AlxGa1-xAs in bulks, respectively. 

 
Figure 1: Illustration of different parameters related to the 

electronic band structure. (Ec)i and (Ev)i where i=1, 2 are the 

conduction and the valence bands energies of GaAs and 

AlxGa1-xAs bulks, respectively. 

 

In this work, we have used the experimental effective 

masses values of GaAs mHH
*1

=0.34m0 and AlAs 

mHH
*2

=0.478m0 reviewed by Karazhanov et al. [10]. For the 

band gaps bulks, we choose the empirical expressions, 

reported by Vurgaftman et al. [19], at both X and Γ points 

as a function of temperature T for GaAs and AlAs: 

ε1(X)=1,981- 4,6 10-4 T
2
/(T+204), ε1(Γ)= 1,519-5,405 10-4 

T2/(T+204), ε2(X)= 2,24-7 10-4 T
2
/(T+530), and ε2(Γ)= 

3.099-8,85 10-4 T
2
/(T+530). 

The electronic band structures computation consists of 

solving the previous dispersion relations with the reported 

parameters. 

3. Results and discussions 

For symmetric superlattices (GaAs)n/(AlAs)n, we show in 

Fig. 2, the calculated band gap energy at Γ point, Eg(Γ) and 

X point Eg(Xz) as a function of AlAs thicknesses (in 

monolayers n), at room temperature. 

We can see that both of Eg(Xz) and Eg(Γ) decreases with 

increasing number of monolayers n and the crossover 

indirect-direct band gap takes place near n=7 with a band 

gap energy of 1.85 eV. In this context, Finkman et al. [25] 

have calculated the fundamental band gap of 1.86 eV for a 

symmetric (GaAs)7/(A1As)7 sample using the kronig Penny 

model and measured 1.851 eV with the photoluminescence 

at T= 300K. According to the photoacoustic spectroscopy 

measurements of Cingolani et al. [17] at 300 K for n=m=7 

SLs, Eg(Xz)=1.8 eV and Eg(Γ)= 1.9 eV. 
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Figure 2: The band gap energy of symmetric SLs, at Γ and 

X points versus the number of monolayers n. The lines pass 

through points are used as a guide to show the crossover 

indirect-direct band gap transition. 

 

Consequently, a reduction of thickness below 7 

monolayers results an indirect band gap, while for n ≥ 7 the 

superlattices have direct band gap. These theoretical results 

are in good agreement with those of Yamaguchi [15], 

performed by tight binding method, for which, superlattices 

with n=1 to 5 are indirect band gap and those with n=7 to 20 

are direct band gap. However, the calculations of Fujimoto 

et al. [16] using the tight binding method too, with n=m 

ranged from 1 to 15 at room temperature show that such 

transition occurs at about n=8. But, the photoreflectance and 

photoluminescence measurements of Fujimoto et al. show 

this transition at about n=10. 

In addition, Cingolani et al. [17] have combined 

photoacoustic spectroscopy (PAS) and photoluminescence 

excitation (PLE) in their investigations on symmetric SLs 

with n ranging between 2 and 15. They found that the Γ-Xz 

crossover takes place at n=12. These differences, may be, 

are due to the inevitable fluctuations during the growth of 

both well and barrier, the number of periods which constitue 

samples, as well as the boundary conditions and parameters 

considered in the model which could affect significantly the 

band gap energy. 

Such transition has also been studied in asymmetric 

superlattices with fixed AlAs layer number at n=4. As 

illustrated in Fig. 3, the calculated band gap energy for 

asymmetric (GaAs)m/(A1As)4 superlattices, at both of Γ and 

X points, as a function of GaAs thicknesses (in monolayers 

m) at room temperature. We can see that the calculated band 

gaps tend to decrease as m increases. Then, the crossover 

from indirect to direct band gap of (GaAs)m/(A1As)4 SLs 

takes place between m=5 and 6 ML, which are 

corresponding to 2.016 eV and 1.922 eV at Γ point. 

Therefore, for m ≥ 6 the lowest conduction band energy 

is located at Γ point, the corresponding Eg(Γ) is lower than 

Eg(Xz). In this case, the superlattice has direct band gap. 

On the other hand, the empirical sp3s* tight-binding 

calculations of Nacir Tit [26] using a valence band offset of 

560 meV on (GaAs)m/(A1As)n SLs with n, m ≤8, show for 

m=5 and n=4, an indirect band gap of 1.94 eV. This result is 
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Figure 3: The calculated band gap energy at both the center 

Γ and X points for (GaAs)m/(AlAs)4 asymmetric 

superlattices as a function of GaAs monolayers. 

 

about 76 meV below the reported one here. However, 

for (GaAs)10/(A1As)4 Nakayama et al. [27] have reported a 

direct band gap energy near 1.71 eV at T=295K using the 

photoluminescence technique, which is in good agreement 

with the calculated 1.703 eV at T=300K. 

The sample studied here consists of alternating 

d1(GaAs)= 25.2Å and d2(AlAs)= 11.6Å. Consequently, 

d1/d2=0.46 and d=d1+d2= 38.8Å is the period of the 

superlattice. 

We show in the Fig. 4, the energy E of the conduction 

(Ei), first light-hole (h1) and the heavy-hole (HHi) subbands 

as a function of d2 at T=300 K for d1=0.46 d2. The case of 

this sample (d1=11.6 Å) is indicated by the vertical dashed 

line, which is corresponding to (GaAs)9/(AlAs)4 direct band 

gap superlattice (Fig.3). This show a good agreement with 

the experimental measurements of Litovchenko et al. [28] 

using the photoluminescence, on non symmetric short period 

GaAs/AlAs superlattices, for which the ratio of well to  

 

10 20 30 40 50

0,00

0,25

0,50

2,0

2,5

E
 

g



 GaAs/AlAs

T = 300 K

d
2
= 0,46 d

1
HH

k
z
=/d

1
HH

k
z
=0

1

h
k

z
=/d

1

h
k

z
=0

1

E
k

z
=/d

1

E
k

z
=0

1

E
 (

e
V

)

d
1
 (Å) 25,2

 
Figure 4: Energy of both the first conduction and the 

valence bands calculated at the center  (kz=0) and the limit 

(kz= /d) of Brillouin zone as a function of well thickness at 

room temperature. 
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Figure 5: The band gap Eg (Γ), as function valence band 

offset Λ between heavy holes bands edges of GaAs and 

AlAs at room temperature. 

 

barrier thickness is at least two, have shown to exhibit a 

direct band gap. In addition, the theoretical calculations of  

Munoz et al. [29] based on sp
3
s* empirical tight-binding 

models, identified four distinct regions in the 2 ≤ n, m ≤ 22 

chart of (AlAs)n/(GaAs)m SLs. According to their  

calculations, without indicating the accurate valence band 

offset used as parameter, for m=9 and n=4 the lowest 

conduction band is located at the Γ point of the superlattice. 

Therefore, the band gap would be direct. However, they 

found out that the indirect-direct band gap transition of 

(AlAs)4/(GaAs)m SLs takes place between 6 and 7 ML. 

The calculated band gap energy, from the bottom of the 

first conduction subband (E1) to the top of the first valence 

subband (HH1) at T=300 K is Eg(Γ)=E1 - HH1=1.748 eV. 

This result is in agreement with photoluminescence 

excitation (PLE) measurements of Ledentsov et al. [30], 

where Eg(Γ)=1.77 eV at 295K. 

As presented in Fig. 5, the calculated band gap energy Eg 

tends to increase with the valence band offset . Therefore, 

the band gap increases to a maximum 1.765 eV near Λ=451 

meV at T=300 K, then it decreases with the valence band 

offset. Our chosen value of 530 meV is indicated by a 

vertical solid line. 

In Fig. 6, we show the first two conduction and valence 

subbands of GaAs/AlAs superlattice sample at 300 K. These 

calculations were performed from the centre to the limit of 

the first brillouin zone, along the kz wave vector direction 

and in plane kp (kx,ky). In the kz direction the conduction E1 

and valence h1 subbands are parabolic. Along kp, E1 increase 

with kp whereas h1, HH1 and HH2 decreases. 

The right side of Fig. 6 can be used for interpreting the 

optical transitions between the conduction and valence 

subbands. The other one for transport studies of such 

sample. Therefore, the energy difference between the bottom 

of the conduction subband (E1) and the top of the valence 

subband (HH1) is about 1.748 eV which is equal to the 

fundamental band gap reported above. 

In the Fig. 7, we illustrate the calculated Eg(Γ) as a 

function of well thickness d1 for various ratio d2/d1.For each 

d1, the calculated Eg increases as d2/d1 increases. In addition, 

when d1 increases the band gap decreases to that of the well  
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Figure 6: The calculated subbands along in the kz wave 

vector direction and in plane kp of the GaAs/AlAs 

superlattice at 300 K. 

GaAs (1.422 eV at 300 K). On the other hand, E1 and h1 

states drops in the energy gap [0, Λ] and become interface 

state with energy E= Λ ε2(/ε1+ε2)= 360 meV for infinite d1. 

The temperature dependence of the direct band gap of 

the GaAs (d1=2.52 nm)/AlAs (d2=1.16 nm) superlattice in 

the range of 6 K to 300 K is shown in Fig. 8. Our calculated 

results (blue stars and green squares) are compared to the 

photoluminescence excitation measurements of Ledentsov et 

al. [30] (solid red circles). At low temperatures the band gap 

changes hardly then it decreases with temperature.This 

behaviour is due to the increased thermal energy which let 

the amplitude of atomic vibrations and the interatomic 

spacing increase. Then, the potential seen by the electrons 

decreases, leading to a smaller band gap [31]. 

We note here that, this behaviour is different from that 

of type III SLs studied in previous work [22], where the 

calculated band gap Eg(Γ) of HgTe/CdTe SLs increases with 

temperature. 

We can see that, the difference between the calculated 

and measured band gaps could change by taking a different 

value of GaAs Kane Energy Ep1 within accepted 

experimental values, 22.7 — 28.9 eV and the heavy holes 

effective masse mHH
*2

 of AlAs 0.478 — 0.752m0 reported in 

the literature [10- 32]. Therefore, the extreme values of the  
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Figure 7: The calculated band gap versus the well thickness 

d1 for various d2/d1 at 300 K. 
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Figure.8: The band gap energy Eg(Γ) as a function of 

temperature. In the figure, blue stars illustrate our calculated 

data and the solid red circles represent the 

photoluminescence excitation measurements of Ledentsov 

et al. [30] for comparison. 

 

calculated gaps are illustrated in Fig. 8. For Ep1=22.7 eV and 

mHH
*2

= 0.478 m0 this difference is about 4 meV at 6K and 

19 meV at 295K. Whereas, for Ep1=28.9 eV and mHH
*2

= 

0.752m0 it is about 3 and 9 meV at 6 and 295K, respectively. 

On the other hand, the photoluminescence spectra of 

such sample reported in ref. [30] at T=43K, shows tow side 

bands appear in that spectra with weak and high intensity 

and the corresponding optical transition energy are near to 

1.842 and 1.850 eV, respectively. According to our 

calculations using previous parameters reported in section II, 

at both X and Γ points, Eg(X)= 1.97 eV and Eg(Γ)= 1.837 

eV. Therefore, the peak energy with high intensity is 

probably corresponding to the indirect band gap energy and 

the other one is a direct gap. Beside this, at T= 6K the 

measured band gap by Ledentsov et al. is about 1.845 eV 

and the photoluminescence measurements of Humlek et al. 

[33] show that the band gap energy of GaAs/AlAs SLs tends 

to decrease as the temperature increase. Therefore, these 

experimental observations support our theoretical results. 

Fig. 9, show the calculated band gap energy Eg as a 

function of well thickness d1 at T=300 K, which tends to 

decrease from 1.992 eV to 1.565 eV when GaAs barrier 

thickness increases from 6 to 50 Å. 

Therefore, the corresponding cut-off wavelength 

increases with d1, from 623 nm to 792 nm at 300 K.  

Finally, in the investigated temperature range of 6 K to 

300 K, the cut-off wavelength of the concerned superlattice 

GaAs (d1=25.2 Å)/AlAs (d2=11.6 Å) is: 674 nm < c < 709 

nm situates this sample as near infrared detector. 

4. Conclusions 

In this paper, we have studied the electronic properties 

of GaAs/AlAs superlattice based on the envelope function 

formalism at room temperature. These calculations show the 

effect of the superlattice period on their band structure and 

predict that the indirect-direct band gap transition for 

symmetric SLs takes place at n=m= 7ML. Where it’s 

between 4 and 5 monolayers for asymmetric  
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Figure 9: The calculated band gap and cut-off wavelength 

c versus the well thickness at room temperature. 

 

(GaAs)m/(AlAs)4 SLs with fixed AlAs layer. Those results 

were confirmed and supported by different investigations 

reported in the literature. 

We have also studied the effect of the well thickness, 

the valence band offset , the ratio d2/d1 and the temperature 

on the band gap energy of GaAs (d1=25.2 Å)/AlAs (d2=11.6 

Å) sample. These calculations predict that; the band gap 

energy of such sample is direct and equal to 1.748 eV at 300 

K. Therefore, Eg tends to increase with  to a maximum 

then it decreases parabolically. For each d1, the band gap 

increases with the ratio d2/d1 and decrease when d1 

increases. The temperature dependence of the direct band 

gap show that Eg decreases as the temperature increases. The 

calculations were also performed from the centre to the limit 

of the first brillouin zone, along the kz wave vector direction 

and in plane kp (kx,ky). Those results are in satisfactory 

agreement with the experimental measurements of 

Ledentsov et al. 

Finally, for GaAs (d1=25.2 Å)/AlAs (d2=11.6 Å) 

sample, studied in a range of 6 K to 300 K. The 

corresponding cut-off wavelength is 674 nm ≤ c ≤ 709 nm 

situates it as near infrared detector. 
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High plasmon concentration and electric wave guide in a 2D photonic crystal
made of metallic rods embedded in air.
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Abstract
Using the revised plane wave method (RPWM), we cal-
culated the photonic band structure (PBS) considering TE
polarization of a square 2D photonic cristal (PC) made of
rectangular metallic rods embedded in air. In case of square
rods and comparing different plasma frequencies, we found
a characteristic band distribution related with the existence
of localized plasmons on the rod surfaces, also we found
that this type of rod shape contributes to a high concentra-
tion of the electromagnetic field close to the rod corners.
Considering rectangular rods and varying one of the sides
of the rods, we found a PBS that presents a reorganization
of the bands in comparing with the low dispersion present
in the square-rod case, related with a high localization of
the radiation on the rod surfaces.

1. Introduction
In recent years the study of photonic crystals (PCs) and
their optical properties [1, 2, 3], aroused the interest of the
scientific community, thanks to the discovery of the pho-
tonic band gaps present in these structures, that is, fre-
quency ranges where the propagation of the electromag-
netic field is prohibited, allowing the development of new
technologies [4].

PCs are an arrangement of materials with different re-
fraction index, which allow light behaviors not present in
the bulk materials that form the PC. The photonic band
structure (PBS) and the band gaps in the PCs depend on
the difference between the refractive index of the compo-
nents of the PC, their geometry disposition, and the filling
fraction. The different studies on these structures rang from
multiple slabs of different materials for 1D systems up to
3D structures [1, 2, 3, 4, 5, 6, 7, 8], including fractal dis-
position of a dielectric material in air in a limited region
of the space [9, 10]. Also, some studies are related to de-
fects which modify the translation symmetry of PCs which
allows the existence of high localized modes used in the
construction of wave guides.

Maxwell equations are used to study the light behavior
in PCs. To solve them several techniques have been de-
veloped such as plane waves, finite difference time domain
(FDTD), revised plane wave method (RPWM), and others
[11], and have been applied to several systems in order to
study their optical response [12, 15, 16].

For PCs formed by dispersive materials it is possible to
locate the incident radiation thanks to the existence of sur-

Figure 1: Unitary cell representation of a square lattice of
rectangular rods of a metallic material with dielectric func-
tion ϵm, immersed in air. a is the lattice parameter, bx and
by are the side sizes of the rod.

face plasmon polaritons, that are related with the collective
motion of coupled charges with the electromagnetic field.
[17].

Kusmiak et al. [12] studied a 2D system made of
an arrange of parallel metallic rods in air using the plane
wave method, reducing the PBS calculation to a standard
eigenvalue problem. They show the existences of localized
modes for TE polarization that must correspond to the in-
teraction of the rod isolated excitations that overlap in the
PC to form flat bands. This observation was corrected by
Ito et al. [18], who presented a calculation based in a dipo-
lar radiation implemented on the FDTD method to study
the PBS, showing a strong distribution of the electromag-
netic field on the surface of the rods, near to the resonant
frequencies of a single rod under normal incidence for the
electromagnetic radiation, that corresponds to the excitation
of localized plasmon polariton in the metallic rod. Esteban
Moreno et al. [19], demonstrated that the hypothesis by Ito
et al. about the dipolar radiation for the excitation of surface
localized modes in the crystal is not enough for another ge-
ometry of the rods, being necessary a generalization of the
FDTD method using a set of dipoles in the unitary cell. It
is important to note that the location shown by Ito et al., as
well as the results obtained by Esteban Moreno et al., show
that the field at the surface of the metal bars is distributed
satisfying any of the symmetries of the metal cross section,
also they show that the PBS for the circular cross section
has bands with low dispersion below the surface plasmon
frequency (SPF). These flat bands are distributed around
frequencies which correspond to the resonant modes of the
metal rods. Now that Esteban Moreno et al. also presents
the study of a PC formed by bars with triangular cross sec-
tion, showing the existence of flat bands above and below



the SPF, demonstrating that the flat bands are distributed
around the resonant modes of the rods, but the bands distri-
bution above the SPF depends strongly on the geometry of
the cross section of the rods.

In this work we study 2D PCs formed by an square
arrangement of rectangular metallic rods embedded in air
without absortion. Using the RPWM method we calculate
the PBS and some distributions of |Hz|2 and |E|2 in the
unitary cell of the crystal . In a first case we consider a PC
formed of square metallic rods, in order to understand how
the PBS depends on the metal plasma frequency. Secondly
we consider a PC formed by rectangular metallic rods in
air. Also, we modify the rod geometry varying a side of the
rods, and show the dependence of the PBS on the size of
the rods. Also we present the field distribution which help
us to understand how the formation of localized plasmons
occurs in these systems.

2. Theoretical Framework
In this section we present the revised plane wave method
(RPWM), [20], for the calculation of the photonic band
structure (PBS) of a photonic crystal (PC). We consider, in
a general case, a square lattice of parallel rectangular rods
made of metallic material with dielectric function ϵm sur-
rounded by air, whose axes are parallel to z direction as
presented in Fig. 1.

The Maxwell equations to describe the behavior of the
electromagnetic radiation in a medium without free charges
and currents are:

∇× E⃗ = −1

c

∂B⃗

∂t
, (1)

∇× H⃗ =
1

c

∂D⃗

∂t
, (2)

∇ · H⃗ = 0, (3)

∇ · D⃗ = 0. (4)

For linear and isotropic materials, and considering
monochromatic waves we can write

D⃗(r⃗, t) = ϵ(r⃗)E⃗(r⃗)e−iωt, (5)

H⃗(r⃗, t) = H⃗(r⃗)e−iωt, (6)

where
ϵ(r⃗) = 1 + (ϵm − 1)S(r⃗), (7)

here S is a function that is 1 in the rods and 0 in the other
case. Taking in mind a periodic system in the X−Y plane,
ϵ(r⃗ + R⃗) = ϵ(r⃗), with

R⃗ = m · a⃗x + n · a⃗y, (8)

and
G⃗ = m · b⃗x + n · b⃗y, (9)

the translation vectors in the real and reciprocal space, re-
spectively, related by a⃗i · b⃗j = 2πδi,j , we can write for the
electric and magnetic fields

E⃗(r⃗) =
∑
G

E⃗Ge
i(k+G)·r, (10)

H⃗(r⃗) =
∑
G

H⃗Ge
i(k+G)·r. (11)

If the electromagnetic radiation is TE polarized, (H⃗ =
(0, 0,Hz), E⃗ = (Ex, Ey, 0)), the Maxwell equations 1 and
2 take the form

∂Hz

∂y
= −iω

c
ϵEx, (12)

∂Hz

∂x
= i

ω

c
ϵEy, (13)

∂Ey

∂x
− ∂Ex

∂y
= i

ω

c
Hz. (14)

Replacing Eqs. 10, 11 in Eqs.12 - 14 and taking N
terms for the expansion of the fields we obtain

(ky + [[Gy]]) [Hz] = −k0 [[ϵxx]] [Ex] , (15)

(kx + [[Gx]]) [Hz] = k0 [[ϵyy]] [Ey] , (16)

(kx + [[Gx]]) [Ey]− (ky + [[Gy]]) [Ex] = k0 [Hz] ,

(17)

where k0 = ω
c , and

[[
Gx(y)

]]
G,G′ = Gx(y)δG,G′ , are diag-

onal matrices of order N . [Ex], [Ey] and [Hz] are column
vectors of order N constructed by the coefficients in Eqs.
10 and 11.

The matrices [[ϵxx]], [[ϵyy]] are constructed following
the Li’s rules for the product of two periodic funtions, [21,
22], in our case

[[ϵxx]]mn,m′n′ =
1

a

∫ a/2

−a/2

[[
A−1

x

]]
m,m′ e

−i(n−n′)gyydy,

(18)

[[Ax]]m,m′ =
1

a

∫ a/2

−a/2

1

ϵ
e−i(m−m′)gxxdx, (19)

where gi =
∣∣∣b⃗i∣∣∣ are the elementary translation vectors of the

reciprocal lattice. The coefficients of the matrix are relating
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Figure 2: Photonic band structure for TE polarization in the Γ−X direction of a square lattice of square metallic rods in air
with b/a = 0.25, being a the lattice parameter and b the side size of the square rod. The value of plasma frequency is: (a)
ωpa/2πc = 0.3, (b) ωpa/2πc = 0.8, (c) ωpa/2πc = 1.0. Red lines show the ωp frequency and the value of the SPF. The
purple marked squares a - e in Fig. 2c are to display |Hz|2 and |E|2 as it is presented in Fig. 3.

the term G⃗ = mb⃗x+ n⃗by with G⃗′ = m′⃗bx+n
′⃗by . A similar

construction follows for [[ϵyy]].
Considering propagation of the radiation in the Γ − X

direction (ky = 0) and combining Eqs. 15, 16 and 17, we
obtain

kx

 [Ey]

[Hz]

 =
1

k0
M

 [Ey]

[Hz]

 (20)

with

M =

 −k0 [[Gx]] k20 − [[Gy]] [[ϵxx]]
−1

[[Gy]]

k20 [[ϵyy]] −k0 [[Gx]]

 .
(21)

The PBS is obtained solving the eigen values of equa-
tion 20.

3. Results
3.1. Square rods.

By means of Eq. 20, we calculate the PBS of a 2D square
PC made of square rods of metal embedded in air for three
values of plasma frequency, which in practice corresponds
to different metals. We consider squares rods with bx =
by = b = 0.25a, where b is the length of the square side
and a is the lattice parameter, as shown in Fig. 1. The
dielectric function for the rods is assumed as [23]

ϵm = 1−
ω2
p

ω2
, (22)

where ωp is the plasma frequency.
In Fig. 2, we observe the PBS characterized with flat

bands localized below ωp, behavior that was just reported

by Ito et al. [18], due to the characteristic resonance fre-
quencies associated with the existence of surface plasmons
on the rod surface. Also, we found that for higher values of
the ωp, not only flat bands, but also new dispersive bands
appear above the ωp.

In Fig. 3, we present some distributions of |Hz|2 and
|E|2 in the unitary cell for ωpa/2πc = 1.0. For low fre-
quencies and in the dispersive band, Fig. 3a, we observe
that |Hz|2 and |E|2 are distributed outside the rod, due to
the large negative value of ϵm, and |E|2 presents a strong
concentration close to the corners of the rod, related with
the movement of charge over the surface of the rod, but lo-
calized in their corners. On the other side Figs. 3b and
3c, present the field distribution for higher and lower fre-
quencies for bands with low dispersion, close to the SPF,
showing their strong localization in the rod sides, as a sig-
nature of the existence of localized surface plasmons. For
frequencies below and above to ωp, Figs. 3d and 3e, present
a similar |Hz|2 distribution in the unitary cell, taking its
high values in the inter-rod space and in the rod corners,
but these is not the case for the |E|2 distribution, which be-
low ωp forces the electric field to enter into the rod , due
to the low absolute value of its refractive index, while for
frequencies above ωp the electric field is mainly distributed
into the rod, but also with a strong presence in the air region.
In these case, both materials present a positive refractive
index, but the metallic rod is the material with lower one,
which makes the radiation to concentrate inside the rod.

3.2. Rectangular rods.

In Fig. 4, we present the PBS for 2D square PC made of
rectangular metallic rods embedded in air for different ge-
ometries, considering ωpa/2πc = 1.0. We observe that
by increasing by from 0.25a to 0.8a leaving bx = 0.25a

3
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 !"# $ !"#

 !"#

$%$

!"#

 

$

$%&

$%'

$%(

)

 !"# $ !"#

 !"#

$

!"#

 

$

$%&

$%'

$%(

)

(d) ωa/2πc = 0.999
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(e) ωa/2πc = 1.001

Figure 3: Some |Hz|2 and |E|2 distributions in the unitary cell of a PC made of rectangular metallic rods with sides bx = 0.25a
, by = 0.25a and ωpa/2πc = 1.0 in air. The intensity distribution is in arbitrary units.
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Figure 4: Photonic band structure for TE polarization in the Γ − X direction of a square lattice of rectangular metallic rods
in air. The value of plasma frequency is ωpa/2πc = 1.0. The red line shows the value of plasma frequency. Rectangle sides
are bx = 0.25a: (a) by = 0.25a, (b) by = 0.80a, (c) by = 1.00a. The red line shows the ωp frequency. The purple marked
squares a - d in Fig. 4b are to display |Hz|2 and |E|2 as it is presented in Fig. 5.

the PBS splits the band distribution. The reason for the
change in the PBS is related with the rods geometry, and
consequently with the filling fraction, somehow influenced
by the plasmon resonant modes on the rod surface. Also
we observe the modification of the first band with by varia-
tion until its disappearance in the 1D PC, for by = 1.0. In

this case the first gap is due to the existence of an effective
plasma frequency, that shields the propagation of the radia-
tion in this structure, related with the filling fraction of the
slab in the unitary cell.

In the case presented in 4a, bands with low dispersion
around the SPF are characterized with a strong localization
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(c) ωa/2πc = 0.999
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(d) ωa/2πc = 1.001

Figure 5: Some |Hz|2 and |E|2 distributions in the unitary cell of a PC made or rectangular metallic rods with sides bx = 0.25a
, by = 0.80a and ωpa/2πc = 1.0 in air. The intensity distribution is in arbitrary units.

of the radiation in the sides of the rod, behavior which just
was discussed in Fig. 3.

Fig. 5 shows some distributions of |Hz|2 and |E|2 in
the unitary cell for frequencies depicted in Fig. 4b for the
case of bx = 0.25a and by = 0.80a. We observed for a
low frequency, Fig. 5a, |Hz|2 - |E|2 are mainly distributed
outside the rod, due to the high negative value of ϵm. In
the case of |E|2 distribution, high localization occurs in the
inter-rod space in the y direction. In a band with low dis-
persion, Fig. 5b, |Hz|2 - |E|2 distributions present strong
localization in the large sides of the rod, evidence of surface
plasmons, with a high concentration of |E|2 in the rod cor-
ners, behavior just presented and discussed above in Fig.
3. For a frequency below ωp, Fig. 5c, the |E|2 distribu-
tion mainly occurs inside the rod. As mention above in Fig.
3d, in this situation the localization is due to the low ab-
solute value of the refractive index for the metal compared
with the air, forcing the radiation to enter in the rod region.
Meanwhile for a frequency above ωp, Fig. 5d, we observe
that |E|2 is localized inside and outside the rod, taking high
values close to the rod corners. A similar result was pre-
sented and discussed in Fig. 3e for the square 2D PC. A
similar |Hz|2 distribution is observed for frequencies be-
low and above ωp. It is important to mention that the high
localization below ωp is reinforced by the proximity of the
rectangular rod in the y direction, related with the sorter
plasmon wavelength.

4. Conclusions
Previous research to this work have shown that PCs formed
with dispersive materials have exciting phenomenology that
improve the light propagation control thanks to the exis-
tences of plasmon resonances in the surface of the mate-
rials. In this work, we used the RPWM to calculate the
PBS in the Γ - X direction of a 2D square PC formed of

rectangular metallic rods embedded in air for the TE polar-
ization. In the case of square metallic rods, we found that
the PBS of the PC is modified by the value of ωp, reallocat-
ing and shifting the band structure to lower and higher fre-
quencies. Also, the PBS presents bands with low dispersion
below ωp, distributed around the SPF. For low frequencies
the |Hz|2 and |E|2 distributions show the radiation local-
ized mainly outside the rods, due to the high negative value
of ϵm. Also a strong concentration of |E|2 is present in the
corners of the rods, due to the movement of charge in the
metal caused by the electric field. For frequencies close to
the SPF the distributions show a strong localization of the
field in the surface of the rods. For frequencies between the
SPF and ωp the decrease in the |ϵm| values is related with
the increase of |E|2 localization in the rods region, even for
frequencies close to ωp. Above ωp we observe the common
behavior of localization of the radiation, presenting a dis-
continuity of |E|2 across the surface of the rod due to its
discontinuous nature in the crystal.

In the case of rectangular metallic rods, the PBS shows
a reorganization of low dispersion bands with the rod sides.
Our results show that for all frequencies |E|2 presents a
high concentration close to the rod corners. On the other
hand |Hz|2, shows the formation of surface plasmons for
frequencies in bands with low dispersion, behavior that is
also observed for |E|2. For frequencies below and above
but close to ωp, |E|2 shows a high localization into the rod
region, just like in the case of square rods.
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Abstract 

We rapport here on theoretical study of electronic bands 

structure; E(d1), E(kz), E(kp) and carriers effective mass m
* 

along the superlattice growth axis kz and in plane kp 

directions in symmetric InAs(d1=25 Å)/GaSb(d2=25 Å) type 

II superlattice at 300 K. Our calculations were performed in 

the envelope function formalism with the valence band 

offset Λ=570 meV. We discuss the semiconductor-

semimetal transition. Moreover, the dependence of the 

fundamental band gap Eg(Γ) on the well thickness d1, the 

valence band offset Λ  and the temperature is also studied. 

Eg (Γ, T) decreases from 288.7 to 230 meV when the 

temperature increases from 4.2 K to 300K according to a 

cut-off wavelength from 4.3 µm to 5.4 µm. These results 

are in agreement with experimental results available in the 

literature and are pertinent for the application of InAs/GaSb 

as mid-infrared detector (MWIR).  

1. Introduction 

The advent of molecular beam epitaxy has provided 

significant advances in growing III-V semiconductors 

nanostructures superlattices with unique electronic and 

optical properties. Most notable and promising material 

system in this area is InAs/GaSb superlattice (SL). This 

system has been proposed by Nobel Laureate Esaki and co-

workers at 1977 [1]. In their original study of electronic 

structure of type-II superlattice (T2SL), Esaki’s group used 

the electron-affinity rule (EAR)[2] to exhibit the broken-gap 

line-up in this material, also called the type II alignment, 

wherein the bottom of conduction band (CB) of InAs lies 

well below the top of valence band (VB) of GaSb (see 

Figure 1). Soon after that they reported the optical 

absorption edges in a various configurations of InAs/GaSb 

superlattice [3] which leads to the fact that GaSb-VB is 

approximately 150 meV higher than the InAs-CB. Since, 

electrons and holes states are formed in InAs and GaSb 

layers, respectively. In this system, layer thicknesses control 

the separation of these confined electron and hole states. 

While, a wide range of optical transition wavelengths can be 

covered [4]. In addition, for large layers thicknesses the 

system undergoes a semiconductor to semimetal transition 

[5] (i.e., both holes and electrons are present) that is 

expected to occur when the InAs-CB is lower in energy than 

the GaSb-VB. The application of such superlattice was 
proposed by Smith and Mailhoit in 1987 as infrared sensing 

devices [6]. The calculation of the bands structure of this SL 

is extremely challenging. Several important theoretical 

investigations and experimental studies have sought to 

evaluate the basic electronic properties of type-II SL. 

Among them the k-p perturbation theory combined with the 

envelope-function formalism have proved to be very useful 

method for modeling of the band structure and for the 

prediction of the optical properties of T2SL with a very thin 

layers thickness as pointed out by Bastard [7]. 
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 Figure 1: Schematic illustration of T2SL band alignment, 

indicating the relative position of the InAs/GaSb 

conduction and valence band edges. The value Ec1 (Ec2) and 

Ev1 (Ev2) are the conduction and valence band of InAs 

(GaSb). The CB, LH and HH indices refer to conduction 

band, light holes and heavy holes, respectively. Vs and Vp 

are the conduction and valence band offsets which play the 

roles as the barriers for confining electrons and holes, 

respectively. 

2. Dispersion relations in InAs/GaSb superlattices 

Our calculations of the electronic band structure of 

InAs/GaSb T2SL were performed in the envelope function 

formalism. The origin of energy is taken at the bottom Γ6 of 

InAs-CB 
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2.1. Light particle subbands 

The Kronig-Penney-like dispersion relation of the (T2SL) 

light particles (electrons and light-holes) subbands is given 

by [7]: 
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The two-dimensional wave vector kp describes the 

motion of particles perpendicularly to kz. d1 and d2 refer 

to the thickness of InAs and GaSb layers, respectively 

with 
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At given energy, the two–band Kane model [8] gives the 

wave vector 2 2
i p(k k )  in each host material( i=1 or 2) by: 
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ɛ1 and ɛ2 are the interaction band gaps of InAs and GaSb, 

respectively. We use the valence band offset Λ=570 meV 

determined by far-infrared absorption in a magnetic field 

[9]. P is the Kane matrix element which is taken to be 

1.36.10
6
J/kg for InAs and 1.41.10

6
 J/kg for GaSb [10]. At 

given energy E, a (SL) state of wave vector kz exists if the 

right-hand-side of (1) lies in the range (-1, +1) that implies − 

π /d≤ kz ≤ π /d in the first Brillouin zone. 

2.2. Heavy hole subbands 

The (T2SL) heavy hole subbands are obtained from the 

same equation (1) with: 
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Where m*
1
HH= 0.41m0 and m*

2
HH= 0.44m0 are the heavy 

hole masses in InAs and GaSb, respectively. These 

experimental values are determined respectively by F. 

Matossi et al in p-type InAs [11], and A. Filion by magneto-

photoconductivity in GaSb [12]. 

3. Results and discussion  

The band structure as function of InAs layer thickness at 300 

K is shown in Figure 2 for the case of d1=d2. The energy of 

electron subband E1, which is predominantly Γ6-like, 

decrease swiftly with increasing the InAs layer thickness, 

while the heavy-hole subband HH1, in 
8Γ -like, increases. It  
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Figure 2: Energy position and width of the conduction (Ei), 

heavy-hole (HHi), and the first light-hole (h1) subband 

energies calculated at 300K at the center Γ (kz=0) and at the 

limit (kz= π /d) of the first Brillion zone, as  function of  

InAs layer thickness with d1= d2. Tc is the point of the 

transition semiconductor- semimetal. 

 

follows that the superlattice effective band gap, namely Eg = 

E1-HH1, decreases with increasing the InAs layer thickness 

d1. The crossover of E1 and HH1 is seen to occur when d1 

reaches a critical value d1c. For d1 > d1c, E1 is completely 

below HH1, then the (SL) achieves a semimetallic 

conductivity. In this state, the electron transfer from the top 

of GaSb valence band into the bottom of InAs conduction 

band, across the interface and creates a two-dimensional 

electron gas in InAs co-existing with two-dimensional holes 

gas in GaSb without extrinsic impurities. Experimentally, as 

first demonstrated from Hall measurements [13], when 

ground subbands of electrons and heavy holes cross each 

other, the electron concentration exhibits a sudden increase 

from the 10
16

cm
-3

 to 10
17

cm
-3

 in the vicinity of dc≈100 Å. As 

the layer thickness d1 is widened the superlattice can be 

considered as a series of isolated quantum wells. The 

superlattice structure would therefore allow better control 

over the detector band gap, because the superlattice layer 

thickness can be controlled more easily than the composition 

of a comparable In1-x GaxAs/GaSb1-y Asy alloy. 

Figure 3(a) shows the calculated (SL) band-gap at 300K 

versus d1. Eg (Γ) decreases significantly with increasing d1, 

go to zero at the transition point Tc(d1c, Ec) with d1c≈ 61 Ǻ, 

and becomes negative for a semimetal conductivity. As we 

can see the cut-off wavelength |c| shows a significant 

increase from ~2.5 µm to ~ 6.2 µm as InAs layer is 

increased from 10 Ǻ to 28 Ǻ. This is due to the fact that the 

optical matrix elements decrease with increasing layers 

thickness. Then, by selecting d1=d2, it is possible to 

construct lasers and detectors at technologically useful. A 

prominent feature in Figure 3(a) is that |c| diverge at Tc. 

There are several works on the layers width-band gap 

dependence which match well with our predictions in 

particular the decrease of Eg as d1 increases [14]. 

The valence band offset (VBO) is one of the most important 



3 

 

InAs/GaSb

d
1
=d

2
=25 Å

300K

 = 570 meV

20 40 60 80 100

0

200

400

600
20 40 60 80 100

d1 (Å)

E
g
(

)(
m

eV
)

d
1c

0

100

200

300

 |


c|
(

m
)

(a)

 
 

InAs/GaSb

d
1
=d

2
=25 Å

300K

-200 0 200 400 600 800 1000 1200 1400

-100

0

100

200

300

400

500

600

-200 0 200 400 600 800 1000 1200 1400

-100

0

100

200

300

400

500

600

 

 

E
g
(
)

(m
e
V

)

 (meV)

 

(b)

 

Figure 3: (a) Band gap energy Eg(Γ ) and cut-off wavelength 

|c| as function of InAs layer width d1. (b) Band gap Eg (Γ) 

as function of valence band offset Λ  for the investigated 

InAs/GaSb (T2SL), with d1=d2=25Å. Our chosen value of 

570 meV is indicated by a vertical dashed line. 

design parameters for a number of device applications, in 

particular the IR (SL) detector quality depend crucially on 

the changes in the (VBO). There have been extensive 

theoretical approaches and experimental measurements on 

(VBO) for the InAs/GaSb superlattice. Srivastava et al [15] 

produced Λ=670 meV. However, Gualtieri et al [16] 

performed XPS measurements and measured Λ =530 meV. 

The Oxford Group [17] obtained an average offset of 520 

meV. There are several other theoretical approaches, but the 

results scatter between 400 meV and 690 meV. The 

dilemma posed by the differing (VBO) in InAs/GaSb 

superlattice (SL) can be resolved, as we do here, by studding 

the dependence of band gap (cut-off wavelength) on valence 

band offset.  

In Figure 3(b) we can see that when the offset Λ increases, 

the band gap Eg (Γ) increases to a maximum at Λ ≈-44 meV. 

After it decrease to zero at the transition semiconductor to 

semimetal conductivity, and become negative accusing a 

semimetallic conduction after Λc= 920 meV. 

In Figure 4 we get the temperature dependence of the (SL) 

band gap and the cut-off wavelength. The detection cut-off 

wavelength was calculated using the expression: 

c(m)=1240/Eg(meV). As is evident from Figure 4 (a), 

energy gap changes hardly at low temperatures, but becomes 

almost linear at high temperatures due to linear changes of 

lattice parameters and electron-phonon interaction. For Λ 

=570 meV, the band gap decreases from 288.7 meV to 230 

meV with temperature rising from 4.2 K to 300 K according 

to the cut-off wavelength from 4.3 µm to 5.4 µm covering 

the mid-Infrared window. 

The shift of Eg to lower energy (~0.2 meV/K) arises mainly 

from the temperature-dependence of valence band offset, the 

band overlap and from the decreasing of the potential seen 

by the electrons in material due to the increase of the 

interatomic spacing. Good agreement was obtained between 

the experimental and theoretical results when (VBO) was 

taken to be 588 meV, in accordance with the value 

determined by [19].  

One should discuss the band structure of InAs/GaSb (T2SL). 

The specters of energy E(kz) and E(kp), respectively, in the 

growth and in plane directions are shown in Figure 5(a). 
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Figure 4: (a) Temperature dependence of the band gap Eg. 

(b) Shows the cut-off wavelength c, near Γ -point of the 

first Brillion zone. The experimental data are extracted from 

[18]. 
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Figure 5: (a) Calculated bands along the wave vector kz for 

kp =0 in the right and in plane kp(kx,ky) for kz=0 and /d in 

the left, at 300 K. (b) Temperature dependence of energy 

bands difference at the center Г of the first Brillouin zone in 

the investigated InAs(25 Å)/GaSb(25 Å) superlattice. 

 

The lowest (CB) E1 and four highest (VBs); HH1, h1, HH2, 

HH3 are shown. The lowest (CB) E1 is higher in energy than 

both HH1 and h1, thus the superlattice is a semiconductor 

with positive gap energy of 230 meV.  

These results show a prominent feature in the band structure 

of InAs/GaSb (SL). E1 and h1 bands show strong dispersion 

along both kz and kp directions. This occurs because the 

superlattice layers are thin and electrons are not strongly 

confined. This large dispersion will lead to good electron 

transport along the growth axis. Whereas, the HHi(i=1,2) 

bands appears nearly dispersionless along the growth 

direction. With respect to kp², E1 and h1 are not parabolic 

whereas HHi(i=1, 2,3) bands are parabolic. Thus, we should 

expect an abrupt decrease of holes mobility along the growth 

direction. In this system, holes are essentially localized 

within the GaSb layers, therefore it is difficult for them to 

tunnel through the layers along z direction. Then their 

transport contribution can be neglected. This can be 

problematic in a detector based on hole transport.  

We note that the calculated energy of Fermi level is 

EF=683.25meV and the bottom of (CB) E1 is at 729.93 meV. 

Then, at 300K the superlattice electrons dominate the 

conduction in plan, in agreement with [18]. 

It has been suggested in the literature that the band-edge 

states are dominated by the transition between the E1 and 

HH1, whereas the ordering of higher energy transitions is 

unclear. our theoretical results for =588 meV agree well 

with the experimental photoluminescence peaks indicated in 

[18]. Figure 5(b) shows that these peaks can be attributed to 

the transitions between E1 and HH1 at  point. The sharp in 

the photoluminescence spectra, for example at 140 K, occur 

at the onset of E1-HH1 transition at approximately 297 meV 

corresponding to kz=0,028 Å
-1

. Using of polarization 

sensitive photocurrent spectroscopy measurements for both 

(MWIR) and (LWIR) (T2SL) detectors, Nutan Gautam et al. 

[20] showed that at a given temperature the interbands 

transitions energy are ordered as E1-HH1, E1-LH1, E1-

HH2.  

The carrier effective masse, calculated from the dispersion 

curves in Figure 5(a), turns out to be a tensor with nine 

components and its elements 
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Figure 6: (a) Calculated bands effective mass along the 

growth kz and in plane kp directions of the InAs/GaSb 

superlattice at 300K. (b) Carriers effective mass at point as 

function of temperature. 
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along i and j directions are given by the following 

expression [21]: 
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Figure 6(a) show the electrons and holes effective masses 

along the growth kz and in plane kp directions. Along Kp, 

m*(E1) increases, diverge at kp=0.013 Å
-1

 and decreases 

assuming a hole conduction. Whereas, m*(h1) decreases and 

m*(HH1) is constant. In Figure 6(b) we can see the carrier’s 

effective mass at point as function of temperature. The 

electrons (light holes) effective masses decrease (increase) 

from 0,027 m0 to 0,01 m0 (-0,02 m0 to -0,01 m0) with 

temperature rising from 4.2 K to 300 K. Whereas, heavy 

holes effective mass is -0,46 m0. The cyclotron resonance 

measurements on n type InAs(65 Å/GaSb(80 Å) with d1/d2= 

0.81 have, in fact suggested that the electrons effective mass 

is extremely small and about 0.044 m0 in agreement with our 

theoretical results 0,03 m0 for d1/d2= 1.  
The material parameters used for 2 a 

4. Conclusion   

We have performed detailed band structure calculations for 

symmetric InAs(d1=25 Å)/GaSb(d2=25 Å) superlattice at 

ambient operating temperature. E(d1) had shown that when 

d1 and the offset  increases, Eg decreases to zero with a 

transition semiconductor to semimetal, respectively, for 

d1c=61 Å and c =920 meV. The (SL) band gap energy 

decreases from 288.7 meV at 4.2 K to 230 meV at 300K, 

corresponding to the cut-off wavelength 4.3 m < c < 5.4 

m. For =588meV, the calculated band gap energies are 

confirmed by the experimental data realized by Cervera et 

al. These features predict great promise for superlattice over 

the full mid-infrared range. 
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Abstract
The variation of graphene chemical potential owing to sur-
face plasmon polariton excitation and its influence on the
propagation properties of the latter is systematically exam-
ined in this paper. Although the chemical potential is con-
trolled through a constant electric field bias, the excitation
of the highly-confined surface wave is capable of consid-
erably affecting the chemical potential, thus disrupting the
wave natural propagation. To this objective, the propaga-
tion properties of the surface wave are extracted in order to
reliably estimate the aforesaid distortion effect with regard
to frequency. Numerical results, obtained in terms of an ac-
curate finite-difference time-domain scheme, validate this
interesting convention. Furthermore, the electrodynamic
forces on the free electrons of the graphene layer are cal-
culated to justify the electrostatic assumption.

1. Introduction
The popular two-dimensional carbon allotrope, graphene,
gained the research community’s attention because of its
exceptional properties [1]. Despite its negligible thickness,
graphene presents a finite surface conductivity [2], which
can offer several alternative and instructive implementa-
tions for various devices at a wide frequency spectrum [3–
8]. Specifically, at the far-infrared regime, graphene sup-
ports the propagation of highly-confined transverse mag-
netic (TM) surface plasmon polariton (SPP) waves [9–11],
easily adjusted through its chemical potential and finely
controlled by an electrostatic bias voltage [12, 13].

The propagation properties of SPP waves, travelling
onto graphene, have been extracted theoretically [14] and
verified via thorough numerical analyses for the case of a
constant electric field bias. However, the highly-confined
surface wave may contribute to the total voltage, altering
the chemical potential and thereby graphene conductivity
as well as the SPP wave normal propagation attributes.

Therefore, it is the purpose of this paper to comprehen-
sively investigate the prior phenomenon. Firstly, the neces-
sary expressions for the graphene conductivity and the rela-
tion between its chemical potential and electric bias are de-
scribed, while the generalized equation of the surface wave
propagation properties is presented. Then, the contribu-
tion of the chemical potential to the SPP propagation is ex-
amined through elaborate simulations at different frequen-

cies which predict the effect of the SPP wave electric field.
Also, numerical results, that reveal the actual distortion of
the surface wave propagation, are extracted via a modified
finite-difference time-domain (FDTD) algorithm which rig-
orously models graphene as a conductive surface [15]. Sub-
sequently, our interest concentrates on the validity of the
electrostatic approximation, conducted for the relation be-
tween the charge carriers and the electric field of the surface
wave. Notwithstanding its frequent use, such an assump-
tion should be carefully verified, since the SPP wave ex-
hibits fairly high spatial changes. For this reason, the elec-
trodynamic forces on graphene free electrons, attributed to
surface wave propagation, are accordingly computed. Re-
sults substantiate that high power excitation is indeed able
to alter the material’s chemical potential rapidly enough.

2. Theoretical formulation
Throughout our analysis, graphene is considered as a in-
finitesimally thin, two-sided material defined by its sur-
face conductivity σ(ω, µc,Γ, T ), where ω is the radial fre-
quency, µc the chemical potential that is controlled mainly
through an electrostatic bias voltage, Γ the energy indepen-
dent scattering rate and T the temperature. Furthermore,
the conductivity of graphene is evaluated in terms of the
subsequent expression that results from Kubo formula [16]

σ(ω,µc,Γ, T ) =
je2(ω − j2Γ)

π~2

·
[

1

(ω − j2Γ)2

∫ ∞

0

ε

(
∂fd(ε)

∂ε
− ∂fd(−ε)

∂ε

)
dε

−
∫ ∞

0

fd(−ε)− fd(ε)

(ω − j2Γ)2 − 4(ε/~)2
dε

]
. (1)

Since our frequency range is limited at the far-infrared spec-
trum, only the intraband term in (1) is taken into account,
hence deriving

σintra(ω, µc,Γ, T ) =

e2kBT

π~2(jω + 2Γ)

[
µc

kBT
+ 2 ln

(
e−µc/kBT + 1

)]
, (2)

with e the electron charge, kB and ~ the Boltzmann and the
reduced Planck constants, respectively. In this context, the
complex wavenumber of the SPP wave kρ is theoretically
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Figure 1: Electric field bias as a function of the chemical
potential at 2THz for graphene atop a silica substrate.

computed via graphene’s surface conductivity as the proper
solution of the complicated quartile relation [14]

εr1√
k2ρ − εr1k20

+
εr2√

k2ρ − εr2k20

= j
σintraη0
k0

, (3)

where k0 and η0 are the wavenumber and wave-impedance
of the vacuum, while εr1 and εr2 are the relative electric
permittivity of the superstrate and substrate, correspond-
ingly. Thus, the propagation constant is straightforwardly
extracted as the real part of the complex wavenumber and
the SPP wavelength can be calculated as

λSPP =
2π

ℜ{kρ}
. (4)

Applying a constant electrostatic field bias E0, the car-
rier density ns on the graphene layer, located in a homoge-
neous medium of electric permittivity εb, is increased and
the influence on its chemical potential is given by [17]

ns =
2εbE0

e
=

2

π~2v2f

∞∫
0

ε(fd(ε)− fd(ε+ 2µc))dε, (5)

where vf is the Fermi velocity and

fd(ε) =
(
eε−µc/kBT + 1

)−1

(6)

the Fermi-Dirac distribution.

3. Surface wave and chemical potential
Let us, now, examine, the effect of the chemical poten-
tial alteration on the propagation properties of the graphene
surface wave. As aforementioned, µc can be easily tuned
through the variation of the applied electrostatic bias, ob-
tained from (5). In this framework, Fig. 1 depicts the re-
lationship between µc and the applied electric field, using
silicon oxide (εr2 = 3.3) as our substrate material where
the bias is set. It is detected that the required electric field is
very low for near-zero µc values; so there is a larger chance
for an external electric field, e.g. the SPP created one, to
distort the normal propagation of the surface wave.
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Figure 2: Surface wave wavelength as a function of the
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Figure 3: Variation of the surface wave wavelength with
regard to the chemical potential at different frequencies.

Bearing in mind these aspects, the propagation proper-
ties of the graphene surface wave are, next, explored with
respect to λSPP and illustrated in Fig. 2. Evidently, the
impact of µc variation on λSPP is different, depending on
the considered frequency. Specifically, it seems that as fre-
quency increases, its fluctuation becomes less influential.
The latter can be clarified through Fig. 3, where the λSPP

partial derivative in terms of µc, is calculated numerically.
As discerned, at the lower frequency, i.e. 2THz, the varia-
tion is more prominent, since the derivative absolute values
are larger at the entire µc range. It is revealed, though, that
near-zero µc values are less affected, in contrast to the pre-
viously examined electric field case. So, it becomes appar-
ent that an appropriate µc choice should be conducted for
the precise assessment of the phenomenon under study.

4. Numerical implementation
4.1. Modified FDTD algorithm

In this section, the alteration of graphene properties due to
the propagation of a highly confined SPP wave, is elab-
orately investigated by means of diverse explicit time-
domain simulations. To this aim, the conventional FDTD
algorithm is appropriately tailored to accurately model
graphene layers, placed at the center of the Yee cell (where
Ex and Ez electric field components are located), as de-
picted in Fig. 4. Therefore, starting from Ampere’s law,
surface current J⃗gr = σE⃗, owing to graphene surface con-
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ductivity, is incorporated in the update expression of Ex as

∇× H⃗ = ε
∂E⃗

∂t
+ J⃗gr ⇒

Ex|n+1
i,j+1/2,k−1/2 = Ex|ni,j+1/2,k−1/2

+
2∆t

ε1 + ε2

[
1

∆y

(
Hz|n+1/2

i,j+1,k−1/2 − Hz|n+1/2
i,j,k−1/2

)
− 1

∆z

(
Hy|n+1/2

i,j+1/2,k − Hy|n+1/2
i,j+1/2,k−1

)]
− 2∆t

(ε1 + ε2)∆y
Jx|n+1/2

i,j+1/2,k−1/2 . (7)

Moreover, the surface current Jx is calculated through
an auxiliary differential equation (ADE) scheme, because
of its frequency dependent nature, in which (2) serves as
the auxiliary equation. Hence, one obtains

J⃗ = σintraE⃗ ⇒ Jx = σintraEx ⇒ Jx =
AEx

jω + 2Γ
, (8)

where A = e2kBT
π~2

{
µc

kBT + 2 ln
[
e−µc/(kBT ) + 1

]}
. The

latter changes dynamically by altering the electric field at
the silicon substrate via its chemical potential, such as in
Fig. 1. Finally, (8) is transformed in the time domain as

Jx|n+1/2
i,j+1/2,k−1/2 =

1− Γ∆t

1 + Γ∆t
Jx|n−1/2

i,j+1/2,k−1/2

+
A∆t

1 + Γ∆t
Ex|ni,j+1/2,k−1/2 . (9)

Similar equations hold for theEz component, as well, since
it lies on the surface of the graphene layer in contrast to
the Ey one, which can be calculated by means of the usual
FDTD method along with all magnetic field components.

4.2. Simulations and verification results

To apply the modified FDTD technique, the computational
domain is divided into 278 × 54 × 278 cells with ∆x =
∆y = ∆z = 185.2 nm and a time-step of ∆t = 0.43 fs,
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Figure 5: Voltage variation due to the superposition of the
electrostatic bias and the highly-confined SPP wave on the
graphene layer for various frequencies.
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Figure 6: Chemical potential variation due to the superpo-
sition of the electrostatic bias and the highly-confined SPP
wave on the graphene layer for various frequencies.

while open boundaries are terminated with an 8-cell per-
fectly matched layer. Also, graphene parameters are set to
Γ = 0.1meV and µc = 0.01 eV, i.e. a value close to zero
able to reveal the distortion effect, discussed in the previous
section. This chemical potential is due to the constant elec-
trostatic bias field at the 4µm thick silicon substrate, where
the voltage required for our analysis is calculated.

For these implementation aspects, the variation of the
applied voltage on graphene, owing to the superposition of
the constant bias and the propagation of the surface wave,
is depicted in Fig. 5. The excitation, located at the center
of the layer (d = 0), generates an electric field of 10V/µm
at any frequency; an exceedingly high value that clearly af-
fects the normal propagation, though. Obviously, the volt-
age has a sinusoidal form of a constantly decreasing period
as frequency becomes smaller, because of the SPP wave
propagation, whereas its mean amplitude is approximately
6.5V, due to the constant electrostatic bias. As expected,
an analogous behavior is determined for the chemical po-
tential, given in Fig. 6, since its relation with the voltage
(for µc close to zero) is practically linear. On the other
hand, the bounding values increase with frequency and their
range fluctuates approximately from 0 eV to 0.02 eV, which
can noticeably alter the λSPP, as illustrated in Fig 2.

The latter interesting phenomenon is visualized in
Fig. 7, which provides the distribution of the perpendicular
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Figure 7: Distribution of the perpendicular to the surface
of graphene electric field component for a normal (left col-
umn) and distorted (right column) SPP propagation.
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wave, as a function of the electric field excitation.

to the graphene surface electric field component at the fre-
quencies of interest. All snapshots refer to a 75µm×30µm
region of the domain, and measured 20 ps after the initial
excitation. From the results at f = 2THz, one may clearly
detect the contribution of surface waves with different prop-
agation properties, because of the varying µc, which even-
tually results in a distorted SPP wave. In contrast, at the
other frequencies, this effect is not so prominent, although
the µc alteration is more significant. The latter observation
can be clarified by means of Fig. 3, where the λSPP varia-
tion is proven to be smoother as frequency augments.

As already stated, the stimulated electric field selected
to reveal the distortion effect is remarkably large; conse-
quently it is critical to study the excitation amplitude which
can influence the normal SPP propagation. To this objec-
tive, a distortion factor is introduced to quantify this effect,
defined as the mean value of the relative error between the
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Figure 9: Electric field variation on the graphene layer, due
to a normally propagating SPP wave.

normal and the distorted SPP wave, on the entire graphene
layer. Several numerical simulations are conducted for di-
verse excitations and results are depicted in Fig. 8. As de-
duced, the effect is eliminated for excitation fields smaller
than 1V/µm, hence ensuring the normal propagation for
practical devices, where stimulated fields are considerably
lower. Note, also, that for values beyond ∼20V/µm, the
distortion is stabilized, since it appears as noise to the prop-
agating SPP wave, while for larger excitation levels, numer-
ical simulations become inevitably unstable.

5. Electrodynamic forces on electrons
The formulation, hitherto presented, took into account the
µc alteration via (5), which is, essentially, an electrostatic
approximation. However, to reveal the impact of the pos-
sible delay between the charge carriers and the plasmonic
field enhancement, the temporal and spatial changes of the
high-frequency SPP wave should be carefully considered.
Thus, the displacement of the electrons from the surface of
graphene is computed through the electrodynamic forces,
attributed to the SPP electric field atop the layer of Fig. 9.
Applying the same excitation amplitude everywhere in the
spectrum, the electric field is amplified at higher frequen-
cies due to the stronger confinement of the propagating
wave, which has the expected sinusoidal form.

This displacement is calculated at half a period T =
1/f , where an electric field of constant sign appears, by

x =

∫ T/2

0

α(t)t dt, (10)

with α(t) = F (t)/me the acceleration because of the elec-
trodynamic force F (t) on the electron of mass me. This
force is computed as the effect of the sinusoidal electric
field E(t) = E0 sin(2πft) on the electron charge e, i.e.
F (t) = |e|E(t), where E0 is the excitation amplitude.
Therefore, the total displacement in terms of E0 reads

x =
|e|E0

4πmef2
. (11)

Plotting the latter with respect to E0 in Fig. 10, a couple of
interesting outcomes are derived. Firstly, the relocation of
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trodynamic force, during half a period T = 1/f , as a func-
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the electrons increases with the stimulated electric field, but
decreases at higher frequencies. Also, beyond 10V/µm,
where the distortion is perceptible according to our study,
the displacement is several nanometers far from the surface
of graphene, thus proving that the electrostatic approxima-
tion is accurate enough for such excitation amplitudes.

6. Conclusions
The influence of the chemical potential variation on the
normal propagation of graphene SPP waves has been thor-
oughly investigated in this paper. The electric field, due
to the strongly confined SPP wave, is able to superpose
with the constant electrostatic bias, spatially alter the sur-
face conductivity of graphene and distort the resulting prop-
agating wave. Numerical results, via a modified FDTD
algorithm, unveil the distortion effect at several frequen-
cies, while an electrodynamic force analysis over graphene
electrons confirms the electrostatic approximation. Never-
theless, this phenomenon is observed for excitation fields
significantly larger than those utilized for practical applica-
tions, whose correct operation is guaranteed.
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Abstract
The propagation properties of surface plasmon polariton
waves on a graphene microtube are investigated in this
present paper. A precise two-dimensional (2D) finite el-
ement modal solver that models graphene as a surface
boundary condition is implemented and validated via the
well-known graphene microribbon case. The 2D solver ex-
tracts the dispersion curves in terms of the effective index
of various modes, supported on the proposed microtube
setup, for several diameters, while its propagation length,
compared to the microstrip’s, reveals a remarkable behav-
ior of the surface wave propagation. Moreover, the electric
field distribution of the radial and axial electric component
is plotted at different frequencies, indicating the expected
strong confinement at the surface of graphene and the im-
pact of the microtubes diameter at the propagating modes.

1. Introduction
Several studies have concentrated, recently, on graphene,
the two-dimensional (2D) carbon allotrope [1], due to its
unique attributes at a wide frequency range [2–9]. Espe-
cially, at the far-infrared regime, the propagation of highly
confined transverse magnetic (TM) surface plasmon polari-
ton (SPP) waves is supported [10, 11], enabling the design
of efficient 2D circuits [12,13]. The latter comprise, mainly,
graphene microribbons, which have been thoroughly ex-
amined in previous studies by means of the propagation
properties of the supported SPP modes [14, 15]. Although,
their easy planar implementation and the preservation of the
strong confinement have enabled their use at far-infrared
applications, the simultaneous propagation of two equally
concentrated modes, the original waveguide and the edge
one, with different properties, can degrade the operation,
even at the lower THz frequencies. For tis reason, in the
present work, the propagation properties of another setup,
i.e. the graphene microtubes, are examined, in order to pro-
pose an alternative approach for the design of THz circuits.

Initially, graphene’s surface conductivity is presented
and the fundamental propagation properties of the surface
wave are theoretically extracted for the infinite graphene
layer case. Furthermore, the 2D finite element modal
solver, based on the vector wave Helmholtz differential
equation [16], is briefly analyzed, while the insertion
of graphene’s contribution, as a surface boundary condi-

tion [18] is thoroughly explained. The validity of the fea-
tured solver in terms of the extracted effective refractive in-
dex and the electric field’s distribution on the transverse to
the propagation plane, is examined with the popular mi-
croribbon configuration, proving its accuracy.

Additionally, the extraction of the effective index for
various modes at the far-infrared spectrum of the suggested
graphene microtubes, reveals their notable behavior, retain-
ing the desirable strong confinement of the conventional
graphene geometries and improving the propagation length.
A further parametric study is conducted for different micro-
tube diameters, maintaining the curvature at acceptable lev-
els in order to safely ignore the quantum effects. The latter
analysis indicates significant variation of the electric field
distribution, which can be exploited for the design of high
efficiency micro-networks.

2. Theoretical analysis
2.1. Surface conductivity of graphene

In our study, graphene is deemed an infinitesimally thin,
two-sided layer determined by its surface conductivity
σ(ω, µc,Γ, T ), with ω the radial frequency, µc the chemical
potential adjusted by an electrostatic bias voltage or chemi-
cal doping, Γ the energy independent scattering rate, and T
the temperature. Graphene’s conductivity is split at its two
different contributions, the intraband and the interband, and
is evaluated via the Kubo formula based [19] expression of

σg(ω,µc,Γ, T ) =
je2(ω − j2Γ)

π~2

×
[

1

(ω − j2Γ)2

∫ ∞

0

ε

(
∂fd(ε)

∂ε
− ∂fd(−ε)

∂ε

)
dε

−
∫ ∞

0

fd(−ε)− fd(ε)

(ω − j2Γ)2 − 4(ε/~)2
dε

]
, (1)

where e is the electron charge, ~ the reduced Planck con-
stants and fd(ε) the Fermi-Dirac distribution

fd(ε) =
(
eε−µc/kBT + 1

)−1

, (2)

for kB the Boltzmann constant. The frequency range in our
analysis is limited at the far-infrared spectrum, where the
interband term is negligible. Therefore, only the intraband



contribution is considered, computed by means of the fol-
lowing compact form

σg(ω, µc,Γ, T ) =

e2kBT

π~2(jω + 2Γ)

[
µc

kBT
+ 2 ln

(
e−µc/kBT + 1

)]
. (3)

In this context, the complex wavenumber of the SPP wave
kρ, inside vacuum, is theoretically computed in terms of
graphene’s surface conductivity through [10]

kρ = k0

√
1−

(
2

η0σg

)2

, (4)

where k0 and η0 are the vacuum’s wavenumber and wave-
impedance, respectively. The effective index neff of the sur-
face wave, defined as the normalized SPP wavenumber to
the vacuum one, is can be promptly extracted as

neff =
kρ
k0

=

√
1−

(
2

η0σg

)2

. (5)

On the other hand, the surface wave propagation length
LSPP, specified as the distance for the SPP intensity to de-
cay by a factor of 1/e, is calculated through the imaginary
part of kρ as

LSPP = ℑ
{

1

2kρ

}
. (6)

2.2. Finite element modal solver

The investigation on the graphene microtube properties is
conducted via a finite element modal solver which employs
the general framework, proposed in [16]. In this context,
the computational domain is defined as the transverse plane
on the propagation axis, that coincides with the microtube
cylinder one in our problem. The governing partial differ-
ential equation is the vector wave Helmholtz one with the
electric field as a working variable

∇⃗ ×
(
µ̂r∇⃗ × E⃗

)
− k20 ε̂rE⃗ = 0, (7)

where µ̂r and ε̂r are the relative permeability and permittiv-
ity tensors, respectively, of the involved media, supporting
anisotropy accurately in the full wave analysis. The trans-
verse components of the electric field are expanded using
transverse continuous vector basis functions, while the re-
maining axial one, through node-based scalar basis func-
tions [17]. To discretize (7), we implement the Galerkin
approximation, which leads the weak formulation of∫∫

S

(
∇⃗ × U⃗

)
µ̂−1
r

(
∇⃗ × E⃗

)
dS − k20

∫∫
S

U⃗ ε̂rE⃗dS

+

∮
∂S

(
n̂× µ̂−1

r ∇⃗ × E⃗
)
U⃗dℓ = 0, (8)

whith S the computational space, U⃗ the adjoint field, ∂S
the enclosing boundary, and n̂ its normal unit vector. Also,

Figure 1: Surface boundary condition in terms of the mag-
netic field and the normal, to graphene’s surface, unitary
component, due to the surface conductivity of graphene.

the infinite domain is truncated by a perfectly matched layer
(PML) backed by a perfect electric conductor. The result-
ing system is a quadratic eigenvalue problem, transformed
to a linear one, that is suitable for sparse eigensolvers, em-
ploying the first companion linearization technique.

Graphene’s contribution is incorporated in our prob-
lem as a surface current density J⃗s and treated like a fi-
nite conductivity boundary condition. The latter is applied
exclusively at the degrees of freedom that are tangential
to the one-dimensional curve derived from the intersec-
tion of graphene’s surface and the computational plane, as
shown in Fig. 1. In this manner, the computational space
is enclosed by a non-unified boundary, consisting of both
a perfect electric boundary that terminates the PML layers
as well as the intersection between graphene surface and
the aforesaid computational plane. This finite conductivity
boundary condition is evaluated through

n̂g ×
(
H⃗+ − H⃗−

)
= J⃗s,

j

ωµ0
n̂g ×

(
∇⃗ × E⃗+ − ∇⃗ × E⃗−

)
= σsE⃗s,

n̂g × ∇⃗ × E⃗+ − n̂g × ∇⃗ × E⃗− = −jωµ0σsE⃗s,

n̂+ × ∇⃗ × E⃗+ + n̂− × ∇⃗ × E⃗− = jωµ0σsE⃗s.

(9)

Then, (9) is embedded in the finite element system via the
line integral term of (8), as∮

∂S

(
n̂× ∇⃗ × E⃗

)
U⃗dℓ =∫

∂S+

U⃗ n̂+ × ∇⃗ × E⃗+dℓ+

∫
∂S−

U⃗ n̂− × ∇⃗ × E⃗−dℓ

= jωµ0

∫
∂S

U⃗sσsE⃗sdℓ. (10)

Alternatively, graphene may be considered as a bulk
material, implying that its conductivity is contained in the
complex relative dielectric permittivity ε∗r , in the form of

ε∗r = εr − j
σs
ωε0

. (11)

Since the conductivity has both real and imaginary part,
the real part of the complex dielectric constant is neglected.
Consequently, graphene’s contribution is imported through
the 2nd surface integral term in (8). However, as graphene
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is considered infinitesimally thin, the variation of the inte-
grated quantities is negligible along one dimension of the
surface integral. As a result, the latter degenerates to a line
integral and computed only for the tangential to graphene
surface degrees of freedom. In this way, the previous inter-
pretation of the graphene contribution leads, also, to (8).

The expansion of the described weak formulation (10)
results to the generalized eigenvalue problem of

0 0 I 0
0 0 0 I
Mt 0 0 P
0 Mz Q 0




Et

Ez

neffEt

neffEz



= neff


I 0 0 0
0 I 0 0
0 0 Tt 0
0 0 0 0




Et

Ez

neffEt

neffEz

 , (12)

[A] [x] = neff [B] [x] , (13)

where the eigenvalue of the problem is the complex effec-
tive refractive index neff of the propagation mode and the
column vector [x] the corresponding eigenvector. The el-
ements of matrices [A] and [B] are the block matrices ob-
tained from the assembly of the integral terms of (10) for
every element [18]. Conversely, the line integral terms, due
to the surface treatment of graphene are contained in the
block matrices Mt and Mz.

Figure 2: Dispersion curves of the first three modes on a
graphene microribbon of 5µm width compared to the infi-
nite layer.

Figure 3: Distribution of the tangentialEx (left) and normal
Ey (right), to the 5µm-wide graphene microribbon, electric
field components at 3THz.

Figure 4: Computational domain of the graphene microtube
and meshing via the 2-D finite element solver.

Figure 5: Dispersion curves of the first four modes on a
20µm-diameter graphene microtube.

3. Numerical results
3.1. Modal solver validation

Firstly, we examine the well-documented case of the
graphene microribbon, in order to demonstrate the valid-
ity of the utilized 2D FEM modal solver. In particular, we
examine the case of the free-standing microribbon of 5µm
width, while graphene parameters are selected as µc =
0.2 eV, Γ = 0.1meV at room’s temperature T = 300K.
The dispersion diagram of the first three modes of this
setup, compared to the theoretical dispersion relation of the
infinite layer, computed through (5), is depicted in Fig. 2.
The higher effective index at the microstrip modes is re-
lated to the confinement of moving charges, hence a more
inductive behavior, that is in compliance with existing liter-
ature [14]. Also, in Fig. 3 the distribution of the normal and
the tangential to graphene surface electric field components
is illustrated, proving the concentration at the microribbon
edges and validating the accuracy of our solver.

3.2. Graphene microtube analysis

The ability of the finite element method to model arbitrary
geometries is exploited in the analysis of graphene micro-
tubes. An indicative depiction of the computational space
is shown in Fig. 4. Note that in the vicinity of the micro-
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1st mode

2nd mode

3rd mode

4th mode

Figure 6: Distribution of the radial Eρ (left) and the axial
Ez (right), to the propagation, electric field component for
the first four modes of a20µm-diameter graphene micro-
tube at 2THz.

tube, the mesh is much more refined than the rest of the
plane and the domain is truncated by PML layers. The so-
lution domain is divided at approximately 75000 elements,
which results in 150000 unknown freedom coefficients. In
this framework, several graphene microtubes with different
diameters are explored at the far-infrared spectral range in
terms of their plasmonic modes, sorted according to their
corresponding losses, i.e. the imaginary part of the match-
ing eigenvalue. The parameters of graphene remain the

1st mode

2nd mode

4th mode

Figure 7: Distribution of the radial Eρ (left) and the axial
Ez (right), to the propagation, electric field component for
the first three modes of a 20µm-diameter graphene micro-
tube at 4THz.

same as those of the previous section.
Based on these aspects, an infinitely long 20µm-

diameter graphene microtube is examined and its disper-
sion diagram for the first four modes is displayed in Fig. 5,
where we can detect that these modes exhibit a simi-
lar behavior to the SPP modes propagating on an infinite
graphene layer, since neff increases linearly with frequency.
Moreover, the dispersion curves of the second and third
mode are in close proximity, revealing a degenerate mode
attributed to the obvious cylindrical symmetry of the prob-
lem. This deduction is supported by examining the dis-
tribution of the electric field of Fig. 6, at 2THz. The de-
generacy of the second and third mode is evident by in-
specting their field patterns, as they are complementary;
hence we can consider only the second mode for the rest
of our study. Furthermore, all modes are confined laterally
on the graphene surface, presenting a TM profile with the
radial component Eρ as the dominant one, since it is nor-
mal to graphene surface. Another qualitative observation
about the modal distributions is that the first mode presents
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Figure 8: Dispersion curves of the first three modes on a
10µm-diameter graphene microtube.

Figure 9: Dispersion curves of the first three modes on a
5µm-diameter graphene microtube.

a monopole behavior, the second that of a dipole, while the
fourth a quadrupole one. On the other hand, observing the
electric field distribution of Fig. 7 at a higher frequency, i.e.
4THz, we can safely claim that field confinement increases
with frequency, as theoretically expected.

Proceeding to the study of microtubes with smaller di-
ameters, dispersion diagrams for diameters of 10µm and
5µm are plotted in Figs 8 and 9, where the curvature re-
mains at acceptable levels and the quantum effects can be
reliably ignored. Here, we observe that neff , and thus the
confinement, increases along the reduction of the diameter,
which is clearer for the fourth mode and to a lesser extent
for the second one. The latter prompts us to further inspect
the case of the 5µm-diameter microtube, by providing the
electric field distribution of Fig. 10 at 2THz, in order to be
comparable with the 20µm one. Obviously, the comparison
of the patterns at each mode, reveals significant similarities,
while the confinement on the surface of graphene is slightly
increased at the smaller microtube, thus verifying the dis-
persion diagrams. Additionally, the propagation length is
extracted through the neff imaginary part and is displayed
in Fig. 11, for the first three modes of the 5µm-wide mi-
crotube and the first mode of the 5µm-long microribbon.
Comparing the attenuation of the first modes, it is apparent
that the microtube presents an adequately larger propaga-
tion length, offering enhanced propagation traits.

Finally, as the existence of the plasmonic modes in mi-

1st mode

2nd mode

4th mode

Figure 10: Distribution of the radial Eρ (left) and the axial
Ez (right), to the propagation, electric field component for
the first three modes of a 5µm-diameter graphene micro-
tube at 2THz.

Figure 11: Propagation length of the SPP wave for the first
three modes on a 5µm-diameter graphene microtube com-
pared to the 5µm-wide microstrip first mode.

crotubes has been established, we explore a 5µm-diameter
graphene microtube with a silica core of relative dielectric
permittivity εr = 3.32. The resulting dispersion diagram

5



Figure 12: Dispersion curves of the first three modes on a
5µm-diameter graphene microtube and a silica core.

is presented in Fig. 12, where it appears that the insertion
of the silica core increases the effective indices of all three
dispersion curves.

4. Conclusions
The propagation properties of surface waves on graphene
microtubes have been comprehensively investigated in this
paper by means of a flexible 2D finite element modal solver.
After the formulation of the graphene surface conductivity
model and its insertion on the prior solver, a microribbon
setup has been utilized to validate the modified numeri-
cal method. The propagation properties of various modes,
on microtubes with several diameters, have been exam-
ined through dispersion diagrams and the associated elec-
tric field distribution, indicating better confinement at de-
creased diameters. Furthermore, the propagation length of
the microtube has been compared to the microribbon one,
exhibiting an optimal behavior, able to enhance the design
of plasmonic circuits at the far-infrared regime.
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Abstract 
Subwavelength waveguide gratings (SWG) are locally 
periodic structures with parameters that may vary slowly on 
the scale of a wavelength. Here the implementation of a 
Lüneburg lens as a SWG to provide Fourier optics on a chip 
and the design of the adiabatic structures that must be 
provided to interface SWG structures to conventional 
waveguides are considered. Preliminary findings are 
reported on the dispersion engineering of multimode 
interference couples towards the ideal port phase relations 
needed in coherent applications. 

1. Introduction 
There is considerable interest in the field of Optical 
Communications in the integration of devices using a 
silicon-based materials platform to decrease component 
footprint and cost. Immense advances have been made; all 
the basic functions needed having been demonstrated. 
Nevertheless there remain technical and economic 
roadblocks to widespread adoption of the technology. A 
fundamental difficulty is that silicon is not suitable for light 
emission or, to a lesser extent, modulation. Si photonics has 
therefore been primarily restricted to the integration of 
passive functions. Active functions are provided by discrete 
devices such as off-chip lasers based on InP and separately 
packaged LiNb03 modulator circuits. Even then there 
remains a formidable challenge to the efficient transfer of 
light energy between the different waveguide technologies 
that must be interfaced. 

Rapid and continuous progress in nanofabrication means 
that electromagnetic materials can now be engineered at a 
subwavelength scale. A recent break-through is to use sub-
wavelength structures to tailor the refractive index and 
dispersion properties of integrated components. This has 
been applied with great success in a wide variety of 
applications of silicon photonics to radically reduce coupling 
loss, excess insertion loss and crosstalk; and to dramatically 
increase the operational bandwidth of components [1]. 

Fortunately, it is now practical to engineer the optical 
properties of structures on a chip by subwavelength 
patterning in a single etch step of binary nanocomposite 
material with a feature size that is not limited to expensive 
high resolution techniques such as electron-beam 

lithography. This offers fabrication processes amenable to 
the economics of mass manufacture.  

Our work focuses on sub-wavelength waveguide gratings 
(SWG): that are periodic on the scale of a sub-wavelength 
lattice with parameters that vary on a scale larger than a 
wavelength. In section 2 the SWG structure, the design & 
verification challenges and the principles of homogenisation 
are discussed. In section 3 results of simulations of graded 
SWG structures are presented and a Mach-Zehnder 
interferometer structure for the measurement of the effective 
refractive index of SWG is introduced. Section 4 provides a 
brief discussion on the use of SWG to control spatial 
dispersion in the context of approaching an ideal multimode 
interference couplers; and section 5 draws some 
conclusions. 

2. Homogenisation 
In photonic crystal structures a waveguide is typically 
created by introducing a line defect. At an operating 
frequency within the band-gap, guiding may occur due to 
the mirror-like effect of the lattice surrounding the defect. At 
an operating frequency outside the band-gap, guiding may 
occur when the effective index of the lattice is lowered from 
that of the line defect (e.g. by hole inclusions). Sub-
wavelength waveguide gratings are a sub-category of 
photonic crystal structure that operate at frequencies below 
the band-gap and require no surrounding lattice to guide. 
The fundamental wave-guiding principle is the propagation 
of the Floquet-Bloch modes of the SWG. Silicon SWG 
crossings and photonic wires have been demonstrated that 
have experimentally measured losses of -0.07 dB per 
crossing and 3.1 dB cm-1 respectively [2], which is 
astonishing given that the light passes through 60,000 
interfaces every centimeter. 

The combination of sub-wavelength scale nanostructures 
with overall component dimensions measured in hundreds of 
wavelengths creates computational problems of massive 
scale as the current tools require computational meshes that 
are sufficiently fine to adequately sample the nanostructure. 
Available tools rapidly run out of resources, or produce 
results that cannot be trusted. The absence of a reliable 
means to model and simulate large scale nanostructures is a 
major roadblock to advances in nanophotonics. Current tools 
for component simulation require sub-wavelength 
computational meshes that can only be applied to 



 

nanostructured regions a few wavelengths in extent. 
Modelling at larger scales requires an abstraction of the 
properties of the nanostructure, which summarises its 
properties pertinent to the larger scale and smooths over the 
detail at the smaller scale. This abstraction is known as 
homogenisation. Investigation of the behaviour of the mode 
and effective mode index with respect to fill factor of the 
patterned structure outside parameter regions where simple 
effective material theory applies is the motivation for the 
study reported in this paper. 

There is a vast literature on homogenisation. Its classic 
roots are the Clausius-Mossotti equation [3] that links the 
electrodynamics of continuous media to their atomic 
structure and the mixture formulae of Maxwell-Garnet [4] 
for the constitutive parameters of composite materials. Early 
studies applied long-wavelength asymptotic approximations 
because all but simple problems, such as the 1D lamellar 
structure analysed by Rytov [5], are intractable theoretically. 
A resurgence of interest in homogenisation can be traced to 
Prof. Sir John Pendry’s corpus of work on negative 
refractive index materials, first postulated by Veselago [6]; 
and to an influential paper by Smith & Pendry [7] in which 
they pointed out that the electromagnetic fields in a unit cell 
of a photonic crystal may be calculated advantageously by 
commercial tools; albeit there remains additional coding to 
complete the homogenisation. The method of Smith & 
Pendry has been shown to be flawed in certain 
circumstances [8]; but that of Pérez-Huerta et al. [9], which 
draws on early work by Mochán & Barrera [10], and 
Mochán et al. [11] is compelling. 

In the case of periodic dielectric structures, one may use 
a (commercially available) band solver to find the 
homogenised parameters for internal Bloch modes that 
describe light well away from the surface of a finite sized 
photonic crystal where the translation symmetry is broken. 
The Bloch mode expansion must be completed by 
evanescent Bloch modes, i.e. modes with a complex Bloch 
wave-vector, which represent waves bound to the surface 
[12]. Commercial band solvers assume a material of infinite 
extent; consequently, resort must be made to general 
purpose Finite Element Method (FEM) or Finite Difference 
Time Domain (FDTD) solvers with additional programming 
effort. For a slab, one must match a Rayleigh plane wave 
expansion in the exterior domain to a Bloch plane wave 
expansion in the interior domain. The transverse component 
of the exterior plane wave and internal Bloch wave-vector 
must match by field continuity considerations. This justifies 
the use of the effective index of the Bloch mode as the 
homogenised index. It also suggests that the correct method 
of smoothing the field is to set the amplitude of spatial 
frequencies outside the first Brillouin zone to zero. A plane 
wave expansion approach similar to that used in band 
solvers can then be used to solve for the averaged fields to 
find material constitutive parameters. The result is 
essentially exact: the full band structure accessible by an 
exterior wave may also be reconstructed from the 
homogenised parameters. 

Graded structures may be described by introducing two 
spatial scales; a ‘slow’ base-space co-ordinate pertinent to 

the variation of the nanostructure parameters (e.g. atom size, 
lattice ‘constant’) and a ‘fast’ tangent space coordinate 
pertinent to a periodic extension of the local nanostructure. 
The hope is that the structure in the neighbourhood of the 
base-space position is well approximated by the periodic 
extension of the nanostructure at that position. This is an 
asymptotic approximation that we have applied with success 
in numerical experiments on the metamaterial Lüneburg lens 
[13]. A similar approach to grading but relying on the less 
precise Maxwell-Garnett effective index formulae is 
described in [14]. 

3. Simulation Results 
An interest in Fourier optics on a chip [13] provided our 
starting point: the implementation a planar Lüneburg lens as 
a slowly-varying photonic crystal slab waveguide (or 
‘metamaterial’). A hexagonal lattice was chosen as this 
offered a band structure with circular equi-frequency 
contours in the long wavelength operational limit, shown in 
Figure 1. 

The local index was found by two methods. In the first 
method, a band solver was used to predict the homogenised 
index of a Bloch mode in a two dimensional photonic crystal 
of infinite extent. This homogenised index was then used as 
the core index in an orthodox model of an asymmetric slab 
waveguide to predict the effective index of the mode bound 
to the slab. 

 
Figure 1. The equi-frequency contours of the band surface 
displayed on the wave vector plane. 
 

In the second approach, a 3D band unit cell is defined by 
periodically replicating, in the direction normal to the plane, 
the waveguide structure containing a single 2D unit cell in 
the plane. The out-of-plane period is chosen large enough 
that the waveguide fields are negligible at the upper and 
lower end faces of the unit cell. A 3D band solver is then 
used to directly determine the effective index of the 
fundamental mode of the patterned slab waveguide 
structure. A representative 3D unit cell is shown in Figure 2, 
consisting of three layers of air, metamaterial and silica. 



 

The assumption of an infinite number of replications of 
the 3D unit cell normal to the plan of the slab is an 
approximation given that the slab is only one unit cell thick, 
which causes a small error in the field due to the periodicity 
assumption. Hence, the 3D band structure solver for a 2D 
periodic medium can give an accurate value of the effective 
index of the metamaterial but is computationally more 
demanding. 

 
Figure 2. The 3D unit cell analysis and the band diagram 
of 3D FDTD simulation. 
 

Remarkably, the two methods agree very closely [13]. 
This indicates first that the evanescent fields generated at the 
upper and lower boundaries of the core do not significantly 
tunnel across the core despite its small thickness of the of 
300 nm and second that the field continuity conditions at the 
core boundaries differ little from that for continuous media 
despite the patterning of the core. 

 

 
Figure 3. A FDTD simulation of an incident plane wave 
focused by a planar graded metamaterial lens. The local 
structure of the Bloch wave as a product of a periodic 
function with the same period as the lattice and a Bloch 
phase factor describing the phase advance across unit 
cells is clearly visible. 

 
To fully exploit the flexibility offered by subwavelength 

grating structures they need to be integrated and 
interconnected by conventional waveguides. In the case of 
the Lüneburg lens, it is fortunate that the structure naturally 
features an adiabatic transition from the exterior domain at 
the rim to the interior structure of the lens [13]. The lens can 
be made in two ways; either using air holes in silicon layer 
or silicon rods in air.  Figure 3 shows an example of 

subwavelength structure implementation of a planar 
Lüneburg lens, using air holes in silicon layer. Figure 4, 
shows the metamaterial lens structure using silicon rods in 
air. The structure of air holes in silicon layer is preferred in 
this study because it offers a wider range of homogenised 
index compared to silicon rods in air. 

In general, however, it is necessary to provide adiabatic 
structures that not only adapt waveguide dimensions but also 
adapt the homogenised index. Figure 5 shows an example of 
a Mach-Zehnder interferometer with a length of 
subwavelength grating waveguides within their arms 
adapted to standard silicon waveguides by adiabatic tapers. 
The SWG is interfaced to standard silicon waveguides first 
by an adiabatic taper with varying width and constant 
refractive index and then by an adiabatic taper of constant 
width but varying homogenised index. The lower arm 
contains standard silicon waveguide and identical in the 
length with the upper arm but the length is deducted only the 
length of centre section of the upper arm that contains the 
SWG section with the holes in constant diameter. The 
imbalance between the arms will allow the experimental 
measurement of the homogenised index.  

 

 
Figure 4. A metamaterial Lüneburg lens with a diameter 
of 15 µm; with the rod diameters varying from 151 nm on 
the rim to 202 nm in the centre placed on a hexagonal 
lattice with lattice constant of 250 nm. The effective 
refractive index on the rim was set to 1.4, which leads to 
an effective index at the centre of the lens of 1.98. The 
calibration used was appropriate to 2D FDTD simulation. 

Figure 6 shows an enlargement of the arm showing the 
detail of the homogenised refractive index taper, while the 
diameter of the air holes is increasing from left to right. 
These structures are an example of a case where a nanoscale 
simulation over the full device, say using FDTD, is not 
reliable. Rather, we have relied on simulation of the 
homogenised structures using FimmProp as shown in figure 
7, together with the calibration procedure described for the 
Lüneburg lens. 



 

 
 

Figure 5. MZI structure with one arm patterned structure and the other arm silicon 

The experimental confirmation of the validity or 
otherwise of the calibration approach awaits the Lüneburg 
lens and MZI structures to come out of fabrication. 

 
Figure 6. An enlargement of the upper arm of the MZI 
showing detail of the homogenised refractive index taper. 

 

 
Figure 7. FimmProp simulation of a MZI structure with 
upper arm containing homogenised SWG waveguide and 
the lower arm containing standard silicon waveguides. 
 

 
Figure 8. MZI output intensity against wavelength for a 
SWG test structure of the length 20 µm (red) illustrating 
the spectral fringes due to the optical path imbalance 
introduced by the SWG section. Also shown is the output 
intensity of an empty MZI (back-to-back MMIs) (blue) 
which follows the envelope of the spectral fringes. 

Figure 8 shows the intensity at the output port of the MZI 
with wavelength scanned from 1.45 µm to 1.65 µm for a 
SWG test structure (shown in figure 7) of length 20 µm 
(red) which illustrates the spectral fringes due to the 
optical path length imbalance introduced by the test 
section. These fringes provide a measurement of the 
homogenised refractive index. Also shown is the output 
intensity of an empty MZI (back-to-back MMIs, shown in 
figure 9) (blue) which follows the envelope of the spectral 
fringes. 

 
Figure 9. Back-to-back MMIs to obtain the envelope of 
the spectral fringes 

4. Discussion 
Now that coherent transmission is so well entrenched, 

extra care is required to control the phase in addition to the 
amplitude of light propagating in photonic integrated 
circuits. The phase relationship between the ports of splitters 
and couplers is particularly important in applications to 
microwave frequency multiplication, advanced I-Q 
modulation, optical hybrids for coherent receivers and more 
[15-20]. In particular, this leads to the search for a perfect 
Multimode Interference coupler (MMI) in which 
subwavelength waveguide gratings are used to engineer the 
dispersion and anisotropy of the MMI so that a practical 
device provides close to the ideal (but normally 
approximate) self-imaging behaviour. To this end, a slab 
waveguide patterned as a photonic crystal in one-dimension 
is being investigated. Very good agreement between the 
bandsolver and the Kronig-Penney model has been obtained 
for Bloch vectors in the plane of the slab and not just normal 
to the grating structure. There is however a substantial 
difference between the mapping of the homogenised index 
to the mode effective index via the asymmetric slab 
waveguide model and the predictions of the band-solver for 
a 3D unit cell. Whether this is because of the difficulties in 
ensuring that a commercial band solver finds the correct 



 

band structure for this geometry or the assumptions inherent 
the indirect approach remain valid is the subject of further 
investigation. 
 

5. Conclusions 
The continuing improvement in advanced lithography 
techniques (such as immersion lithography, extreme-UV 
lithography, nanostepping lithography) will enable accurate, 
large-volume production of subwavelength structures and 
devices.  The use of SWG structures in integrated photonics 
devices is thus likely to continue to expand, enabling new 
functionalities and devices to be designed and fabricated, 
and these SWG structures will become an essential tool set 
in advanced photonic design libraries. 
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Abstract— We consider theoretically a closed (zero-dimensional) semiconductor microcavity
where a confined vacuum photonic mode is coupled to electrons in the valence band of the
semiconductor. It is shown that vacuum-induced virtual electron transitions between valence
and conduction bands result in renormalization of electron energy spectrum. As a consequence,
vacuum-induced band gaps appear within the valence band. Calculated values of the band gaps
are of sub-meV scale, which makes this QED effect measurable in state-of-the-art experiments.

1. INTRODUCTION

In this work[1] we consider a semiconductor embedded inside a closed (zero-dimensional) cavity [see
Fig. 1(a)]. In what follows, we will assume that the cavity dimensions (Lx, Ly, Lz) are macroscop-
ically large as compared with characteristic de-Broglie wave length of the electrons. Therefore, the
electron energy spectrum of conduction and valence bands of the considered semiconductor sample
are the same as for bulk semiconductor, εv,c(k) = ± εg

2 ± ~2k2

2mv,c
, where εg is the semiconductor band

gap, mv,c are the electron effective masses in valence and conduction bands, k is the electron wave
vector. Interacting with vacuum photonic mode of the cavity, valence electrons perform virtual
transitions between valence and conduction bands [see Fig.1(b)]. The transitions mix states of va-
lence and conduction bands and, therefore, modify the electron energy spectrum. In order to find
the renormalized spectrum of valence electrons, ε, we use the conventional diagrammatic approach
based on Green’s functions.

Figure 1: (a) The system consists of a bulk semiconductor (SC) embedded into a 0D microcavity formed by
distributed Bragg reflectors (DBRs) with dimensions (Lx, Ly, Lz). The dimensions can be chosen in a way
so that the electrons in the SC can be considered continuous while the photons are discrete.

The resulting energy spectrum exhibits band gap opening at energies resonant with the cavity
photon energy, as shown qualitatively in Fig.2(a). The gaps are caused by vacuum fluctuations
and happen at energies resonant with the energy of the cavity photon modes. The value of the
gap are in meV range for realistic parameters, which is larger than in previously proposed systems
where similar effects occur[2]. Taking into account the finite wavevector of the photons we find
that instead of a single gap, we see multiple gaps and the finestructure depends on the direction of
the electron wavevector. Fig.2(b) shows the details on the valence band electron dispersion, when
the wavevector is along the [110] direction, or k = k√

2
(1, 1, 0). In this case the dispersion exhibits

3 gaps but depending on the direction they can be everything from 2 to 8.



(a) (b)





(nm-1)

(e
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Figure 2: (a) Energy spectrum of dressed electrons within the approximation of a negligible small pho-
ton wavevector; (b) Exact energy spectrum of dressed valence electrons, calculated numerically along the
direction [110] of the k space.

2. CONCLUSION

We calculated the energy spectrum of valence electrons in closed (zero-dimensional) semiconductor
cavities modified by vacuum fluctuations of the electromagnetic field. The feature of the spectrum
consists of vacuum-induced energy gaps on the sub-meV scale within the valence band, which
can be observed experimentally. As a consequence, the discussed effect can open new area of
interdisciplinary experimental research where quantum electrodynamics meets the physics of solids.
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We report on the first experimental demonstration of super-oscillatory behaviours in the single photon regime, 

where the quantum wave-function of a single photon can be localized into length scale much smaller than the 

smallest wave length contained in its Fourier spectrum.  

 

Super-oscillations are generated from band-limited functions which can oscillate much faster than its highest 

Fourier component over arbitrarily large intervals. As a result of delicate near-destructive interference, super-

oscillations have the intriguing characteristic of occurring in relatively low-intensity regions accompanied by 

rapid phase variations. The super-oscillation idea is surprising and counterintuitive since it gives the illusion that 

the Fourier component is ‘super-shifted’ to be outside the spectrum of the function. 

 

Super-oscillations are of particular interest in quantum physics: the original insights which eventually led to 

super-oscillations started with the observation by Aharonov that the usual measurement procedure for 

preselected and postselected ensembles of quantum systems can give unusual outcomes. As a result of the 

uncertainty principle, the initial boundary condition of a quantum mechanical system can be selected 

independently of the final boundary conditions. Interestingly, the weak measurement of quantum system can 

have values much higher than the spectrum of the operator.  

 

We carry out both classical and quantum measurements, where we use either a continuous laser or a single 

photon source from a pair of correlated photons generated by spontaneous parametric down-conversion in 

nonlinear crystal. We direct one channel onto a specially designed one-dimensional meta-lens consisting of 

multiple parallel slits, which serves as a binary mask to diffract the incoming light causing it to interfere behind 

the mask, generating a super-oscillaotory probability wavefunction with FWHM of ~0.42𝜆, thus undoubtedly 

revealing sub-wavelength localization of quantum wavefunctions of single photon. 
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Abstract- We introduce a scheme of single-photon emission based on four-wave mixing in a three 

mode system with weak Kerr-type nonlinearity. A highly populated lower energy mode results in strong 

stimulated scattering of particle pairs out of the central mode, which consequently limits the central 

mode occupation. Using the master equation approach we show strong antibunching. Under pulsed 

excitation we demonstrate theoretically a triggered single-photon emitter in a weakly nonlinear system 

with 33% emission probability. 

 

It is well-known that the generation of non-classical quantum states requires a nonlinear system that is sensitive 

to the number of quanta present in the system. In optical systems, the interaction energy between a pair of 

photons is typically small, especially when compared to typical decay rates. In the opposite limit, the photon 

blockade mechanism
2
 is capable of suppressing two-photon occupation, and has encouraged several 

developments towards systems with stronger nonlinearities and higher quality factors. In the ideal case, single 

photon emission is achieved, with applications in quantum communication and information technologies
3
. 

 

Remarkably, the generation of anti-bunched light is still theoretically possibly in weakly non-linear systems. In a 

recent rediscovery
4-6

, the use of quantum interference in coupled mode systems proves to be highly sensitive to 

weak nonlinearities and allows strong antibunching for the parameters available in many existing systems. We 

will discuss the advantages and disadvantages of this mechanism. 

 

Furthermore, in nonlinearly coupled mode systems, such as parametric oscillators, it can be shown that it is 

possible to enhance a weak nonlinearity
7
. A highly populated lower energy mode results in strong stimulated 

scattering of particle pairs out of the central mode, where the system can be understood as an effective χ (2) 

nonlinear medium with greatly enhanced interaction constant. This leads to the emission of antibunched light in 

a weakly nonlinear system, which can be triggered semi-on-demand with a remaining limitation to emission 

efficiency (33%). In particular we will consider an example of implementation in a dipolariton
1
 semiconductor 

microcavity system, which has the added advantage of tuneability via an applied electric field. 

 

 

 

 



 

 

Figures 1: Time delay dependence of the second order correlation function (solid traces) and mean 

occupation (dashed traces) under continuous wave (a) and pulsed (b) excitations. The pulse duration was set to 

50 ps and the pulse repetition rate was set to 1 μs.  
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Abstract-Entanglement between two two-level atoms mediated by surface plasmons metallic nano- 

waveguides and graphene is studied theoretically. Dynamics of the emitters are described using a 

rigorous quantum master equation, where the plasmonic reservoir is accounted for through the 

classical electric field Green dyadic. We demonstrate that entanglement depends crucially on the 

geometry of metallic waveguides. Moreover, when the emitters are placed above graphene, 

entanglement can be controlled on-the-spot by biasing graphene with a static electric field.  

 

Environment induced dissipation of quantum systems is the main obstacle facing practical applications of 

entanglement. Despite its destructive nature, dissipation in some cases may have a positive effect and lead to the 

creation of entangled states between initially unentangled systems [1]. Moreover, characteristics of this final 

state can be designed by engineering the environment emitters are coupled to.  

In this work, we study dissipation driven entanglement between two identical two-level atoms coupled to 

two different types of plasmonic reservoirs: a) silver nano-waveguides in the optical range; and b) graphene in 

far infrared range. We demonstrate that one can significantly modify the entanglement by engineering the 

waveguide geometry (in the case of metal) or by applying a static electric field (graphene). Our approach is 

based on the formalism of quantum master equations for the density matrix of the emitters [2]. The electric field 

Green dyadic of metallic waveguides was calculated using Lumerical FDTD software. The Green dyadic for 

graphene was calculated analytically [3]. As a measure of the entanglement we use concurrence �(�) [1] as it is 

easy to calculate and interpret, even for mixed states. Maximum entanglement corresponds to �(�) = 1, 

whereas the absence of entanglement corresponds to �(�) = 0.  

Numerical results are presented in Fig. 1 (metal waveguides) and Fig. 2 (graphene). Clearly, plasmonic 

waveguides offer significant potential for entanglement improvement over vacuum. Particularly, entanglement 

can be enhanced by simply adding slots to a long nanowire (length of the rod taken to be infinite, meaning that it 

should significantly exceed the plasmonic wavelength and the separation between qubits, which are modeled as 

two level atoms). Even more significant enhancement of the concurrence can be achieved if the length of the 

wire is comparable to the separation between qubits. Further improvement of entanglement can be obtained by 

switching to plasmonic groove geometry. However, even the best optimized plasmonic waveguides do not allow 

on-the-spot control of entanglement. On the other hand, the conductivity of graphene and thus its photonic 

density of states depends on the graphene chemical potential, which can be altered by applying a static electric 

field [3]. This allows for significant control of the entanglement between two emitters by changing the chemical 

potential as can be seen in Fig. 2. In particular, we can get from the case with very strong transient entanglement 

(=100 meV) to the case where there is no entanglement at all (=10 meV). We can also switch between 

dissipative and coherent regimes. 

The entanglement presented in Figs. 1 and 2 decays with time due to dissipation-induced depopulation of the 



emitter’s excited state. In order to obtain a steady entangled state, this has to be compensated by pumping the 

emitters by strong electromagnetic pulses (See right panel on Fig. 2). Concurrence of the steady entangled state 

depends significantly on the environment. Moreover, it is in general strong (weak) when transient entanglement 

is strong (weak).  

 
Fig 1. Entanglement between two emitters 20 nm above a silver nanowire (left) or 12 nm above a groove 

waveguide (right). Separation between the emitters is equal to 1.5���� , where ����  is the wavelength of the 

surface plasmon at the frequency of the emitter dipole transition, � = 500 THz. Γ�� is the emitter decay rate. 

 

Fig 2. (Left) Transient entanglement between two emitters placed at a distance 20 nm above graphene layer. 

Separation between emitters is equal to 100 nm. Frequency of the emitter dipole transition is � = 40 THz. 

(Right) Steady-state entanglement when one of the emitters is pumped by electromagnetic wave in resonance with 

dipole transition. Effective Rabi frequency of the pump is Ω = 0.5 Γ��. 
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Abstract 

A spontaneous emission of photon pairs in the metal-
dielectric interface or waveguide, placed to a resonator and 
excited by laser light, is considered. The emission results 
from the laser-induced oscillations of the optical length of 
modes in resonator and is called the dynamical Casimir 
effect. It was found that in case the amplitude of these 
oscillations coincides with the excitation wavelength, a 
resonant enhancement of the emission takes place. This 
opens new possibilities of converting photons to their pairs.  

1. Introduction 

The electromagnetic waves, confined to a planar interface 
or to a dielectric hetero-structure, have a strongly enhanced 
field intensity. These waves are of great interest for various 
applications, as they allow one to strongly amplify the 
interaction of light with matter. This is especially important 
for weak optical processes, which otherwise are difficult to 
observe and to employ. Here we are considering the 
possibility of using the confined planar waves for the 
enhancement of a very weak nonlinear quantum optical 
process – a spontaneous emission of the pairs of 
electromagnetic excitations quanta in a resonator when its 
optical length periodically changes in time under laser 
excitation [1] (the quanta are generated at the mirrors of the 
resonator). This emission is closely related to the dynamical 
Casimir effect (DCE) – the generation of photon pairs in a 
resonator with a periodically changing length. DCE arises 
due to the time-dependent perturbation of the zero-point 
state of the electromagnetic field (see, e.g. [2–13]).  

To observe the DCE, one needs to move the mirrors of 
the resonator with the velocity comparable to the velocity of 
light [2]. This condition is difficult to fulfill. Therefore, the 
intensity of the corresponding emission is usually extremely 
weak. However, if one uses a superconducting circuit 
consisting of a coplanar transmission line then one can 
achieve for microwaves rather large oscillations of the 
electrical length in time and to strongly enhance the 
intensity of the emission. Recently, in this way the DCE 
was observed in 10 GHz diapason [12]. In the visible 
spectral region the yield of the DCE may be enhanced if to 
use strong laser excitation, allowing to remarkably change 

the optical length of a dielectric in time [6–10]. Another, 
more effective way to enhance the emission due to the DCE 
is to use confined planar waves, allowing one to strongly 
reduce the required laser excitation [1,14]. 

Here we present a consideration of the DCE-induced 
emission for surface waves in a planar structure. The 
consideration holds for surface plasmon polaritons (SPPs) 
in metal-dielectric interfaces (see, e.g.[15–18]), for guided 
dielectric waves (GDWs) propagating along a thin dielectric 
slab with a high refractive index, surrounded by dielectrics 
with smaller refractive indices (see Refs. [19,20]) and for 
the Dyakonov waves (DWs) existing at the interface of 
dielectrics of different symmetry [21] (recently observed in 
Ref. [22]). 

The main parameter determining the efficiency of the 
emission due to the DCE is the amplitude 0a  of the 
oscillations of the optical length of working modes in the 
resonator. This amplitude should be compared to the 
wavelength of the generated quanta. The corresponding 
dimensionless parameter is 04v a V c    [2], where 

0 02 4 c      is the wavelength of the generated 
quanta, 0  is the laser frequency and V  is the maximum 
velocity of the oscillations of the optical length of generated 
photons in the resonator, c  is the velocity of light.  

To evoke the periodical oscillations of the optical length 
of the electromagnetic excitations one can use a nonlinear 
medium (dielectric) illuminated by a strong external laser 
wave. Due to the nonlinear interaction of light with matter 
the wave will evoke the periodical oscillations of the 
refractive index of the dielectric and the optical length of a 
resonator.  

Usually the nonlinear interaction of light with matter is 
very weak and the dimensionless parameter ,  determining 
the intensity of the emission due to the DCE for realistic 
laser excitations, is very small. To describe the DCE-
induced emission in this case one can use the perturbation 
theory. A corresponding theory has recently been proposed 
by us in Ref. [1]. However, SPPs and/or GDWs may allow 
one to strongly enhance the interaction. As a result one can 
get 1v  already for rather moderate laser excitations. In 
this case the perturbation theory is not applicable. Below we 
shall present a generalization of theory [1] which works also 
in the case 1v  . 
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2. DCE for surface plasmon polaritons and 
dielectric guided waves 

Let us first discuss the efficiency of the emission due to the 
DCE for SPPs and GDWs. We are considering the case 
when a thin planar structure is excited by a laser wave with 
the wave front parallel to the structure. The planar structure 
consists of a low-symmetry crystal with the nonzero 
second-order nonlinear susceptibility (2)  and of a thin 
metallic (in the case of SPPs) or dielectric (in the case of 
GDWs) film (see Fig.1).  
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Figure 1: Emission due to the dynamical Casimir effect 
for SPPs. The set-up includes a prism and a metal- 
dielectric interface placed to a resonator; 0 1,n n , and mn  
are the refractive indices of the prism, dielectric and 
metal respectively. The generated quanta leave the 
interface through the prism. 

 
The laser wave causes periodical oscillations of the 
refractive index in time of the modes confined in the 
structure described by the equation 

 (2)
0 02 cos( ), tn n E t     (1) 

here 0 0 0E I Z  is the strength of the electric field of the 
laser light with the intensity 0I  and 0 376.7Z    is the 
impedance of the free space. This gives 0

(2)
0a E  and 

 (2)
0 0 0v E l   , (2) 

where 0l  is the length of the resonator. In usual dielectrics 
(2) 1210  m/V, 0c c n  (it is supposed that 0l l , 

where l  is the propagating distance of surface excitations). 
Taking 0 1l   mm and 0 500   nm, one finds that to get 

1v   one needs to use a very strong laser excitation with 
the intensity 14

0 10I   W/m2. Therefore, for realistic 
excitations of usual dielectrics one gets 1v . In this case 
the DCE-induced emission is very weak. As it was shown 
in Ref. [1] its yield  

 
22 2 (2) 3

0 0 0 010 2l Z       (3) 

is in the order 1210 . 
However, if to consider a metal-dielectric interface 

placed in a resonator, then for SPPs one gets 2  times 
larger ,v  where   is the enhancement factor of the field for 
the emitted quanta [1]. Therefore, the yield of the emission 
due to the DCE in this case is of the order of 

 
22 4 2 (2) 3

0 0 0 010 2 .l Z        (4) 

An analogous enhancement of v  and   may be obtained 
also for GDWs and DWs. For SPPs the enhancement factor 
  may reach 30 (see Fig. 2) with coherence length 1l   
mm.  

For long-range SPPs (LRSPPs) one can achieve 
remarkably larger   and l . Even larger   and l  one may 
achieve for GDWs (see Fig. 2). In these cases one can get 

1v   already for a rather moderate excitation 
5 2

0 10 W/mI  . In such a case the nonlinear interaction is 
not weak anymore and Eq. (2) is not applicable. To find the 
rate of the DCE–induced emission in this case one needs to 
develop a more general theory. Below such a theory is 
presented. 

 

Figure 2: Enhancement factors for surface plasmon 
polaritons (SPPs), for long-range surface plasmon 
polaritons (LPSPPs) and for guided dielectric waves 
(GDWs). 

3. Rate of DCE-induced emission 

Following Ref. [1], we consider the DCE emission of planar 
waves (see Fig. 1). The metal-dielectric interface is placed 
to the resonator (see the mirrors in Fig. 1) and irradiated by 
a monochromatic laser wave with the frequency 0  and 
wave front parallel to the interface (xy-plane). The length 
(in x  direction) and the width (in y  direction) of the 
interface respectively are 0l  and 1l . The optical length of  
SPPs is 0effL n l , where effn  is the effective mode index of 
SPPs. The generation of SPPs quanta takes place due to the 
modulation of this length in time by the laser light.  

The time dependence of the optical length of the 
resonator for SPPs and guided waves in the case under 
consideration can be presented in the form: tL L   
 0 02 cos( ).a t  In order to get emission outside the 
resonator the dielectric prism with a high refractive index is 
added. The generated quanta leave the prism as photons in 
the directions 0 0arccos( )n n   corresponding to the 
Kretschmann configuration, as is depicted in Fig. 1 (in this 
direction the tangential wave vector is conserved).  

Here we are considering only a spontaneous emission of 
the pairs of quanta. This regime of the emission takes place 
when the rate of the generation of the pairs  is sufficiently 
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small, 15 110 sc     , so that the generated quanta 
leave the interface before the next pair of identical quanta is 
generated. In this regime the DCE is essentially different 
from the usually considered DCE of microwaves in a cavity 
(see, e.g. [5,11] and references therein), which corresponds 
to an exponential increase of the number of the generated 
quanta and which is governed by the stimulated processes. 

Let us consider the generation of the pairs of the quanta 
of 2D-waves with the wave vector   and   with the 
components ,x k L  1y q l   and ,x k L    

y y     with 0 0| | | | ,k n k n c  
 

 where 
, , 0,1,2,.. .k k q   The number ,k qN of the generated quanta 

of a mode ( ,k q ) can be found from the following large-
time asymptotic of the field correlation function [1]: 

 ,,
, , ,

2 ˆ ˆ0 ( ) ( ) 0 ,k qik q
k q k q k qN e A t A t t 

  


. (5) 

Here ,
ˆ

k qA  is the field operator,  

    2 2

, 1k q c k L q l      (6) 

is the frequency of the mode ( , )k q , 0  is the zero-point 
state of the modes. The field operator of the interface 
exposed to the laser field satisfies the two-dimensional 
wave equation 

  2 2 2 2 2ˆ ˆ 0A c x y A      
  (7) 

and the boundary conditions   0
ˆ( 2 cos( )) 0A x a t  . In 

this case the field operator has the form 

,
ˆ ˆsin( ( ))iqy

k qk q
A e kx L t A   . Inserting this operator into 

the wave equation, we get for , ,
ˆ ˆ( 1)k q

k
k qA   in the large 

0L   limit the equation [1] 

 2
, , , ,

ˆ ˆ ˆ
k q k q k q kk qB   

  (8) 

where k ck L   

  2 2
,, ,

ˆ ˆˆ 2( )j qk q t t j q
j k

L LB j c j k


     
.  (9) 

In the integral form this equation reads  

 (0)
, , , ,

,

ˆ ˆ ˆ( ) ( ) sin( ( ')) ( ') '
t

k
k q k q k q k q

k q

t t t t B t dt
 
 

        (10) 

where  

  , ,(0)
, , , ,

ˆ ˆ ˆ( ) 2 k q k qi t i t

k q k q k q k qt a e a e          (11) 

is the operator of the mode ( , )k q and ,ˆk qa   is the destruction 
operator of the undisturbed field. In the t   limit the 
nonzero contribution to the integral (10) comes from the 
terms with , 0 ,j q k q    . Taking only these terms into 
account, we get [1] 0, ,

ˆˆ cos( )k q k qB a t Q , where 

 1
, ,

ˆ ˆ ˆ( ) ( ) ( )k q q j j q
j

Q t Q t L t   .  (12) 

Inserting this equation to Eq. (5), one finds [1]  

 0 , 1 1

2 2
( )( )

, 1 1 1 1
,

( ) ( , )
4

k q

t t
i t tk

k q q
k q

a
N t dt dt e D t t

L
 


 

 

  


, (13) 

where ˆ ˆ( , ) 0 ( ) ( ) 0q q qD t t L Q t Q t   is the correlation 
function of the perturbation of the field. In the large time 
limit this correlation function depends on the time 
difference: 1 1( )q t tD , 1 1,t t   . This gives the following 
equation for the rate of emission 

 
2 2

,
, 0 ,

,

( )
4

k q k
k q q k q

k q

dN a
N

dt L

  


  


D , (14) 

where ( ) ( )i t
q qdte D t




 D  is the spectral function. 

4. Resonant enhancement of DCE emission  

To find the rate of the emission we need to calculate the 
spectral function. To do this we use Eqs. (9) and (10) which 
give  

 (0)
1 1 0 1 1

ˆ ˆ ˆ( ) ( ) 2 ( )cos( ) ( ),q q qQ t Q t v dt G t t t Q t




    (15) 

where 

 (0) 1 (0)
,

ˆ ˆ
q j j qj

Q L     (16) 

 
2

,
10 ,

( ) ( ) sin( )
mk

k
k q

k k q

c
G t t t

L

 
 

     (17) 

( )t  is the Heaviside step-function. We get  

 
0 1 2

0,

( )2
1 2 1 1 2 1 2

( ) ( )

( ) ( ) ( , )

q q

i t t
q

D t t D t t

v dt dt G t t G t t e D t t
 



 

   

   


 (18) 

Here (0)
0,

ˆ ˆ( ) 0 ( ) ( ) 0 , ,q q qD t t L Q t Q t t t      satisfies a 
relation analogous to Eq. (18). Performing the Fourier 
transformation of Eq.(14) and replacing the sum over k  by 
the integral over frequency ck L  , one finds  

 
(0)

22 *
0

( )
( )

1 ( ) ( )

q
q

D
D

v G G




  


 
 . (19) 

Here 

 (0) 2 2 2
0 0( ) ( ) sin

2qD
c

     


   


  (20) 

 
0

0 0

cos
( ) [1

( )(1 sin )
(2sin ln )]

2 ( )(1 sin )

G

i





    

   

 

 
  

 

 (21) 

 arcsin cq   is the angle of the emission. 
In the case under consideration 1 0,L l   the sum ,k q   

can be replaced by the integral  1 2Ll c d d     . This 
gives the following spectral and angular density of the rate 
of emission: 

 0
22 *

0

( , )
( , )

1 ( ) ( )

I
I

v G G 

  
  


 

  (22) 

where  

  
2 2

2 2 21
0 03

0 0

cos
( , ) sin

2

v l
I

      
 

     (23) 

If 1v  (weak excitation) we get 0( , ) ( , )I I    . In this 
case the spectrum of the emission is continuous. The same 
holds for the angular dependence of the emission. However, 
in case the excitation is strong ( 1v  ), the spectrum 
becomes narrow with the peak at 0 2.   If 

0 2.939v   , then the emission becomes monochromatic 
with the frequency 0 2   and sharply directed (see Figs. 
3 and 4).  
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Figure 3: The dependence of the intensity of the forward 
emission ( 0)   on frequency and (2)

0v E . 
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Figure 4: The dependence of the spectral density of the 
emission due to DCE on v and the emission angle  . 

The value of the parameter 1 (1 2)rv v G   corresponding 
to the resonant enhancement of the emission due to DCE in 
dependence on the angle of the emission is given in Fig. 5. 

Figure 5: The dependence of the resonant value rv of the 
parameter v  on the angle of the emission. 

The main contribution to the rate of the emission of 
quanta for 2.9v   is given by small 0 2    . By 
expanding G -functions over the   up to 2  terms 

included, one gets after the integration over   the following 
equation for the dependence of the rate of the emission on v  
and   

 
   

1 0 0
2 2 2 2

( , )
1 cos 16

l C
I v

v C




 
  


 

  (24) 

where,  

  1 1 1 sin
1 sin ln 3 ln

2 4 1 sin
C




          
 . (25) 

The rate of emission integrated over the angle  

 
0

0
( ) 2 ( , )TI v d I v


     (26) 

has a sharp peak at 2.94v   (see Fig. 6) and a smoothly 
diminishing tail at larger v . This tail corresponds to the 
emission at large angles ,  being enhanced at large v . This 
is the reason of the increasing of the emission for 3v  : 
with the increasing of 1l  it becomes possible to get a 
resonantly enhanced emission at larger  .  
 

Figure 6: The dependence of the integrated (total) rate of 
the emission due to the DCE on v  for different values of 
the maximum angle of the emission 0 1 0arctan( )l l  . 

5. Discussion 

From the presented consideration it follows that for the 
observation of the DCE-induced emission there exists an 
optimal intensity of laser excitation, corresponding to the 
dimensionless interaction parameter 0 3v  . The latter value 
of v  is close to  , which means that the enhancement takes 
place if 0 0a  , i.e. if the full amplitude of the oscillations 
of the optical length coincides with the excitation 
wavelength (and with the half of the emission wavelength). 
This phenomenon can be considered as a kind of parametric 
resonance describing a sharply enlarged response of the 
system (here the spontaneous two-photon emission) at the 
specific value of the external parameter - here the intensity 
of the laser excitation  

 
22 2 4 (2)

0 0 00.22rI l Z    . (27) 

For GDWs, one may obtain 100   and  2 8
0 0 10l  . 

Taking (2) 1210   m/V, one gets 510rI   W/m2, which is 
rather a moderate intensity of the laser excitation. 
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If the intensity of excitation is below rI  then the 
spectrum of the emission and its angular distribution are 
broad. However, the spectrum of the emission became 
monochromatic when 0I  approached the resonant value. 
The directions of the emission also became fixed: for rI I  
the emission took place forward (along the resonator).With 
the increasing I  the emitted quanta propagate along two 
directions with the angle 2   between them; the latter 
increases with increasing of .I  

At the resonance the yield of the emission may exceed 
the value given by Eq. (4) by two or more orders of 
magnitude. Therefore, for the resonant case one can write 
the yield as 

 
24 2 (2) 3

0 0 0 02 .r l Z        (28) 

For SPPs one may have 30  , 4
0 10l l 

   m, which 
gives for 6

02 10     m and (2) 1   pm/V the yield 
410  . Even a larger yield may be achieved for long-

range SPPs. An especially large enhancement factor can be 
achieved for the hetero-structures with the GDW placed in a 
carefully prepared resonator. In this case one can get 

310   [20]. There exists an additional possibility to 
enlarge the DCE-induced emission if to use crystals with a 
strongly enhanced (2) .  This holds particularly for the 
infrared and near infrared region where the materials with 

(2) 80  (e.g. AgGaS/sub [23]) exist. Therefore, it is not 
excluded that for GDWs one may get 1r  . 

It is interesting to compare the two-photon spontaneous 
emission due to the DCE and the spontaneous parametric 
down conversion (SPDC). For both processes the emitted 
photon pairs are in an entangled state [24]. If the excitation 
is weak, then up to a dimensionless parameters of the order 
of 210  the equations for the yields of these processes differ 
by the power of the ratio 0 0l  :  2

0 0SPDC l   [25–28] 
and 0 0DCE l   [1]. This means that in the case of weak 
excitation and ceteris paribus the SPDC is several orders of 
magnitudes more efficient. The spectrum of the DCE is 
mono- or bi-chromatic and the emission is well directed. 
However, to get the SPDC one needs to fulfill the phase-
matching condition. In the case of the emission due to the 
DCE, there is no phase matching condition, which simplifies 
the experiment. Besides, in the case of a strong excitation 
(which, in fact may not be too strong at all) one can highly 
enhance the yield of the DCE-emission. (At present it is not 
known, whether an analogous enhancement may exist for 
the SPDC.). In this case the DCE-emission becomes 
monochromatic and well directed. For 0 rI I  the photons 
of a photon pair are emitted in a different direction, the 
angle between them is the larger the bigger is the intensity of 
excitation. 
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Abstract-Understanding the pathways responsible for liposomes internalization into tumor cells is 

still crucial both from a fundamental point of liposomes and further optimization of 

liposomes-based intracellular delivery systems. Our study focused on the endocytosis mechanism 

of nanoparticles functionalized liposomes in the presence of different well-known cellular uptake 

inhibitors by employing surface-enhanced Raman spectroscopy (SERS). Our results reveal that the 

liposomal hybrids are taken up by HeLa cells mainly through clathrin-mediated endocytosis (CME), 

which is an energy-dependent process. 

 

Over the past decades, liposomes have emerged as promising materials both for biomimetic membranes and 

drug/gene delivery vehicles in vitro and in vivo
1, 2

. Advantages of liposomes over conventional drug carriers 

include versatility, biocompatibility and drug loading capacity
3
. Moreover, the research on interactions between 

liposomes and tumor cells is considered critical for effective delivery of anticancer drugs. The cellular uptake 

mechanism of liposomes remains ambiguous, although many efforts have been made in this field
4
. 

 
Figure 1. Inhibition study for the cellular uptake mechanism for the liposomal hybrids. HeLa cells pretreated with CPZ 

result in weak SERS signals while HeLa cells under other conditions result in strong signals. 

 

So far most concentration has been on monitoring the uptake of liposomes via fluorescent label, radioactive 

label or flow cytometry
5-7

. Herein, an optical characterization method based on surface-enhanced Raman 

spectroscopy (SERS) is proposed in this report, which enables convenient and noninvasive monitoring the 

mailto:*cyp@seu.edu.cn
mailto:wangzy@seu.edu.cn


uptake pathways of liposomes during the internalization into tumor cells. A typical approach is to attach metal 

nanoparticles to liposomes covalently and measure the SERS signals. To elucidate the cellular uptake 

mechanism of liposomes, we chose human cervical cancer cells (HeLa cells) as model cells and treated HeLa 

cels with different inhibitors: namely chlorpromazine (clathrin-mediated endocytosis inhibitor), nastatin 

(caveolae-mediated endocytosis inhibitor) or cytochalasin D (macropinocytosis inhibitor). SERS data showed 

that the cellular uptake efficiency was inhibited significantly in the presence of the clathrin inhibitor 

chlorpromazine, while little decrease was observed under other conditions. 

This approach avoids the problems of spectral overlap and photobleaching and allows noninvasive detection 

in living cells. Therefore, this work holds great significance in opening up new monitoring tools for cellular 

uptake of liposomes and gaining insight into the optimization and utility of liposomes based intracellular 

delivery systems. 
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Abstract. In this work we investigated the application of novel AFM plasmonic probes for TERS 

measurements of amyloidogenic proteins deposited on bilayer lipid membranes (BLM). BLMs were 

formed on the silver nano-wedges decorated substrates for Surface Enhanced Raman Spectroscopy 

(SERS). The fabricated SERS substrates were found to be an appropriate tool allowing the detection 

of vibrational fingerprints of BLMs. The idea of the work was the investigation of structural changes 

of proteins and BLM‘s determined by their interaction with each other. 

 

The interaction of amyloidogenic proteins with BLMs can lead to structural modification of the BLM and affect 

the diffusion of lipids. β amyloid proteins (Aβ) were chosen because Alzheimer's disease pathogenesis is widely 

believed to be driven by the production and deposition of Aβ [1]. Therefore, a better understanding of the 

interaction between Aβ and lipid membrane may help to clarify the potential risk of Aβ [2]. The interaction 

between Aβ and BLM was studied using Raman spectroscopy; BLM was characterized by supercritical angle 

fluorescence (SAF) (Fig.1 a), Atomic force microscopy (AFM) (Fig.1 c) and compared the behaviour of the 

BLMs with Aβ 25-35 (Fig.1, b, d).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. a) SAF image of the BLM; b) Fluorescence intensities of BLM without (black line) and with Aβ (blue line). 

Diffusion curves (from FCS measurements) indicating the difference in the presence (blue) and absence (black) of Aβ. 

The dotted lines represent the fitting curves for corresponding FCS curves; c) AFM image of the BLM; d) AFM image 

of the Aβ aggregates after interaction with BLM. 



The biological response to elucidated changes in lipid membrane structure/characteristics under Aβ 

influence was tested by fluorescence correlation spectroscopy (FCS). However, the sensitivity and spatial 

resolution of Raman spectroscopy at the nanoscale is very weak [3] and it is inappropriate method for 

studying single lipid bilayers and their interaction with proteins. The aim of our study was to evaluate the 

interaction between BLMs and β amyloid proteins using local plasmonic probes (SERS and TERS). We 

demonstrate a study of BLMs formed of one part of negatively charged phospholipids (DOPS) and four parts 

of neutral phospholipids (DOPC) and deposited on silver nano-wedges decorated SERS substrates. The 

SERS substrates and TERS probes were prepared by applying direct silver ions reduction on hydrofluoric 

acid etched silicon wafers and probes respectively (Fig.2, a, c). It was found that usage of the fabricated 

SERS substrates and TERS probes lead to obtain the enhanced Raman signal of BLM’s and proteins and 

facilitate the analysis of their structural changes (Fig. 2, b, d). 

 
Figure 2. a) AFM height image of nanostructured silver SERS substrate; b) the SERS spectra of BLM obtained using 

nanostructured SERS substrate; c) SEM image of silver nanoparticles decorated AFM probe; d) TERS spectra of 

β-amyloid fragment 25-35 recorded at 5 different points of the sample. 

 

In conclusion, we demonstrate that: 

-the combination of SERS and TERS methods can be efficiently used to study the changes of proteins 

structure after they were deposited on BLMs;  

-the discussed methods allowed us to investigate the damage of membrane induced by Aβ. 
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Abstract: We describe the coupled molecular-plasmonic systems studied in surface- and 

tip-enhanced Raman scattering as optomechanical cavities. Our theory unravels a hitherto 

overlooked mechanism: the backaction force of the plasmon on the molecular vibration. Under 

precise conditions it could lead to coherent amplification of the vibrational motion. This 

enhancement mechanism could be leveraged to design novel and more efficient sensing systems. 

 

The discovery of the giant enhancement of Raman scattering from single molecules via surface plasmon 

[1,2] had a transformative impact on spectroscopy and chemical analysis. Surface- and tip-enhanced Raman 

scattering (SERS/TERS) have since then become major fields of research and are routinely employed in physical 

chemistry, material science and even in clinical settings. Over the past decades a range of theories have been 

developed to describe the scattering of the amplified Raman signal. Electromagnetic theory has been able to 

associate large enhancements to enhanced near-fields spots [3,4]. But considering only the electromagnetic 

factor, conventional models fail to account for all experimental observations.  

Recent experiments [5,6] where maximal enhancement is achieved under excitation with a laser precisely 

blue-detuned from the plasmon resonance have revealed large nonlinear effects. In Zhang’s work [5] 

sub-nanometer, molecular-scale resolution was obtained in TERS – far below the common spatial extent of 

plasmons. This work showed that the enhancement of the Raman scattering is particularly strong when the 

plasmon frequency overlaps with the vibrational emission band (and not with the pump laser frequency), and 

exhibited an unexpected nonlinear increase in the Raman scattering as a function of the incident laser power. 

We present a new theory of plasmon-enhanced Raman scattering by mapping the problem to cavity 

optomechanics [7]. We thereby reveal a new enhancement mechanism due to dynamical backaction 

amplification of molecular vibrations, which may explain previous observations and sheds new light on the 

physics of SERS and TERS.  

Optomechanical theory of SERS/TERS: This model is based on the insight that the change in polarizability of 

a molecule under deformation (Raman tensor) leads to an optomechanical coupling [8] to the plasmonic cavity 

constituted by a hot spot. Since the plasmon decay time can have a value comparable to the vibrational period 

(both tens of femtoseconds) this model predicts that the localized plasmons in SERS are not only responsible for 

a huge electromagnetic field enhancement but should also exert a delayed “backaction” force on the molecular 

vibration. Under detuning, one component of this force is modulating the amplitude of the vibrational motion. 

Blue detuned excitation can thereby lead to amplification of the molecular vibration, while red detuned 

excitation to damping. Quantifying the optomechanical coupling rate by DFT and FEM simulations, we find that 



the effect of dynamical backaction can take place in real systems leading to coherent amplification of the 

molecular motion. 

 

Figure 1: Dynamical Backat ion Amplificat ion (DBA) occurs under blue-detuned excitation of the plas mon, which 

leads to resonant enhancement of Stokes scattering over anti-Stokes, and thereby to a coherent build-up of v ibrational 

excitation. The corresponding additional enhancement factor is plotted on the right for two p lasmonic quality factors Q. The 

threshold power for the onset of regenerative oscillat ions (“phonon lasing”) is lower for higher Q. We speculate that 

Intermolecular Vibrational Redistribution (IVR) limits the coherent amplitude in anharmonic molecular resonators.  

This new insight is of major relevance for the design of novel nanostructures pushing the limits in 

sensitivity and resolution of nano-scale Raman spectroscopy and imaging. More radically, the theory lays the 

foundations of molecular cavity optomechanics and opens unforeseen research directions. The rich physics of 

cavity optomechanics is now accessible in systems of nanometric dimensions featuring coupling rates several 

orders of magnitude higher than state-of-the-art microfabricated devices.  
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Abstract-Molecular rulers based on gold nanoparticle groupings translate nanometer distances in 

spectroscopic information. We demonstrate here that measuring the color of single plasmon rulers 

on a calibrated camera provides a quantitative estimation of interparticle distances with nanometer 

precision. This widefield measurement scheme allows us to differentiate plasmon rulers linked by 

two conformations of the same DNA template, opening exciting perspectives for the low-tech 

optical sensing of single biomolecules. 

 

The nanometer-scale sensitivity of plasmon coupling allows the translation of minute morphological changes 

in nanostructures into macroscopic optical signals. In particular, single nanostructure scattering spectroscopy 

provides a direct estimation of interparticle distances in gold nanoparticle (AuNP) dimers linked by a short DNA 

double-strand [1]. 

We demonstrate here that this spectroscopic information can be inferred from simple widefield 

measurements on a calibrated color camera (Figure 1) [2]. This allows us to analyze the influence of electrostatic 

and steric interparticle interactions on the morphology of DNA-templated AuNP groupings. Furthermore, 

polarization-resolved measurements on a color CCD provide a parallel imaging of AuNP dimer orientations.  

a b

c

 

 

Figure 1: (a) Schematic representation of the distortion of AuNP dimers when modifying the local ionic strength. 

Single nanostructure scattering spectroscopy (b) and color monitoring on a color CCD (c) for a single dimer at 

different salt concentrations. 



 

We apply this spectroscopic characterization to identify dimers featuring two different conformations of the 

same DNA template. In practice, the biomolecular scaffold contains a hairpin-loop that opens after hybridization 

to a specific DNA sequence and increases the interparticle distance [3]. These results open exciting perspectives 

for the parallel sensing of single specific DNA strands using plasmon rulers. We discuss the limits of this 

approach in terms of the physicochemical stability and reactivity of these nanostructures and demonstrate the 

importance of engineering the AuNP surface chemistry, in particular using amphiphilic ligands. 
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Abstract Here, we present an experimentally demonstration of a classical analogue of EIT using 

all-dielectric silicon-based metasurfaces. Due to extremely low absorption loss and coherent interaction 

of neighboring meta-atoms, a Q-factor of 483 is observed, leading to a refractive index sensor with a 

figure-of-merit of 103. Furthermore, we show that the silicon-based metasurfaces can be utilized for 

significantly enhancing nonlinear conversion.  

 

Electromagnetically induced transparency (EIT) is a concept originally observed in atomic physics and 

arises due to quantum interference resulting in a narrowband transparency window for light propagating through 

an originally opaque medium1. This concept was later extended to classical optical systems using plasmonic 

metamaterials, among others, allowing experimental implementation with incoherent light and operation at room 

temperature. The classical analogue of EIT in plasmonic metamaterials relies on a Fano-type interference 

between a broadband “bright” mode resonator, that is accessible from free space, and a narrowband “dark” mode 

resonator which is less-accessible, or inaccessible, from free-space. If these two resonances are brought in close 

proximity in both the spatial and frequency domains, they can interfere resulting in an extremely narrow 

reflection or transmission window.  Due to the low radiative loss of the dark mode, the Fano resonance can be 

extremely sharp, however, the main limitation of metal-based Fano-resonant systems is the large non-radiative 

loss due to Drude damping, which limits the achievable Q-factor to less than ~10.2 

In this talk, we describe the development of silicon (Si)-based metasurfaces (Fig. 1a, 1b) possessing sharp 

EIT-like resonances with a Q-factor of 483 in the near-infrared regime3 (Fig. 1c). The high-Q resonance is 

accomplished by employing Fano-resonant unit cells in which both radiative and non-radiative damping are 

minimized through coherent interaction among the resonators combined with the reduction of absorption loss. 

Combining the narrow resonance linewidth with strong near-field confinement, we demonstrate an optical 

refractive index sensor with a figure of merit (FOM) of 103.  

 

 
Figure 1. (a) Schematic of the metasurface. (b) SEM of a fabricated metasurface. (c) Experimentally measured 

transmission, reflection and absorption from the EIT metasurface, demonstrating a Q-factor of 483. 



We will also discuss third harmonic generation in similar silicon-based metasurfaces (Fig. 2a, 2b). A large 

enhancement of the third order nonlinearity in silicon is due to the fact that electric field is strongly enhanced over 

the volume of the dark mode resonator. The third harmonic generation (THG) from the metasurface, when 

compared to an unpatterned silicon film, results in an enhancement of more than 5 orders of magnitude (Fig. 2c). 

The nonlinear Kerr effect also leads to the THG enhancement peak wavelength to be strongly dependent on the 

pump intensity (Fig. 2c). Combining the Kerr effect with a high-quality-factor resonance in the metasurface’s 

linear transmittance spectrum, we experimentally demonstrate saturable transmission of the metasurface. Finally, 

combining the low-loss and ultrathin nature of this metasurface, we achieved a third harmonic conversion 

efficiency of 1.18×10-6 with a peak pump intensity at 3.2 GW/cm2. 
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Figure 2. (a) Schematic of the metasurface. (b) Simulated and experimentally measured linear transmittance 

curves. (c) Third harmonic spectra at 2 different illumination powers. The shift in the wavelength is due to the 

nonlinear Kerr effect. the Kerr effect. 
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Abstract- Deterministic aperiodic nanostructures (DANS) has recently stood out in engineering the optical 

response of light-matter coupling due to their plentiful structural complexity and multivariant shape, which in 
fact brings about much high degrees of freedom in terms of structure tunability comparing with periodical 
opponents. In this talk, I would like to introduce two of our recent works on engineering light’s orbital angular 
momentum (OAM), which has promising applications for optical manipulation and communications, etc. We 
propose nanostructured flat logarithmic-spiral zone plates (LSZP) to produce as well as focus optical vortices 
with a long focal depth in the broadband visible range. Another work is related to an analog optical vortex 
transmitter which is able to produce theoretically boundless quanta of OAM.  This novel approach bridges the 
technology gap between digitalization, discretization and analog generations of optical OAM.             

 
 

Recent developments have shown that light’s orbital angular momentum (OAM) can be harnessed for a 
diversity of emerging applications. The discovery of OAM of light in 19921 has led to a surge of interest in the 
fascinating properties that originate from light’s helical wavefront in association with its spatial field distribution, 
which has spawned a wide spectrum of applications, for example, optical manipulation,2,3 optical 
communication,4-5,  and remote sensing,6 etc. We propose nanostructured flat logarithmic-spiral zone plates 
(LSZP) to produce as well as focus optical vortices with a long focal depth in the broadband visible range.7 
Topologically breaking the in-plane symmetry, this nanoengineered LSZP continuously modulates both 
amplitude and phase in the diffraction field to shape twisted focusing of optical vortex beam, which is 



microscopically confined and spatially spiraling with a variant crescent-shaped transverse intensity profile. 
Owing to its rich structural degree of freedom upon aperiodic and continuously variant feature, the LSZP 
provides a compact solution to generate and control optical vortices carrying scalable OAM with highly 
concentrated photons. This can offer new opportunities for 3D light shaping, optical manipulation, flat optics and 
photonics miniaturization and integration. 

By far, the techniques of OAM generation can be primarily based on either digitization or discretization 
according to their mechanisms. Spatial light modulator (SLM) and digital micromirror device (DMD) are two 
typical pixelated digital generators are limited by their intrinsic pixel resolution, which leads to spatial phase 
jump and also accounts for inaccuracy of fractional OAM. Discrete generators include traditional bulky elements 
of fork gratings, spiral phase plates and zone plates and miniaturized vortex generators, namely metasurface,8 
integrated vortex emitter9 and topological nanoslits,10 etc. Unfortunately, these discrete elements exhibit poor 
structural reconfigurability—different OAM states must be individually addressed by separated samples instead 
of a single one. We also propose an optical vortex transmitter of bilaterally symmetrical gratings devoted to 
analog emission of rational OAM, which can be arbitrarily tailored by an aperture. Instead of helical phasefronts, 
the produced vortex beam uniquely exhibits spiniform phasefronts.  
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Abstract-We discuss novel features of twisted-light absorption both by hydrogen-like atoms. In 

particular, we extend the treatment of atomic photoexcitation by twisted photons to include atomic 

recoil, derive generalized quantum selection rules and consider phenomena of forbidden atomic 

transitions. We also suggest the measurements that demonstrate unique features of the optical 

vortices at the quantum level. 

 

In 1992 Allen and collaborators [1] pointed out that Laguerre-Gaussian laser modes may carry large 

projections of angular momentum on the direction of beam propagation. It became a very active field of studies, 

with many applications of optical vortices in optical tweezers, encoding of information, and microscopy [2]. To 

analyze the unique properties of the twisted photons, we considered their absorption by an atom.  

   

We derive quantum selection rules that describe atomic transitions caused by twisted photons, with effects of 

atomic recoil included, and demonstrate dependence on the atom’s position to the optical vortex center. 

   

Atomic transitions induced by twisted photons can produce final states with quantum numbers forbidden to 

plane wave photon transitions [3]. For example, one can photoexcite ground state hydrogen by electric dipole 

transitions into P-state orbitals with magnetic quantum number mf equal zero (using the beam propagation 

direction as the quantization axis).  Plane wave photons produce mf=±1.  We demonstrate that standard 

electric dipole transitions that may be caused by plane-wave photons acquire additional suppression factors for 

the case of twisted photons. This suppression depends on the quantum number mγ and the impact parameter, i.e., 

the distance between the target atom and the beam axis. However, depending on the measurement conditions, the 

transition rate could be large enough to be observable [4]. 

   

The total angular momentum twisted photons projected along the direction of beam propagation can be varied 

within a large range. These photons, unlike plane wave photons, have a Poynting vector that is not zero in the 

transverse plane and swirls about a symmetry axis.  We have, in particular, focused on two applications, 

photoexcitation of hydrogen-like atomic states and situations where the Poynting vector along the propagation 

direction is reversed.  

   

Regarding atomic photoexcitation, twisted photons offers unique opportunities to produce final states with 

arbitrary angular momentum projections, using the propagation direction of the incoming beam as a quantization 

axis.  We have extended our previous photoexcitation analysis to show how in our formalism photon angular 

momentum divides conservatively between rotating the CM state and angular momentum of the excited state. 



For a specific example, instead of a very large orbital angular momentum, we considered projected angular 

momentum mγ = 0, a value also not possible with plane wave photons.  This allows leading order, in the atomic 

matrix elements, 1S2P transitions with final magnetic quantum number mf= 0.  The rates are suppressed by 

factors dependent upon the pitch angle (the angle from the twisted photon propagation direction to its component 

plane wave states), but could be large enough to notice if the pitch angle is not small. These results may provide 

methodology of detecting twisted-photon parameters of light by observing corresponding photoexcited atomic 

levels. 

 

We observe that there are regions where the Poynting vector points back toward the light source. The negative 

sign term is suppressed by several powers of the pitch angle, so will not be found with a paraxial approximation, 

nor will it be found if polarization is neglected. However, in a complete analysis, as presented here, the total 

radiation pressure on microparticles absorbing the twisted photons remains positive.   
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Abstract-Chiral nanostructures (chiral metal nanoneedles and the chiral azo-polymeric reliefs) fabrication 

by irradiation of the optical vortices is presented. These chiral nanostructures will enable us to pioneer a new 

generation of materials science, such as metamaterials, chiral selective nanoscale imaging systems, and chiral 

chemical reactors. 

Chiral nanostructures will have the potential to provide us to open up a variety of research opportunities, 

such as metamaterials, chiral selective nanoscale imaging systems, and chiral chemical reactors. Optical vortices, 

e.g., the Laguerre-Gaussian modes, have unique features, such as annular intensity profiles and orbital angular 

momentum due to a phase singularity, and they have received an intense attention in various fields, including 

optical telecommunications, and super resolution microscopes. The orbital angular momentum is characterized 

by an integer, l, (a topological charge) due to the helical wavefronts, and a spin angular momentum, s, is also 

associated with a helical electric field. Their orbital and spin angular momenta enable us to cause orbital motion 

of compositional elements (a melted matter or a vaporized matter) created by irradiation of laser pulses to form 

twisted nanostructures. The resulting nanostructures exhibit the chilarity (twisted direction) determined by the 

sign (handedness) of the optical vortices.  

In this presentation, we report on the chiral nanostructures fabrication by illumination of the optical vortices 

[1-5]. The chiral metal nanoneedles with a minimum tip curvature of <40 nm (<1/25 of the laser wavelength 

(1064 nm)) have been established by irradiation of a nanosecond optical vortex pulse. The chiral azo-polymeric 

reliefs have also been successfully demonstrated by illumination of a continuous-wave optical vortex. The 

materials (metal or polymer) are melted through laser ablation process or photo-isomerization by irradiation of 

the optical vortex. They then receive the optical angular momentum from the optical vortices, so as to revolve 

azimuthally around a dark core of the optical vortex. Subsequently, the melted materials are directed and 

confined in the dark core (stable equilibrium position) by the optical scattering force, so as to complete the chiral 

nanostructures.  

 

 

 

 

 

(a)                                           (b) 

Figure 1 (a) Chiral metal nanoneedle. (b) Chiral surface relief on the azo-polymer film. 



Figure 1 shows scanning electron microscope images of a chiral metal nanostructures (a tip curvature of 

72nm, a height of ∼10μm) created by the irradiation of optical vortex pulse and atomic force microscope images 

of chiral polymeric reliefs.  
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Abstract- The ubiquitous spin-orbit interaction destroys the rotational symmetry of particles’ spin 

degree of freedom and introduces a universal transverse spin current regardless the particle nature 

of an electron or photon. Here we show that an optically thin metasurface with a rapid phase 

gradient over the wavelength scale refracts light anomalously and supports negative photonic spin 

Hall effect when a light beam is negatively refracted. The position-sensitive measurement reveals a 

broadband transverse motion of circularly polarized light through the symmetry breaking 

metasurface even at normal incidence. Moreover, we will show how the inversion symmetry in the 

2D metasurfaces plays a role and generates a new type of photonic Hall effect.  

 

The relativistic spin-orbit coupling of electrons results in intrinsic spin precessions and therefore 

spin-polarization-dependent transverse currents, leading to the observation of spin Hall effect (SHE) and the 

rapidly flourishing field of spintronics [1, 2, 3]. Since the coupling between charge’s spin degree of freedom and 

its movement is essentially identical to the coupling of the transverse electric and magnetic components of a 

propagating electromagnetic filed, to conserve total angular momentum, an inhomogeneity of material’s index 

of refraction can cause momentum transfer between the orbital and the spin angular momentum of light along its 

propagation trajectory, resulting in a transverse splitting in polarization. Such a photonic spin Hall effect 

(PSHE) was recently proposed and a unified theory has been developed to describe the spin-orbit interaction, the 

geometric phase, and the precession of the polarization of light in weekly inhomogeneous media as well as the 

abrupt discontinuous interfaces between homogenous media [6,7].  

 

The experimental observation of spin Hall effect of light, however, is fundamentally challenging since the 

amount of momentum that a photon carries is exceedingly small. The study of spin-orbit interaction of light was 

only possible very recently by accumulating the effect through multiple reflections or utilizing ultra-sensitive 

quantum weak measurements with pre- and post-selections of spin states [8,9]. Moreover, the present theory of 

PSHE assumes the conservation of total angular momentum over the entire beam, which may not explicitly hold 

especially when tailored wavelength-scale photonic structures are introduced. We demonstrate experimentally 

the strong and controllable interactions between the spin and the orbital momentum of light in a thin 

metasurface  a two-dimensional electromagnetic metamaterial with a designed in-plane phase retardation over 

the wavelength scale. In such an optically thin material, the resonance-induced anomalous “skew-scattering” of 

light destroys the axial symmetry and we observed PSHE even at the normal incidence. In stark contrast, for 

conventional interfaces between two homogeneous media, the spin-orbit coupling apparently vanishes at the 

normal incidence. More interestingly, we will demonstrate a new type of photonic Hall effect as the results of 



the inversion symmetry in a 2D metamaterial system.  

 

References 

[1] E. Hirsch, Phys. Rev. Lett. 83, 1834(1999).  

[2] E. Hirsch, Phys. Rev. Lett. 83, 1834(1999).  

[3] T. Jungwirth, J. Wunderlich, and K. Olejnik, Nature Materials 11, 382 (2012). 

[4] B. A. Bernevig, X. W. Yu, S. C. Zhang, Phys. Rev. Lett. 95, 076602 (2005).  

[5] M. Onoda, S. Murakami, and N. Nagaosa, Phys. Rev. Lett. 93, 083901 (2004). 

[6] K. Y. Bliokh and Y. P. Bliokh, Phys. Rev. Lett. 96, 073903 (2006). 

[7] K. Bliokh, A. Niv, V. Kleniner, and E. Hasman, Nature Photnics 2, 748 (2008). 

[8] O. Hosten and P. Kwiat, Science 319, 787 (2008). 

[9] Y. Gorodetski, K. Y. Bliokh, B. Stein, C. Genet, N. Shitrit, V. Kleiner, E. Hasman, and T. W. Ebbesen// 

Phys. Rev. Lett. 109,  013901 (2012). 

[10]  V. S. Liberman, and B. Y. Zel’dovich, Phys. Rev. E 48, 2389 (1994). 

[11]  N. F. Yu, et al., Science 334, 333 (2011).  

[12]  X. J. Nie, N. K. Emani, A. V. Kildishev, A. Boltasseva, V. M. Shalaev, Science 335, 427 (2012). 

 

 

 



 Near-field optics and nano-optics



            

Terahertz nonlinear transmission studies on ultra-long nanogaps of 

thin-film aluminium oxide 
 

Joon-Yeon Kim1, Bong Ju Kang2, Won Tae Kim2, Joohyun Park3, Young-Mi Bahk1, Jiyeah Rhie1, 
Hyeongtag Jeon3, Fabian Rotermund2, and Dai-Sik Kim1* 

1Center for Subwavelength Optics and Department of Physics and Astronomy, Seoul National University, Seoul 
151-747, Korea 

2Department of Physics and Division of Energy Systems Research, Ajou University, Suwon 443-749, Korea 
3Division of Materials Science and Engineering, Hanyang University, Seoul 133-791, Korea 

*corresponding author: dsk@phya.snu.ac.kr 
 

Abstract-We demonstrate a nonlinear response at nanometer-sized gaps by applying intense 
terahertz fields. We estimate that fields of over 10 MV/cm can be achieved inside the nanogaps, 
leading to a giant nonlinearity of the thin insulating layer of aluminium oxide that forms the 
nanogap. Due to the single-cycle nature of terahertz pulses, peak voltages as high as over 10 V 
across a 10-nm gap is maintained during a sub-picosecond period of time. 

 
Strong nonlinear effects are inevitable when electric fields of up to several MV/cm are realized1. Here, a 

transient electric field strength of over 10 MV/cm in the time domain is estimated inside nanogaps regarding the 
field enhancement factor that are evaluated experimentally. It is impractical for static dc fields to reach these 
strengths because of the breakdown field in dielectric materials. 

Nanogap antennas are prepared based on atomic layer deposition (ALD) and simple adhesive-tape-based 
planarization as reported previously2. 200-nm-thick gold or silver patterns on top of a quartz substrate are coated 
with aluminum oxide (Al2O3) using remote plasma ALD to produce an array of micrometer-sized ring-shaped 
nanoantennas, of which a cross-sectional view and top view are shown in Fig. 1(a). High-power terahertz pulses 
are generated via optical rectification in a lithium niobate crystal using a 1 kHz Ti:sapphire regenerative 
amplifier3, and an electric field strength of over 100 kV/cm can be reached on the incident surface of the sample. 
To specify the linear-regime transmission of nanoantennas, we use a Ti:sapphire oscillator of 80 MHz repetition 
rate to illuminate a GaAs emitter for generating terahertz fields of 10 V/cm. To estimate the average field 
enhancement factors from far-field terahertz time-domain spectroscopy measurements, an 2 mmⅹ2 mm 
aperture is used when measuring transmission from 1-nm-, 2-nm-, 5-nm-, and 10-nm-gap nanoantennas, which is 
normalized by the transmittance through a bare quartz substrate.  

Derived from the Kirchhoff integral formalism4, the near field is estimated to be over 10 MV/cm at the 
maximum incident field strength. Transmittance is largely reduced in the presence of this high field, as the 
resonance around 0.3 THz for a 1-nm-gap antenna is suppressed by 30% in the Fourier-transformed transmitted 
spectra shown in Fig. 1(b). Application of high frequency fields in the terahertz range has the advantage of 
applying intense electric fields in a contactless manner using high-power pulsed radiation. By multiplying the 
gap width to the previously obtained transient field strength inside nanogaps, a peak voltage induced across the 
gaps are estimated. Due to the single-cycle nature of the terahertz pulse, peak voltages as high as over 10 V 
across a 10-nm gap is maintained during a sub-picosecond period of time (Fig. 1 (c)). 



In conclusion, we demonstrated an unusually high terahertz field in nanoantennas that are fabricated to have 
nanometer-wide gaps in metal. Such intense terahertz fields bring about a nonlinear response of the dielectric 
material inside the nanogap which may lead to interesting high-field studies in terahertz-near-field optics. 

 

 
Figure 1. (a) Cross-sectional scanning electron micrograph (left) and a top-view optical micrograph (right) of 
nanoantenna arrays. (b) Temporal profile of terahertz waves transmitted through a 1-nm-gap nanoantenna (left) 
and transmitted amplitude spectra (right) for different incident field strengths. (c) Estimated peak voltage across 
nanogaps of different gap width when the incident field is 50 kV/cm. Field enhancement factors and 
corresponding gap widths are multiplied to the time traces of the transmitted electric fields to estimate the peak 
transient voltage induced across the gaps. 
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Abstract-We show carrier dynamics in the nanoslot-patterned antenna arrays on gallium arsenide 

(GaAs) substrate using optical pump terahertz probe technique. Compared to the bare GaAs, our 

slot antennas show decreased carrier relaxation time. Moreover, we observe tendency of decreasing 

relaxation time of the photo-carrier as the antenna width decreases. This result suggests that, by 

using nanoslot antenna, fast carrier modulation can be achieved. 

 

Terahertz time-domain spectroscopy (THz-TDS), which is a non-contact and non-destructive method, has 

been used in researching optical properties of materials for decades. And optical-pump terahertz-probe (OPTP) 

is a powerful tool for measuring carrier dynamics of various materials such as semiconductors and graphene.
1,2

 

Meanwhile, nanoslot antenna structure has been a system of great interest owing to its ability to enhance 

electromagnetic field inside the gap. It has therefore been applied to optical switching, molecule absorption and 

semiconductor-nonlinearity applications.
3,4,5

 Here, we observe carrier dynamics of gallium arsenide (GaAs) 

coupled with nanoslots and find that the dynamics depend on nanoslot antenna width. 

Figure 1 (a) shows the experimental setup. Output beam of Ti:sapphire laser with 80 MHz repetition rate and 

800 nm center wavelength is divided into three paths: terahertz generation, probe and optical excitation. In 

THz-TDS, we used low-temperature grown GaAs photoconductive antenna for generation and detection of THz 

waves. Nanoslot antenna arrays are fabricated by electron beam lithography and subsequent deposition of 50 nm 

gold and lift-off. The antenna arrays have the same length (150 μm) and period (50 μm), but different width of 

1.5 μm and 200 nm, respectively (Fig. 1 (b)). THz field transmission of the nanoslot antennas with and without 

optical pump is shown in figure 2 (a), (b). At the maximum of the THz-probe positive peak, we measured 

relative changes in transmission (ΔT/T) with an optical-pump fluence of 63.5 nJ/cm
2
. Normalized ΔT/T of the 

two antennas and bare GaAs are shown in figure 2 (c).  The carrier relaxation times of nanoslot-coupled GaAs 

are below 10 picoseconds while that of bare GaAs is few tens of picoseconds. Moreover, the carrier relaxation 

time decreases as the slot antenna width decreases. Such changes in the carrier relaxation time come from 

enhanced interaction of GaAs with the field near the gap of the nanoslot antenna. Signal to noise level is also 

improved in the nanoslot antenna compared to the bare GaAs due to the enhanced field near the gap. 

In conclusion, we observe fast carrier dynamics of the nanoslot-patterned GaAs with optical-pump 

terahertz-probe spectroscopy. From the tendency of decreasing relaxation time with decreasing slot antenna 

width, we expect that strong interaction between GaAs and THz field near the gap is responsible for the change. 

This result can be applied for modulating carrier dynamics in picosecond time. 



 

Figure 1. (a) Experimental setup for optical-pump terahertz-probe measurement. (b) Schematic of slot-antenna arrays 

patterned on GaAs (left) and scanning electron microscope images of the samples (right). 

 

 

Figure 2. (a), (b) Time traces of 1.5 μm, 200 μm width slot antennas with/without (black line/red line) optical pump energy 

of 63.5 nJ/cm
2
. (c) Normalized ΔT/T of the two antenna samples and bare GaAs. The carrier relaxation time of slot antennas 

are below 10 picoseconds while that of bare GaAs is few tens of picoseconds. 
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Abstract- In 2011, we demonstrated the first 50 nm resolution white-light nanoscope based on a 
microsphere superlens (Nat. Commun.  2, 218, 2011). In this paper, we present a new generation 
design of microsphere superlens: the Solid-Immersion Microsphere Superlens (SIMS), which 
features higher resolution and flexible maneuverability over the previous design. The SIMS enables 
high resolution (sub-50 nm scale) applications in imaging, sensing, detection, trapping and 
nanofabrication.  
 

Conventional lenses have a limited resolution of approximately 200 nm in the visible band. A 

well-known solution to go beyond such a limit is to use a superlens, first proposed by Pendry1. A 

superlens uses a slab of negative index medium (NIM) to achieve “perfect imaging”. However, the 

ideal NIM slab has never been produced and several downgraded versions of superlens were 

demonstrated using metal-based metamaterials. The best reported resolution is approximately 120 nm 

after a decade’s effort, mainly limited by the intrinsic loss characteristics of metals2. 

 

The microsphere superlens is another potential solution to beat the conventional diffraction limit. These 

superlenses are purely dielectric, so naturally loss-free. The main factors affecting lens resolution are 

wavelength, micropshere geometry, and the refractive indexes of the sphere and the surrounding 

medium. Super-resolution is obtained via evanescent wave excitation in the near-field produced in the 

spheres. The super-resolution focusing will take place only in certain parameter windows, and it has to 

be carefully chosen (see Ref. [3] for suitable parameter window selection). An example is to use silica 

microspheres with diameters below 10 µm when working with visible light illumination. In 2011, we first 

demonstrated a 50 nm resolution nanoscope using a microsphere superlens2. The basic setup is very 

simple and is illustrated in Fig 1(a). The silica microbeads (diameter between 2 µm and 9 µm) were 

self-assembled on the sample surface and imaging was undertaken through the spheres. The silica 

superlenses magnify underlying objects and project the magnified virtual image into conventional lenses. 

Different samples have been directly imaged in high resolution without labeling, including adenoviruses, 

nano-gratings/lines and complex nanostructures. However, practical applications in microscopy require 

control over the positioning of the microspheres. One concept was suggested in Ref. [4], where 

movement of microsphere was carried out with a fine glass micropipette. In this paper, we suggest 

another concept to use high-index microspheres (TiO2 or BaTiO3) mounted into the solid immersed lens 

made from polymers or glass (Fig. 1b). The top curved surface in the design is used to reduce the effect 

mailto:z.wang@bangor.ac.uk


of total internal reflection from a flat surface. The advantages of this design include: (1) Spheres are 

reusable and the whole lens can be easily positioned and manipulated according to the user needs. (2) 

By attaching to a nano-stage, scanning operations are now possible. (3) Higher resolution can be 

achieved; this is because in this design the solid immersion mechanism contributes to the resolution 

enhancement, as the working wavelength in the near-field region is scaled down by a factor of n. As 

shown in Fig. 1d, lines with size 40 nm can be clearly imaged with the superlens and its contrast is 

superior to the previous superlens. Theoretical analysis also confirms the new design (Fig. 1b) has 

better resolution of n times that of the previous schemes suggested in Ref. 3 and 4 (Fig. 1a). The results 

presented here have been recently patented5. 

 
 

 

Acknowledgements, the authors would thank funding supports from Ser Cymru National Research 

Network in Advanced Engineering and Materials, UK (NRN113, NRNF66). 

 

REFERENCES 

1. Pendry,J.B., “Negative Refraction Makes a Perfect Lens”, Phys. Rev. Lett., Vol. 85, 3966, 2000. 

2. Zhang, X. and Z.W. Liu,“Superlenses to overcome the diffraction limit”,  Nat. Mater., Vol. 7, 

435–441, 2008. 

3. Wang, Z.B., W.Guo, L. Li, B.Luk’yanchuk, A. Khan, Z. Liu, Z.C. Chen and M.H. Hong, “Optical 

virtual imaging at 50 nm lateral resolution with a white-light nanoscope paper”, Nat. Commun., Vol. 

2, 218, 2011. 

4. Krivitsky, L.A., J.J. Wang, Z.B. Wang and B.Luk’yanchuk, “Locomotion of microspheres for 

super-resolution imaging”, Sci. Rep., Vol. 3, 3501, 2013. 

5. Wang, Z.B., “Improvements in and Relating to Lenses”, PCT/GB2014/052578 (priority date: 

2013-AUG-23), 2014. 

Fig.1 (a) 1st generation microsphere 

superlens, (b) new 2nd generation 

solid immersion microsphere 

superlens (SIMS), (c) configuration 

for nano-imaging and (d) 40-nm 

nanoline imaging. 
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Abstract- We present a streaking-type experiment at single metal nanotips using femtosecond 

near-infrared pulses and ultrashort terahertz transients. The nanometric confinement and 

enhancement of the terahertz (THz) near-field lead to characteristic streaking spectrograms 

resulting from quasi-instantaneous photoelectron acceleration.  

Our setup enables a phase-resolved measurement of the THz near-field transient, a reshaping of 

photoelectron energy spectra and the observation of hot carrier dynamics excited in the tip probed 

by field-induced tunneling.      

 

In streaking spectroscopy, the interaction of photoelectrons with optical fields allows for a phase-resolved 

detection of ultrafast transients [1,2]. Here, we transfer this concept to highly localized near-fields at 

nanostructures, where the interaction time between photoelectrons and the optically induced near-field is reduced 

below one optical cycle [3]. 

In our experiment, single-cycle terahertz (THz) transients and 50-femtosecond pulses at 800 nm are 

collinearly focused onto an electrochemically etched gold nanotip with a variable delay. The near-infrared (NIR) 

pulses generate photoelectrons, which are accelerated in the THz induced near-field of the tip. Due to the short 

range of the near-field, the electrons leave the THz field within a small fraction of an optical half-cycle 

(sub-cycle electron dynamics) [3]. Thus, the electron kinetic energy is governed by the electric field in the 

instant of emission.  

The photoelectron kinetic energy spectra as a function of relative pulse delay form a spectrogram. For sharp 

nanotips, the kinetic energy trace in the spectrogram varies in-phase with the electric field of the THz transient, 

which is measured in-situ by electrooptic sampling. The instantaneous character of the electron acceleration is 

also evident by the photocurrent following the kinetic energy trace in phase. As the photocurrent is suppressed in 

half-cycles with the electric force pointing towards the tip, two spectrograms of opposite polarity can be 

recorded for a full reconstruction of the tip-enhanced THz field [4].  

In a spatially more extended near-field of lower field strength, e.g., at a nanotip with a larger radius of 

curvature, the photoelectrons remain longer in the electric field and experience the time-development of the THz 

transient [4]. Here, the width of the kinetic energy spectra depends on the temporal evolution of the THz pulse 

(see Fig.: 1a) because the integration time in the electric field is a function of the initial energy of the 

photoelectrons. For increasing field strength, the energy spectra are compressed, as initially slower electrons 

experience an increasing electric field, in some analogy to radio-frequency compression schemes. In this case, 

the photocurrent modulation is no longer in phase with the kinetic energy trace (see Fig.: 1b).   

At sufficiently high THz field strength, we observe THz-induced tunneling of electrons [5]. The number of 

tunneling electrons per pulse increases with the electron temperature. Hence, the tunneling current can be used to 

probe the electron temperature after excitation by the NIR pulse [5]  

In conclusion, we employed nanostructure streaking with THz transients for a phase-resolved measurement 



of the nanotip near-field, reshaping of the photoemission spectra, and probing of hot carrier dynamics. 

 

Figure 1: a: Streaking spectrogram for a moderately sharp tip (radius of curvature: ~ 40 nm). b: 

Simultaneously recorded photocurrent. 
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Abstract— We propose a novel approach for realizing subwavelength waveguides based on
chains of high-index dielectric nanoparticles with both electric and magnetic dipole resonances.
We reveal that the electromagnetic energy can be efficiently guided by chain of dielectric nanopar-
ticles even through sharp bends and defects. We confirm experimentally the main concept and
our theoretical findings in the microwave frequency range.

A design of integrated photonic circuits with high-quality components responsible for guiding
of the electromagnetic energy, i.e. optical waveguides, is one of the main trends in the modern
photonics [1]. In order to achieve high integration densities and efficient signal transmission through
sharp bends, coupled-resonator optical waveguides with subwavelength light localization in the form
of chains of metallic nanoparticles have been proposed [2]. Despite the benefit of deep subwavelength
cross-section size, light propagation in plasmonic CROW-type waveguides is strongly limited by
high dissipative losses [3, 4]. One of the approaches that can improve the propagation distances of
optical signals in CROWs is to use dielectric nanoparticles with high refractive index [5, 6], that
can support both magnetic dipole (MD) and electric dipole (ED) resonances in optical frequency
range [7, 8].

Here we show that waveguides composed of dielectric nanoparticles support guided electric and
magnetic dipolar modes with transverse and longitudinal polarization [6]. Moreover, using particles
of non-spherical shape allows us to tune the dispersion of these modes in such a way, that they
spectrally overlap, which is a key aspect in achieving the efficient transmission of light through
sharp 90◦ bends [9].
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Figure 1: (a) Dispersion diagram for an infinite chain of side-coupled nanodisks. Here d/λ is the normalized
frequency; d is the diameter of a nanodisk, and λ is the wavelength; βa/π is the normalized Bloch wavenum-
ber, a is the period of the chain. (b) Numerically simulated and (c) experimentally measured transmission
of a chain composed of 30 ceramic disks with a 90◦ bend as a function of frequency. (d,e) Numerically
simulated x- and y-components of the magnetic field for the frequencies 9.2 GHz and 11.2 GHz, respectively.



Since the fabrication and measurement of optical nanoparticle waveguides is rather complicated,
here we demonstrate the results of the proof-of-concept experiments performed in the microwave
frequency range. Si nanoparticles are mimicked by MgO-TiO2 ceramic particles characterized with
permittivity εr=16 and negligible material losses. We scale up all the dimensions and perform
numerical simulations and experimental studies of the wave transmission efficiency in both straight
and bent waveguides composed of one-dimensional arrays of high-index dielectric nanoparticles.
Such waveguides can be highly tunable due to the presence of several independent parameters:
form and size of the particles and period of the chain. We show that for a chain of dielectric disks
with the fixed aspect ratio 2h/d = 1 (h and d are height and diameter of the nanodisk, respec-
tively) and appropriate period, longitudinal and transverse magnetic propagation bands spectrally
overlap [see Fig. 1(a)]. Calculated transmission efficiencies of the straight and bent chains of 30
disks are presented in Figs. 1(b,c), respectively. The maximum value of the transmission efficiency
of the bent waveguide is up to 0.6. As follows from Figs. 1(d,e), the longitudinal magnetic mode
in the horizontal branch transforms into the transverse magnetic mode propagating in the vertical
branch and vice versa. We also study chains of nanoparticles with edge defects of different types
and disorder. We predict the existence of localized modes in the chains with defects and show that
weak disorder does not affect significantly the waveguiding properties of such CROWs.

In summary, we have analyzed theoretically and demonstrated experimentally the waveguiding
properties of chains of high-index dielectric particles which support both electric and magnetic
Mie-type dipole resonances. Our results indicate that the electromagnetic energy can be guided
very efficiently in such all-dielectric structures even in the presence of sharp bends and defects.
We have proposed an alternative approach for the efficient transmission through a 90◦ bend by
employing the mode polarization conversion, and we have confirmed experimentally the guidance
at microwaves for arrays of ceramic particles. We believe that our approach can be generalized to
designing optical waveguide structures based on all-dielectric nanoparticles.
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Abstract-We present a wide field microscopy technique for the 3D mapping of optical intensity 

using Brownian gold nanoparticles as local probes. Localization by off-axis holography allows 

stochastic subwavelength optical characterization in water-based systems. 

 

In the last ten years, numerous techniques for far-field subdiffraction imaging have emerged, especially 

using fluorescent labels. For a densely labelled sample, two main strategies allow the superlocalization of 

isolated emitters: either by localized excitation of the fluorophores (e.g. STED) or stochastic switching (e.g. 

PALM and STORM). Both approaches deliver wide-field image by accumulating points from a large number of 

measurements. Their success stems from their ability to image in liquid and biological environments. Using 

Brownian fluorescent particles, Cang et al. [1] were able to probe the intensity distribution of hot spots generated 

at a rough metallic surface. However, the extension of these methods to 3D imaging is still limited to a few 

micrometers in depth. An interesting alternative to fluorophores is to use metallic nanoparticles (MNPs) as 

markers, since they are photostable and easy to chemically functionalize. Moreover, MNPs support localized 

surface plasmon resonances, which can give them relatively large scattering cross sections. Besides, light 

scattering by MNPs preserves the coherence of light, thus allowing interferometric detection. Recent advances in 

digital holography now allow 3D localization and tracking of Brownian particles [2] provided that the typical 

interparticle distance allows their individual imaging 

The technique we describe is inspired by a combination of the concepts of superlocalization and NSOM 

microscopies. Like in NSOM, we propose the use of small objects to scatter light to the far-field. For 

monodisperse particles sets (i.e., at fixed scattering cross section σscat ), the power scattered by the particle 

provides an optical information on the local field intensity I(x, y, z) at the position of the particle, since I(x, y, z) 

= Pscat (x, y, z)/σscat. This information gives a unique opportunity to map the amplitude and intensity of 

propagative and nonpropagative optical fields with subwavelength accuracy. Using a holographic setup [3], we 

acquire holograms of multiple gold nanoparticles undergoing Brownian motion in a liquid enclosed inside a 

microfluidic chamber, in the presence of spatially structured optical fields to be characterized. A computer 

reconstruction, achieved at video rate owing to massively parallel Cuda language program on a Graphical 

Processing Unit, allows the superlocalization of multiple particles and the measurement of the scattered 

intensities at each position. Due to random motion, particles visit most voxels within a few minutes, at a 

hologram frame rate of typically 20 Hz. The optical resolution of the technique is limited either by the size of the 



particle (e.g.60 nm) or the localization accuracy (in our case, 3×3×10 nm3 for immobilized  r= 50 nm particles), 

well below the diffraction limit, with a relatively large imaged volume, of the order of 40×40×30 µm3 [4]. 

a)  b)   c)  

Figure 1 : a) schematic representation of a microfluidic chamber containing gold nanoparticles in water. b) 3D reconstructed 

intensity from a single snapshot of two NPs. The red ellipses are centered on the coordinates given by the localization 

algorithm, with a localization accuracy of 3x3x10 nm [4] c) Position of 36000 localization events detected when 

illuminating gold particles in Brownian motion in water, with a = 660 nm diode laser beam. 

 

In the example shown in fig.1, The holographic detection of the particles was repeated over 6000 holograms 

acquired with an integration time =1ms and a frame rate of 12 Hz, for a total recording time of 8.3 min. After 

processing, 36000 localization events were obtained. The corresponding (x, y, z) positions are shown in Fig. 1(c), 

with intensities I(x, y, z) coded by the size of the dots. This composite image allows the reconstruction of the 

focused laser beam and the determination of its Gaussian characteristics, in agreement with expected values. 

In addition to working with non-bleaching probes, our holographic setup offers access to 3D optical information 

over large volumes, whereas most fluorescence-based techniques have limited ranges along the z-direction (typically a 

few micrometers range). We observe that our localization accuracy is limited by the degradation of the PSF by 

aberrations when working far from the plane of best focus but remains acceptably small, i.e. lower than the particle 

diameter, within a depth of 50 to 100 m depending on the objective and particle size. With the Olympus 100×, 

NA=0.85 air objective used here with 30 nm radius particles, this degradation only occurs at z = ±30 m from the 

focusing plane, while the accuracy in the xy plane is still an excellent 10 nm. Therefore, the technique has the potential 

to image very large 3D fields with excellent resolutions, which we will illustrate in various configurations. 
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Abstract – We report on the modelling and preliminary experimental data on plasmonic 

antennas that are being designed and constructed for incorporation into a modified atomic 

force microscope (AFM) head.  The antenna structures are fabricated using a silicon 

templating technique and the AFM head is the key element in a novel time-resolved scanning 

Kerr microscope (TRSKM), which is targeted to achieve simultaneous ps-time and sub-

wavelength spatial-resolution. 

An improved understanding of magnetization dynamics at the nanoscale is now required to 

underpin the development of future generations of hard disk drive and magnetic random 

access memory devices that are faster, and have increased capacity. A variety of techniques 

have already been developed to explore magnetism at the nanoscale, and of these various 

scanning probe and wide field microscopy methods, magneto-optical microscopy is arguably 

the most versatile.  

The time-resolved scanning Kerr microscope (TRSKM) is a table-top instrument with 

unrivalled temporal bandwidth, that can detect the deflection of the vector magnetization [1] 

through angles of ~0.1°, with a spatial resolution of up to 300 nm using a high numerical 

aperture objective lens. However, further improvement of the spatial resolution to below 100 

nm is required to study and understand nanomagnetic structures and magnetisation dynamics 

on the nanoscale. The purpose of this work is to develop a plasmonic antenna tip that can be 

incorporated in a modified AFM head, which in turn will be integrated within a TRSKM 

(effectively replacing the objective lens of the current instrument) to facilitate this goal. 

The development of a plasmonic antenna represents an extension to three dimensions of 

planar, single nano-aperture structures in which surface plasmons (SPs) are excited as a 

means of enhancing and/or controlling the transmission of light through a nano-aperture, 

notably the bulls-eye grating structure [2] or the prism coupled subwavelength aperture 

developed in our own lab [3].  There has been intense theoretical and experimental effort 

devoted in recent years to the development of novel plasmonic antenna with various landmark 

developments such as the conceptual [4] and experimental [5] development of adiabatic 

compression and nanofocusing of SPs and the experimental fabrication of innovative tip 

structures [6], notably and the ‘so-called’ campanile tip [7]. 

 In all of the above developments 

strong and often exclusive emphasis 

is placed on field localisation and field enhancement.  Here, in addition to requiring the 

retrieval of optical information on the nanoscale we must also address the issue of capturing 

Figure 1 – Kerr rotation and ellipticity for 

light incident on planar magnetic film 

(unfeatured lines) with optical data for 

permalloy used as exemplar case and for 

same film addressed via pyramidal tip 

structure with Au bow-tie antenna as 

illustrated in the inset.  The main body of 

the pyramid is dielectric (n = 1.5); Au is 

100 nm thick with 100 nm gaps along the 

edges of the bowtie.  Other detail is given 

in the text. 
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and understanding polarisation information.  To illustrate this, figure 1 presents modelled data 

showing the Kerr rotation and ellipticity for a bow-tie plasmonic antenna placed at a 100 nm 

proximity to a magnetic surface (see inset).  Here a plane wave is incident on the back of the 

antenna and light is collected back through the nano-apertured bow-tie structure.  There is 

notably significant structure and enhancement in this data relative to that for light reflected 

back from the magnetic film without any intermediate pyramidal antenna.  There appears to 

be good evidence of plasmon enhancement in the Kerr rotation and ellipticity parameters but 

this preliminary conclusion requires a further analysis to yield a full physical interpretation. 

As a first step in working towards a structure 

and results such as those of figure 1 we have 

fabricated Au-coated pyramidal tip structures 

(figure 2, inset). These are based on the well-

known anisotropic etching of Si(100) in regions 

pre-defined by photolithography with sub-

sequent ion milling (to create the grating pattern 

on one facet only here), Au coating and 

template stripping. Figure 2 presents ‘trans-

mission’ spectra for the pyramidal structure 

shown in the inset.  In fact, the ‘transmission’ is 

due to prism-assisted, first order grating 

coupling between light normally incident on the 

base of the pyramid and the SP mode at the 

outer Au-air interface where the SP mode then 

scatters at the prism apex.  While this is not 

ideal it does not necessarily preclude the 

retrieval of near field information (without 

interference from far-field scattering), for 

example, by collection of light back through an aperture at the apex of the prism.  The main 

feature to note here is the approx. 10:1 ratio in transmission at the p-pol peak.  These types of 

structures, exploiting SP modes on both the outer and internal interfaces are being optimised 

to improve the polarisation discrimination in order to facilitate magneto-optical measurement.   
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Figure 2 – Far Field Transmission Spectra 

measurements using a linearly polarized 

white light source at normal incidence 

relative to the base of a pyramidal tip, 

with a 2.5μm grating structure upon one 

facet. SEM image of the pyramidal tip 

structure is shown inlayed top right. 
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Abstract— The fibre drawing technique lends itself well to fabrication of large scale hyperlenses
for the THz spectrum and beyond. Here we demonstrate magnification by a factor 8 enabling
far-field imaging of sub-diffraction details. However not all components of the near field can be
imaged through hyperlenses. We discuss what hyperlenses actually image, and artefacts arising
from the coupling to diffracting ordinary waves.

Hyperlenses are imaging devices based on metamaterials with indefinite material properties lead-
ing to hyperbolic iso-frequency curves, in which arbitrary large spatial frequencies can propagate[1].
Curved or tapered hyperlenses can magnify sub-diffraction details to sizes that can be resolved by
far-field optics [2], while simple slabs of hyperbolic media with extreme anisotropy in the canaliza-
tion regime can be used as sub-wavelength endoscopes [3]. Hyperlenses have been demonstrated
across the electromagnetic spectrum, including using multilayer stacks [4] and wire arrays [5].
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Figure 1: A: Drawing wire array metamaterials; B:
Macroscopic preform; C:the neck-down region is a
magnifying hyperlens.

We recently demonstrated that fibre drawing
techniques can be used to produce wire-array hy-
perlenses for the THz [6]: A macroscopic preform
made of Zeonex (a polymer with low losses at
THz frequencies) and hundreds of indium wires
is heated above the polymer’s glass transition
temperature and above the melting point of in-
dium, and drawn to a fibre, reducing the diameter
while preserving the geometry of the cross-section
(Fig. 1). In previous work we have demonstrated
that straight sections of such a fibre can indeed
serve as sub-diffraction endoscopes, and that ta-
pered section of fibres (Fig. 1.C) can focus THz
beams down to λ/28, but our experiments also
evidenced the presence of artefacts. Here, we
demonstrate sub-diffraction imaging in the far
field with 8-fold magnification, to our knowledge
the largest to date. We also develop a transfer
matrix formalism that can directly be used for
full three dimensional studies of imaging through
hyperlenses - which allows us to study the arte-
facts coming from the excitation of often ignored ordinary diffracting waves, and avenues to elimi-
nate them. Finally we will discuss the latest imaging results with large field of view hyperlenses.

To demonstrate far-field imaging of sub-diffraction details, a metallic double aperture (diameter
300µm separation 100µm) was placed on the narrow end of a wire array taper hyperlens. The
hyperlens consists of the neck-down region between the preform and fibre section, tapering from an
outer diameter of 8 mm to a final diameter of 1mm, enabling 8-fold magnification. The wide end
of the hyperlens was then imaged using a far field THz time domain spectroscopy imaging setup
(Fig. 2A). The recorded image for a wavelength of 1.1 mm is shown in Fig. 2A: The two apertures
are clearly resolved, on a scale 8 times larger than the object. Imaging is good over a wide range
of wavelengths, but wavelength dependent artefacts are also evident.

In the previous experiment, the incoming beam is x-polarized, and our imaging setup is also
measuring the x component of the field. The x component of the electric field couples to both, non
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Figure 2: A: Far field image of sub-diffraction double aperture (diameter: 300µm, separation 100µm) taking
through a magnifying hyperlens with magnification 8 at a wavelength of 1.1 mm. B: Simulated images through
non-magnifying hyperlens of dipoles forming the letters “THz” (wavelength 5.2 mm).

diffracting extraordinary TM waves, and diffracting ordinary TE waves, with coupling efficiencies
strongly depending on angle. Scattering at the aperture also causes non-vanishing y and z fields,
which again couple differently to ordinary and extraordinary waves. Ordinary waves are thus
inevitably excited, generating additional artefacts. We studied these effects using a transfer matrix
method allowing us to calculate full two-dimensional images from arbitrary vector field distributions
in the object plane, yielding full two-dimensional vectorial transfer functions and point spread
functions. One of the many insights gained from this study is exemplified in Fig. 2B: While objects
which are entirely smaller than the diffraction limit do not excite ordinary waves, as their spatial
frequency spectrum does not overlap with that of propagating ordinary waves, larger objects do.
Perhaps somewhat counterintuitively, with hyperlenses it is thus easier to obtain good images of
smaller objects than of larger ones. Such effects will become more prevalent with large field of view
hyperlens we are currently developing.
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Abstract- Different sizes of disk shaped gold nanoantenna arrays which support extinction spectra 

in IR are prepared by e-beam lithography, which show localized surface plasmon resonance and 

Rayleigh anomalies in the range from 1000-1400nm. Embedded quantum dots surrounding the 

nanoantennas show up to 4-fold photoluminescence enhancement due to the coupling to the surface 

plasmon lattice resonances for larger disk diameters. 

 

In the field of quantum optics, the possibility to enhance absorption or emission in a very small volume has 

been greatly influenced by high optical confinement and local field enhancement of the localized surface 

plasmons resonances (LSPR) occurring at metal nanoparticles, nanostructures or nanoantennas [1-3]. To 

investigate this important LSPR property of metallic nanoantennas further, a systematic investigation for the 

effect of multiple scattering among regularly arranged metal nanoantennas was carried out. In addition the 

resulting enhancement of light emission from quantum dots placed in their vicinity has been analyzed. 

 

 

Figure 1: Mie Extinction calculation for a) 150 nm Spherical Au Particle b) 250 nm Spherical Au Particle. 

 

                

Figure 2: SEM Images of disk shaped nanoantennas diameter ø 175nm. 



 

Nanoantennas with different structure sizes have been analyzed in literature before, but most of  them were 

resonant in the visible regime [4]. In this work we show the shift of the resonances into IR regime. In addition a 

systematic variation of particle size, shape and period was carried out confirming the suspected far field coupling 

between neighbouring antennas including the impact of polarization.  

It is shown that for disk shaped nanoantennas the scattering resonances can still be well predicted using Mie 

theory (as defined in [5]) shown in Figure1. Increasing the diameter shifts the particle resonances (especially the 

interesting dipole resonance A1,S1) towards the infrared. Experimentally such disk shaped nanoantennas have 

been produced by E-Beam Lithography in 2D periodic arrays (SEM of one of them is shown in Figure 2). In all 

the measured transmission spectral of these samples, a broad single particle resonance and a sharper fano line 

shape at longer wavelengths are clearly visible. The sharper fano style resonances are formed due to mutual 

coupling of localized surface plasmon resonance (LSPR) resulting in the surface lattice resonance (SLR) to the 

red side of the Raleigh anomaly (RA). This can actually be observed twice - very clearly for the (1,0) Raleigh 

anomaly and once in a much weaker form for the (1,1) RA. All single particle resonances show good theoretical 

fitting with a Loretzian curves. On reducing the size of the disks (same periodicity), a blue shift of single particle 

resonance also leads to a reduced lattice coupling of the LSPRs. 
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Abstract. Aperture SNOM studies of semiconductor laser, quantum dots and quantum microdisks 

in near-IR spectral region are presented. 

 

The near- and the far-field distributions of propagating light modes from a high-power laser diode were 

studied by aperture SNOM in XYZ-mapping regime. Diode laser has a line shape 100 µm-aperture and emits in 

the range 1073-1075 nm. Simple modeling of 3D light emission distribution was also performed and compared 

with experimental results. The simulated distributions were consistent with the experiment and permitted 

clarification of the configuration of the transverse modes of the laser. On the emitting facet, in the near-field, an 

asymmetric distribution of the radiation was revealed, which manifests the mixing of the odd and even (1st and 

2nd) modes. 3D light emission distribution measured by SNOM is compared to that measured by a confocal 

microscope using objectives with different numerical aperture. Resolution and light collection limits of classical 

confocal microscopy are explicitly demonstrated.  

 

Photoluminescence (PL) of self assembled InP/GaInP quantum dots (QDs) of different sizes from 10 to 200 

nm were studied. Illumination-collection regime was used (excitation and emission collection through the same 

SNOM aperture). Hyperspectral SNOM photoluminescence maps resolving individual QDs could be easily 

obtained. PL spectra of individual QDs (with emission at 700-780 nm) were measured; spectral differences 

between QDs of different sizes were studied. Fluorescence lifetime of individual dots measured by SNOM was 

compared.  



 

 

Configuration with far field side excitation under the SNOM cantilever probe and collection through SNOM 

aperture was applied to investigate whispering-gallery modes distribution in a semiconductor microdisk 

resonator of 2 µm diameter containing InP/GaInP QDs. Fine structure of optical whispering gallery (circular) 

and Fabry Perot (radial) modes were identified both spectrally and spatially.  
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SNOM photoluminescence images of self-assembled 

InP/GaInP quantum dots on GaAs substrate at two 

different PL wavelength bands: (a) λ ≈ 740 nm, (b) λ 

≈ 800 nm. The first PL band (a) correspond to 

“small” QDs, ~20-50 nm diameter. The second PL 

band (b) corresponds to “large” QDs, ~100-200 nm 

diameter. Individual QDs of different sizes are clearly 

detected on SNOM images. Size of scans: 1x2 μm. 
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Abstract- We reveal that the Fano resonances can be employed for achieving an efficient cloaking 

of dielectric structures with high refractive index at any angle of observation. Our finding is based 

on novel physics of the cascades of Fano resonances observed in the classical Mie scattering, and it 

is also verified by direct experimental results for switching of a water cylinder filled with water 

from visible to invisible regimes by changing dielectric permittivity of water with heating.  

 

Invisibility, mimicry and cloaking are perpetual problems both in wildlife and in inorganic nature. A new 

fresh impetus to progress in this field was given by advances in metamaterial technology. Recently several 

possibilities and techniques have been proposed, exploiting the transformation-based cloaking techniques [1] and 

the scattering-cancellation properties of plasmonic materials focuses on nonresonant destructive interference [2], 

among others. We suggested a different approach to invisibility cloaking at all angles of observation based on 

the scattering-cancellation properties of resonant destructive interference without additional cloaked layers. The 

main idea is based of the characteristic lineshape observed at the Fano resonance and is demonstrated in the 

scattering spectra of bodies of revolution [3]. The Fano lineshape has the form 

 ,
1

)(
=)(

2

2



q
I   (1) 

where q=cotΔ() is the Fano asymmetry parameter, Δ() is the phase difference between the narrow resonant 

and continuum states, Ω=(-0)/(/2), 0 and  correspond to the position and the width of the resonant band. It 

is important to emphasize that at any finite value of q  there exists a special frequency q+Ω=0 that is 

zero=0-q(/2) with zero-intensity scattering I()≡0. We employ this property of the Fano lineshape in order to 

realize the invisibility cloaking for a high-index dielectric rod in free space. We reveal that the resonant Mie 

scattering is accompanied by cascades of Fano resonances with each individual Mie resonance described by the 

conventional Fano formula (1). The performed analysis is based on the exact analytical Mie solution of the 

Maxwell’s equations for light scattering by spatially homogeneous particles. We show that the Lorenz-Mie 

coefficients are genetically expressed as infinite series of Fano profiles as they describe interference between the 

non-resonant scattering background and narrowband Mie modes that inherently leads to Fano resonance 

formation. We further demonstrate that characteristic Fano line shape leads to creation of transparency windows 

in the polarized scattering spectra, thus providing the cloaking effect for nanoparticles making them invisible at 

any angle of observation. It means that for some characteristic frequency diapasons the incident light passes a 

body of revolution without scattering making it invisible from any angle of observation. 

 



 

Figure 1. (a) Spectral dependence of the scattering efficiency of a single homogeneous infinite circular rod 

Q∞, scattering efficiency of the perfect metallic conductor QPEC, and the experimentally measured scattering 

efficiency of water’s cylinder. (b-d) Q∞, QPEC, and the scattering efficiency of a homogeneous finite circular rod 

Ql/r with the length l and radius r  for l/r = 50, 17, 5. All cylinders with ε1=60 are embedded in air ε2=1. 

 

We calculated the Mie scattering efficiency spectra of a single homogeneous dielectric infinite circular rod 

with ε1=60 for the TE-polarization (Fig.1a) as 
2

=

2
= nn

a
x

Q 


 , where an are cylindrical Lorenz-Mie 

coefficients [4] and  /2=/= rcrx  is the size parameter. The scattering efficiency spectra of the finite 

circular rod with different ratio length to radius Ql/r were calculated by using the CST Microwave Studio 

software. For the experimental verification, we use a glass cylinder filled with water that is characterized by 

dielectric constant of ε1=60 at about 75

C in the frequency range from 1 GHz to 6 GHz. For the infinite rod, we 

observe a practically complete suppression of scattering Q∞ at frequencies x~0.5 (Fig. 1a). To analyze the size 

dependence, we calculated the scattering efficiency Ql/r depending on l/r ratio. The spectra contain several 

additional bands including some bands in the invisibility region x~0.5 (Fig.1b,c). Nevertheless it is possible to 

find some l/r ratios for the finite rod with small Ql/r at x~0.5 (Fig. 1d). It means that the incident TE-polarized 

light passes the finite cylindrical rod without scattering making it invisible from any angle of observation. 

 

REFERENCES 

1. Pendry, J. B., D. Schurig, and D. R. Smith, “Controlling electromagnetic fields,” Science, 312, 1780, 2006. 

2. Chen, P.-Y., J. Soric, and A. Al`u, “Invisibility and cloaking based on scattering cancellation,” Adv. Mater., 

24, OP281–OP304, 2012.  

3. Rybin, M. V., K..B. Samusev, I.S. Sinev, G. Semouchkin, E. Semouchkina, Yu.S. Kivshar and M.F. 

Limonov, “Mie scattering as a cascade of Fano resonances,” Opt. Express, 21, 30107–30113, 2013. 

4. Bohren, C. F. and D. R. Huffman, Absorption and scattering of light by small particles, Wiley, New York, 1998.  



            

3D isotropic metamaterial design using smart transformation optics 
 

D. Shin1, I. Seo2, and K. Kim1* 
1Department of Mechanical Engineering, Yonsei University, Republic of Korea 

2Agency for Defense Development, Republic of Korea 
 *corresponding author: kks@yonsei.ac.kr 

 
Abstract-We introduce new design method for 3D isotropic transformation optics device using 
smart transformation optics. In 2 dimension smart transformation optics, elastic deformation 
satisfied quasi-conformal transformation with negative Poisson’s ratio -1. We extended smart 
transformation optics to 3 dimension and demonstrated 3D isotropic metamaterials waveguide. This 
3D waveguide is arbitrary bendable and maintain phase in wave propagation.    

 
Transformation optics (TO) is theory for controlling electromagnetic waves based on invariance of 

Maxwell’s equations in transformed coordinate [1]. TO designs TO device such as electromagnetic cloak using 
artificial metamaterials with gradient material properties not observed in nature. Especially quasi-conformal 
mapping (QCM) design 2 dimensional TO device with only isotropic electric permittivity which can be practical 
demonstration [2]. This lossless and broadband metamaterials also make possible to fabricate easier than 
anisotropic resonant metamaterials which have lossy component and narrow operation band.  

3D isotropic TO device is hard to design and demonstrate. Some approaches for cloak and Luneberg lens 
using axial symmetry have limitation that operating well just in optical plane including symmetric axis [3, 4]. 
Recently, full 3d isotropic transformation media and its design method using Green coordinate transformation 
are reported [5].  

 

 
Figure 1. 3D bended wave guide using 3D isotropic smart transformation optics 
 
We report more intuitive design method for 3D isotropic TO using smart transformation optics. In this 

scheme, the transformation medium defines as elastic solid and mechanical deformation regards as coordinate 
transformation. With Poisson’s ratio close to -1, 2D elastic deformation satisfies QCM [6]. In the 3 dimensional 



deformation, more boundary condition should be added for isotropic 3D transformed medium. We demonstrated 
arbitrary bendable waveguide as 3D TO device with isotropic refractive index. As shown in figure 1, wave 
propagation in deformed waveguide maintains phase and not shows internal reflection or interference patterns.  

Today’s 3D printer technology and computer aided design system make easier fabrication of isotropic 
metamaterials with complex geometry not feasible in the past. 3D smart TO provides simple design method for 
3D isotropic TO devices using isotropic metamaterials which have broad operational band and low loss factor.  
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Abstract-We propose to realize ultra-transparent 1D photonic crystals. Here, by 

ultra-transparency we mean that the transmission through the photonic crystals is unity, i.e. 

transparent, for a large range of incident angles. We provide theory as well as numerical 

verifications. Such a class of 1D photonic mediaopens up many new possibilities such as 

cloaking. 

 

    Photonic crystals are a kind of multilayered composites, which can be periodic in one-, 

two-, and three-direction, respectively. The period of photonic crystals is usually similar to the 

wavelength of visible light, showing that photonic crystals can be easier fabricated than 

metamaterials. 

While considering the Bragg’s scattering effect, its effective parameters are performed as 

a nonlocal tensor. Nonlocality means that permittivity and permeability of materials not only 

depend on frequency but also on wave vector k. This condition has also been found in metal 

or in metal-dielectric composites.  

Here is a simple way to see nonlocality. If we observe the equi-frequency contour of 

photonic crystals, we will see that around the Brillouine Zone edge, the contours are no longer 

regular shapes, and that is the nonlocality. With this interesting character, we can find lots of 

novel phenomenon. 

    We choose one-dimensional photonic crystals to do our research. 

    Firstly, we assumed a new effective theory to homogenize this one-dimensional structure 

by seeing it as a anisotropic material. Then, using Maxwell’s Equations and the definition of 

impedance 

 

 

 we have derived the effective equations.  

Secondly, according to the aspect of impedance matching, we developed a method to get 

this total transmission phenomenon. During a wide angle range(from 0°to 53°), the 

transmittance all nearly equals 100%. 

Here are the related charts of numerical verifications. 
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Figure 1. The graph of ultra-transparency(0°~53°,marked by orange short dash dot line). Theta 

means the incident angle. (A) The transmittance curve. The blue line represents transmittance of 

1D photonic crystal and the red short dash dot line represents effective media’s transmittance. (B) 

The impedance curve. The blue line is the impedance of air and the red line is the impedance of 

the structure. 

     

    In general, our work has actually designed a nonlocal photonic media, which confirms 

the possibility of achieving omni-directional ultra-transparency effect , to much degree, with 

designed nonlocality. 
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Abstract-We have shown that highly directional light emission from high-Q whispering gallery 

modes can be realized in inhomogeneous dielectric cavities which can be defined by imposing 

spatially-varying refractive index derived from the transformation optics theory. We performed 

numerical calculation of cavity modes and microwave experiment with a dielectric inhomogeneous 

cavity made of alumina posts. The result is consistent with our previous theoretical expectation. 

 

In transformation optics, a dielectric medium with spatially-varying constitutive parameters (i.e., electric 

permittivity ε and magnetic permeability μ) mimics the role of the curved space in Einstein’s general theory of 

relativity [1, 2]. Utilizing the transformation optics theory, we can obtain highly directional light emission from 

high-Q whispering gallery modes (WGMs) in deformed cavities, which does not suffer from the trade-off between 

high-Q factor and directional light emission and can be utilized for the applications in future optoelectronic devices 

[3]. 

 

In 2-D systems when the transformation is a conformal mapping, it turns out that we only need to consider 

isotropic materials as the transformation media. As a simplest example of our approach, we start with a deformed 

boundary, so called Pascal’s limaçon, which reads in polar coordinates , r(𝜃) = 1 + 2α cos𝜃,  where α is a 

deformation parameter. With this boundary shape, an inhomogeneous cavity can be defined by imposing spatially-

varying refractive index derived from the transformation optics theory; we will call this kind of cavity, a 

transformation cavity. The corresponding conformal transformation, which maps the unit circle to the limaçon, is 

given by z =  β(𝑤 +  α𝑤2). 

 

In numerical calculation and experimental demonstration, the spatially varying refractive index profile can be 

effectively implemented by drilling tiny air holes or pinning dielectric posts of high refractive index on a dielectric 

substrate [4, 5]. Examples of limaçon-shaped transformation cavities with post distributions that satisfy 

neff(x, y) = n(x, y) are shown in Figs. 1B when α=0.15. With a higher density of posts, we calculate high-Q 

modes using the finite element method. Figures 1C shows that the distance between adjacent nodes in the intensity 

plot is scaled down, which is the characteristic feature of conformally deformed WGM. 

 

Although our scheme can be applied to all frequencies from microwave to visible range, the experiment is 

carried out in the microwave regime for the convenience of fabrication and resonance mode visualization. We use 

alumina posts with diameter 6.0mm and height 5.0cm as a high refractive index pinning post (n ~ 3.1).  



 

Figure 1: A. Spatially varying refractive index profile for Limaçon-shaped transformation cavity. B. Limaçon-

shaped transformation cavity with α=0.15 implemented by a post (n = 5 in numerical calculation and n ~ 3.1 in 

experiment) distribution on a dielectric substrate (n = 1.4 in numerical calculation and n ~ 1.0 in experiment). C. 

Intensity pattern of a CWGM (m = 9) formed in the transformation cavity of B. For a clear visualization, much 

lower densities of posts are depicted in B than the actual densities used in the numerical calculation and 

experimental demonstration of conformally deformed WGMs.  
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Abstract-The design of polarization dynamics through the connection to torsion and parallel transport is 
inexact for finite wavelength, since the approach relies on the ray curves of geometric optics. We compare the 
polarization fields of parallel-transport-designed, chirality-enhanced gradient index lenses from full-wave 
simulations with those of their geometric optic specification.   

Transformation optics makes a connection between intuitive geometric descriptions and their corresponding 
material properties. This technique has garnered significant interest for its ability to directly provide material 
specifications with remarkable functionality, like invisibility cloaking[1,2]. An extension of this concept into 
non-Riemannian geometries can provide additional functionality[3].  

The introduction of non-zero torsion onto a space alters the parallel transport properties of curves in that 
space. In geometric optics the polarization obeys parallel transport of the ray curves, so parallel transport control 
is equivalent to polarization control. In an extension of transformation optics, a connection between torsion and 
isotropic chirality has been established[3]. 

!  

One can then design the polarization dynamics of material objects by describing the desired parallel 
transport along a space-filling set of rays and implementing the corresponding chirality.  We describe a desired 
parallel transport for some gradient index lenses, one which preserves linear polarization in the plane normal to 
the optic axis. The corresponding chirality-enhanced lenses are simulated in a full-wave simulator. As this 
approach relies on geometric optics, the full-wave results are expected to differ from the geometric design. We 
quantify this difference as a function of the electromagnetic size of the lenses. 

!                          !  

!                           !  

Figure 1: Full-wave simulation of Maxwell fish-eye lens. The Poynting vector curves are shown on the left, 
a polarization field cross-section on the right. The un-modified lens is shown top and the chirality-enhanced lens 
is shown bottom. 

T ijk = −2µ0ε
ijk ω
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Abstract We present a method to generate transformation functions based on a space of achievable 

material properties. To validate this approach, we consider the range of effective refractive index 

achievable using silver nanowires in a dielectric background. Given fabrication constraints, we generate 

a reduced cloaking transformation and confirm its performance using FDTD and FEM simulations. We 

explore conditions for finding appropriate mappings in restricted parameter spaces, and strategies for 

optimizing transformations to account for absorption and scattering. 

 

Transformation optical designs provide unprecedented control of electromagnetic fields within optical 

devices. Typically, the device functionality is defined by a coordinate transformation, which is translated into the 

constitutive material properties of the device. While powerful and versatile, this method often results in extreme 

material requirements, which restricts the range of devices that can be realized. In order to achieve realistic 

designs, we present an inverse approach to transformation optics: rather than starting with a coordinate 

transformation, we consider the range of material properties that can be achieved experimentally. Within this 

parameter space, we can generate a customized coordinate transformation to achieve the desired functionality 

using a simple iterative method. The resulting design is guaranteed to be suitable for fabrication. 

To verify our approach, we design a near-infrared invisibility cloak based on arrays of oriented silver 

nanowires embedded in a dielectric background, which can exhibit a wide range of anisotropic effective indices 

(Figure 1). This type of metamaterial has been used in designs for invisibility cloaks in the optical regime (1). 

However, such designs prescribe material properties that may be difficult to implement. For example, if we are 

restricted to a fixed nanowire aspect ratio (represented by the red line in Figure 1), we can no longer realize a 

cloak based on the proposed linear mapping. 

Instead, we construct a custom mapping function based on the restricted parameter space (Figure 2). The 

mapping function connects the virtual coordinate r to the physical coordinate R, and is related to the anisotropic 

index within the cloak: nr = r/R, and nθ = dr/dR. Starting from the boundary of the cloak where R = r we select 

the structure that is index-matched to free space. This defines the slope of the mapping function, which we use to 

iteratively define material parameters in the interior of the cloaking shell. Eventually the mapping function 

reaches zero, which completes the cloaking transformation. In order to handle realistic materials, we also have to 

consider absorption loss. Typical transformation optical designs assume lossless materials or require 

sophisticated loss compensation strategies using active materials. Instead we extend our inverse method to 

include transformations of complex coordinates (2), allowing us to generate optimized cloaking transformations 

that incorporate the geometry-dependent anisotropic absorption in the metamaterial. We use finite-difference 

time-domain simulations to characterize the scattering properties of the resulting cloak, and compare the 

performance to standard transformation designs. 

This investigation reveals an inherent non-uniqueness of coordinate transformations: there may exist 

multiple coordinate transformations within the given parameter space, which all qualify as invisibility cloaks. 



Even in the case of severely restricted spaces, we are guaranteed to find a cloaking transformation if either 

component of the anisotropic index spans the range n = 0 to n = 1. By extension, unrestricted parameter spaces 

will necessarily contain an infinite number of cloaking transformations. We can leverage these additional 

degrees of freedom to improve the performance of inverse transformation optical designs. Using simulated 

annealing, we generate cloak designs that are optimized for easier fabrication, reduced loss, and impedance 

matching. Since the design process is based entirely on the optical properties of specific nanostructures, the 

resulting mapping is appropriate for implementations of transformation optics using realistic materials. This 

method allows for the design of transformation optical devices that directly incorporate the effects of optical 

absorption. In addition, the proposed framework enables easy comparison or combination of different 

metamaterial platforms within a single device. 
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Figure 1. Effective anisotropic index in a nanowire 

metamaterial. The blue dots show the index values for 

longitudinal and transverse polarizations at a wavelength of 

1064nm. Each dot corresponds to a different nanowire aspect 

ratio and filling fraction. The red line indicates structures with a 

fixed aspect ratio of 1:4. 

 

Figure 2. Generating a transformation function from material 

properties. The transformation function connects the virtual 

coordinate r with the physical coordinate R. First, the transformation 

is fixed at the boundary R = r = b. The structure at this point 

determines the slope in the transformation, which we use to calculate 

a new point. This process continues iteratively until r = 0. 
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Abstract: We apply morphing to deduce via numerical interpolation some approximate 

wave picture of scattering by objects of various shapes deduced from the exact computa-

tion (e.g. using a finite element method) of scattering by objects of other shapes, thereaf-

ter called the source and destination images. 

 

Morphing was a very popular computer graphic technique back in the 80’s and 90’s as it allows 

one to transform an image into another with a succession of intermediate images. Morphing is in fact 

reminiscent of transformational optics [1], as we pointed out in [2]. Here, we would like to show with 

simple examples the usefulness of morphing algorithm applied to transformation optics and acoustics 

simulations. Using a freely available morphing freeware [3], and inspired by some recent work on 

photorealistic images [4], we were able to retrieve wave patterns computed with comsol multiphysics 

by interpolating other wave patterns. Potential applications lie in acceleration of simulation packages 

in electromagnetic and acoustic metamaterials.  
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Abstract 

Metamaterials have effective properties that are usually 

distinct from their constituents’ relatives. They are designed 

and engineered in a manner to have extraordinary 

electromagnetic properties that do not exist in nature. In 

order to be able to design a metamaterial, one should 

establish sufficient understanding of the properties of the 

constituent materials. This background enables us to 

engineer new effective parameters by carefully tailoring the 

unit cell – “meta-atom” – of the structure. This 

unprecedented control has opened the gate for many 

interesting and exciting applications; one of which is the 

“invisibility cloaks.” A detailed analytical study for the 

effective parameters and the constituents’ parameters is 

performed. This defines the optical response of the mixture 

at different volume fractions of the utilized materials. 

Finally, the design technique and constraints of a non-

magnetic triangular carpet cloak device based on 

Transformation optics theory are explained. This design is 

simulated by using a commercial finite element method 

numerical tool: COMOSL Multiphysics®.  

1. Introduction 

Metamaterials (MMs) constitute an emerging class of 

artificial matter that permits light path manipulation by a 

suitably engineered nanostructure. This heterogeneous 

nanostructure is considered the building unit of the MMs and 

is referred to as the “meta-atom.” This structure shall be 

repeated in a periodic manner in order to construct a 

homogenous composite. However, the infinitesimal scale of 

heterogeneity cannot be sensed by the light as it is much 

smaller than the wavelength of interest. Instead, an effective 

response is experienced and the whole composite is treated as 

a single homogenized material.  

The special aspect about MMs is the flexibility of having 

tailored designed properties according to the meta-atoms. The 

effective macroscopic parameters of the MMs are dominant 

over the parameters of the constituents. Many effective 

medium theories (e.g. Maxwell-Garnett Theory [1] and the 

Bruggeman effective medium theory [2]) are used to achieve 

a desired response using different materials. 

Optical invisibility cloaking is one of the scientific 

applications of MMs. This is accomplished by manipulating 

the paths traversed by light through a novel optical material. 

MMs direct and control the propagation and transmission of 

specified parts of the light spectrum and demonstrate the 

potential to render an object seemingly invisible. MM 

cloaking, based on transformation optics, describes the 

process of shielding something from view by controlling 

electromagnetic radiation. Objects in the defined location are 

still present, but incident waves are guided around them 

without being affected by the object itself. 

2. Metamaterials Concept and Fundamentals 

MMs are artificially-tailored man-made materials. They are 

designed and engineered in a specific structure in order to 

achieve extraordinary electromagnetic features. These 

features cannot be achieved by any natural materials. The 

building units of the structure are usually referred to as meta-

atoms or meta-molecules. These units are composed of two or 

more conventional materials with known bulk properties. 

However, the effective electromagnetic parameters of the 

resultant composite are distinct from all of its constituents’ 

counterparts. 

In many designs of MMs, the structural cell unit usually 

contain both metal and dielectric materials. The incident light 

at a given wavelength observes the whole composite as a new 

distinct material with new effective parameters that could be 

totally different than the original constituents’ parameters. 

Two of the most widely used effective medium approaches 

are the Maxwell-Garnett theory (MGT) [1] and the 

Bruggeman effective medium theory (EMT) [2]. Each of 

these two theories is based upon slightly different approach 

regarding the composite topology. In MGT, one material is 

considered the host material while the other one is considered 

an inclusion. On the other hand, in EMT, both materials are 

considered as inclusions in an arbitrary host material.  

The two mixing rules of MGT and EMT are expressed in 

equations (1) and (2), respectively. 

𝜀 − 𝜀ℎ

𝜀 + 2𝜀ℎ

= 𝑓1
𝜀1 − 𝜀ℎ

𝜀1 + 2𝜀ℎ

, (1) 
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𝑓1
𝜀1 − 𝜀

𝜀1 + 2𝜀
+ 𝑓2

𝜀2 − 𝜀

𝜀2 + 2𝜀
= 0, (2) 

where 𝜀  is the effective permittivity, 𝜀1  and 𝜀2  are the 

permittivities of the 1st and the 2nd materials, respectively. The 

filling factors of the two materials are 𝑓1 and 𝑓2, where 𝑓1 +
𝑓2 = 1. 

These intriguing properties have opened the gates to new 

applications; among which are negative index materials [3-6], 

super lens [7-10], hyper lens [11-12], optical black holes [13-

15], chiral MMs [16-19] as well as a variety of invisibility 

cloaks such as carpet cloaks [20-22], non-magnetic cloaks 

[23-24], magnetic cloaks [25-26] and other transformation 

optics cloaks [27-28]. 

3. Invisibility and optical cloaking 

Optical invisibility can be achieved using two different 

methods. First, it can be achieved through taking advantage 

of the mirrors’ physical properties and applying some tricks 

on them. A simple device, named the periscope [29]. The 

second method is through bending the light around the 

concealed object. This is what is called “optical cloaking.” 

There are two types of optical cloaking: full space-cloaking 

and half-space cloaking. 

3.1. Full-space Cloaking 

Full-space cloaks are the result of the new ability the 

physicists have to distort EMWs in an unprecedented way. 

The concept of this type of cloaking is demonstrated in Fig. 

1. A circular MM arrangement is used to channel EMWs 

around the cloaked region in which the hidden object is 

concealed. Two conditions have to be met: 1) the 

electromagnetic radiation should exit the system in the same 

way as if nothing exists in the way, 2) no scattering or any 

sort of reflection should occur at the interface between the 

background medium and the cloaking device.  

 

Figure 1: Full-space cloaking concept [30]. 

3.2. Half-space Cloaking 

Half-space cloaking, or sometimes referred to as “carpet 

cloaking”, has a different technique than its counterpart – full-

space cloaking. The main concept of this type of cloaking is 

to make an uneven reflective surface, covered in humps and 

wrinkles, appear as a flat surface to an external observer. The 

typical requirements of a carpet cloak design are illustrated in 

Fig. 2. The objects to be hidden are literally swept under an 

optical carpet. The cloaking device makes the incident EMWs 

reflect back from the reflecting layer as if it is reflected back 

from a perfectly plane surface. 

  

Figure 2: Illustration of the carpet cloaking concept. (a) 

Reflection from the surface of a plain mirror shows no 

distortion in the image of the tree. (b) Reflection from a 

mirror with a hump produces a distortion in the reflected tree 

image. (c) Correcting the reflection for the mirror hump with 

an invisibility device – now a solid object (circle) can be 

hidden from view without the tree image being distorted [31]. 

4. Carpet Cloak Design 

A detailed design of a triangular invisibility cloak is 

discussed. In addition, a simulation using FEM commercial 

software COMSOL Multiphysics® is performed. The exact 

steps of designing a non-magnetic MM triangular invisibility 

cloak with transverse magnetic (TM) polarization based on 

transformation optics (TrO) theory [30][32] will be 

explained. The design aims to conceal any object within the 

cloaked region from any EMWs. A simple illustration of the 

design is shown in Fig. 3. The goal of the device is to control 

the EMWs that propagate inside it in a sense to make it as if 

it reflects from the reflector beneath the device. Therefore, 

any object that lies within the cloaked region is concealed 

totally from any observer’s view that lies outside the whole 

system. 

 

 

Figure 3: Triangular invisibility cloak   illustration. 

4.1. Geometry Description 

Prior to defining the parameters of the design and the device’s 

physical specifications, the geometry of the design should be 

first described clearly. The device consists of isotropic 

uniform dielectric layers, in which the inhomogeneity scale is 

much less than the wavelength of interest. The operating 
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wavelength is taken to be 700𝑛𝑚, in order to operate in the 

visible range frequencies. 

In Fig. 4, the final geometry of the design is illustrated. A 

triangular optical cloaking device rests upon a triangular 

region where the concealed object lies. A reflector plane is 

positioned beneath the whole device to reflect the incident 

EMWs. A source with a TM polarization is subjected towards 

the device to test its efficiency. A perfect invisibility cloaking 

device would manipulate the EMWs inside it to reflect them 

as if they were reflected back from the ground. All the four 

boundaries of the computational domain were chosen to be 

scattering boundary conditions in order to absorb the entire 

EMWs incident on them.  

 

Figure 4: The design geometry. 

The computational domain is a square with a side length 

of 15𝜇𝑚. Both the height of the triangular cloak and its base 

are equal to 5𝜇𝑚 . The value of the height of the cloaked 

region is calculated by using a MATLAB® code. The 

thickness of the reflector plane is three times the operating 

wavelength - 2.1 𝜇𝑚. 

4.2. Mathematical Model 

The theory of TrO is applied to the geometry of the design in 

order to find the value of the desired effective parameter 𝜀𝑒𝑓𝑓. 

The value of the effective magnetic permeability  𝜇𝑒𝑓𝑓  is 

taken to be unity, since the optical cloak device is non-

magnetic. 

The first step is to find a general expression that describes the 

relation between the virtual space and the physical space 

shown in Fig. 5, where 𝐴 and 𝐵 represent the heights of the 

obstacle and the cloak, respectively,  𝐶  is half the bottom 

length of the cloak. This relation is expressed in equation (3). 

𝑦 = (−
𝐵

𝐶
𝑥′ + 𝐵) .

𝑦′ − (−
𝐴
2

𝑥′ + 𝐴)

(−
𝐵
𝐶

𝑥′ + 𝐵) − (−
𝐴
2

𝑥′ + 𝐴)
 (3) 

 

 

Figure 5: a) The virtual space. b) The physical space. 

The next step after finding the general transformation 

equation is to derive the desired effective electric permittivity 

and magnetic permeability matrices by using TrO theory. The 

final results are shown in equation (4). These results are 

retrieved from a MATLAB® code. For a non-magnetic 

cloak ( 𝜇𝑒𝑓𝑓 = 1)  at TM polarization, the effective 

permittivity tensor  𝜀𝑒𝑓𝑓  can be expressed as in equation 

(5) [33]. 

𝜀𝑒𝑓𝑓 = 𝜇𝑒𝑓𝑓 =

[
 
 
 
 
 
 

𝐵

𝐵 − 𝐴
±(

𝐵

𝐵 − 𝐴
)
𝐴

𝐶
0

±(
𝐵

𝐵 − 𝐴
)
𝐴

𝐶

𝐴2𝐵2 + 𝐶2(𝐵 − 𝐴)2

𝐵𝐶2(𝐵 − 𝐴)
0

0 0
𝐵

𝐵 − 𝐴]
 
 
 
 
 
 

 (4) 

 

𝜀𝑒𝑓𝑓 =

[
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𝐵

𝐵 − 𝐴
)
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𝐵

𝐵 − 𝐴
)

2 𝐴

𝐶
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±(
𝐵

𝐵 − 𝐴
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2 𝐴

𝐶
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𝐵

𝐵 − 𝐴
)
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(
𝐴

𝐶
)
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0

0 0 (
𝐵

𝐵 − 𝐴
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 (5) 

 

The above tensor expressed in equation (5) can be 

diagonalized to 𝜀𝑒𝑓𝑓 = [
𝜀∥ 0

0 𝜀⊥
] [33]. For the stratified multi-

layers composite,  𝜀∥ = 𝑓𝜀1 + (1 − 𝑓)𝜀2  and  𝜀⊥ =
𝜀1𝜀2

𝑓𝜀2+(1−𝑓)𝜀1
, where  𝑓  denotes the filling factor of the 

constituent materials. These equations link the mathematical 

modeling and the physical realization. 

4.3. Material Selection and Physical Realization 

The required steps for selecting the materials are presented 

and discussed. This choice gives the desired effective values 

to the MMs used in this design. The optical cloak device 

consists of uniform homogeneous alternative dielectric layers 

as shown in Fig. 6. The unit cell size is considered as two 

layers of dielectrics and is taken to be ten times less than the 

operating wavelength.  

The two chosen materials are ‘air’ and ‘Silicon’ with 𝜀1 = 1 

and 𝜀2 = 11.7, respectively, with a filling factor 𝑓 = 0.5. 
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Figure 6: Uniform alternative dielectric layers. 

4.4. Cloak Simulation Parameters 

A summary of all the parameters is included. The parameters 

are classified into three categories: electromagnetic 

parameters, geometric parameters and physical parameters. 

The electromagnetic parameters include the wavelength of 

operation and the domain’s boundary conditions. The 

geometric parameters include all the dimensions of the 

design. Finally, the physical parameters include the materials 

used in the design and their filling factors. All these 

parameters are summarized in Table 1.   

 

Table 1: Simulation Parameters of Carpet Cloak 

Name Symbol VValuealue 

Wavelength of operation. 𝜆 700𝑛𝑚 

Computational domain 

dimension. 
𝐿 15𝜇𝑚 

Reflector plane thickness. 𝑇 2.1𝜇𝑚 

Cloaked region height. 𝐴 1.385𝜇𝑚 

Cloak height. 𝐵 5𝜇𝑚 

Half of the cloak bottom. 𝐶 2.5𝜇𝑚 

Permittivity of the 1st 

material (Air) 
𝜀1 1 

Permittivity of the 2nd 

material (Silicon) 
𝜀2 11.7 

Constituents filling factor. 𝑓 0.5 

Ratio of the meta-atom to 

the operating wavelength. 
𝑟 0.1 

5. Simulation Results and Discussion 

A simulation using the results that were derived from the TrO 

theory was performed. Fig. 7 shows three different simulation 

situations. Fig. 7a) illustrates an EMW source that is incident 

on a reflector plane, where all the incident waves are reflected 

back normally. Fig. 7b) shows a different situation where the 

EMWs are incident on a reflecting surface that contains a 

triangular hump. The waves, consequently, do not reflect 

smoothly; instead, they scatter into two main beams. The last 

situation shown in Fig. 7c) demonstrates perfect cloaking. 

The incident EMWs reflect back from the reflecting surface 

in the same manner as from the ground. As a result, the 

triangular hump is completely concealed, and any object 

inside it is now invisible.    

 
 

 

Figure 7: a) An EMW source incident on a reflector plane. 

b) An EMW source incident upon a reflecting surface with 

a triangular hump. c) An EMW source incident upon a 

reflecting surface with a cloaked triangular hump using 

TrO theory results. 

Now a variety of simulation results that are performed at 

different incident angles  𝜃𝑖  are shown and discussed. The 

incident EMWs angle 𝜃𝑖 is measured clock-wisely from the 

normal to the triangular cloak surface. Three different cases 

of 𝜃𝑖  were studied;  𝜃𝑖 = 0°, 30°  and 45° . These three cases 

were demonstrated in order to test the ability of the cloak to 

completely conceal any object for any source angle. The 

simulation results of all the three mentioned cases (𝜃𝑖 = 0°,
𝜃𝑖 = 30° 𝑎𝑛𝑑 𝜃𝑖 = 45°) are shown in Fig. 8, Fig. 9, and Fig. 

10, respectively. For any incident angle  𝜃𝑖 , the invisibility 

cloak device has succeeded in applying the concept of carpet 

cloaking perfectly. The incident EMWs reflect back from the 

device in the same manner as if they reflect from the 

reflecting ground.   

The designed triangular invisibility cloak device has 

succeeded in achieving total invisibility. Any object that lies 

within the cloaked region is concealed from any incident 

EMWs and they reflect back from the reflecting surface as if 

they were reflected back from the ground beneath the device. 

This design conveys perfectly the concept of carpet cloaking. 
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Figure 8: θi = 0°. a) An EMW source incident on a reflector 

plane. b) An EMW source incident upon a reflecting surface 

with a triangular hump. c) An EMW source incident upon a 

reflecting surface with a cloaked triangular hump. d) A 

detailed view of the wave propagation inside the cloak. 

  

 

 

 

Figure 9: θi = 30°. a) An EMW source incident on a reflector 

plane. b) An EMW source incident upon a reflecting surface 

with a triangular hump. c) An EMW source incident upon a 

reflecting surface with a cloaked triangular hump. d) A 

detailed view of the wave propagation inside the cloak.   

 
 

 

 

 

Figure 10:  θi = 45° . a) An EMW source incident on a 

reflector plane. b) An EMW source incident upon a reflecting 

surface with a triangular hump. c) An EMW source incident 

upon a reflecting surface with a cloaked triangular hump. d) 

A detailed view of the wave propagation inside the cloak. 

6. Conclusion 

The main optical properties of MMs and their constituents are 

studied, along with the different mixing rules to implement 

the MMs using MGT and EMT. Additionally, the main 

concept of invisibility and the initial attempts by scientists to 

achieve it are discussed. An overview is given on the theory 

of Transformation optics in order to reach the desired values 

of the effective parameters. These exact values would 

produce the desired response of the MM to the incident 

EMWs. The response can be tailored at will in order to 

manipulate the path of light within the MM to achieve 

invisibility. 

The full detailed steps of designing a triangular non-magnetic 

invisibility cloak device are explained. In addition, the 

simulation results are shown and commented. The device was 

tested for different EMWs source angle. In all cases, it 

succeeded in achieving the concept of carpet cloaking; the 

EMWs reflected back from the device with no scattering and 

in the same manner as if they are reflected from the ground. 

Therefore, the triangular hump is perfectly concealed from 

any observer and it appears as a flat ground. Consequently, 

any object that is hidden beneath that hump is made invisible 

to the observers outside the system.     
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Abstract— Metasurfaces have gained fame for their ability to control the transmitted and
reflected phase front of waves. Here, we introduce a reflector-type acoustic metasurface designed
in such a way to control the phase front of reflected sound waves. The proposed structure can be
considered an acoustic counterpart of the electromagnetic reflectarray antenna. This structure is
very thin (λ/30), and possesses sub-wavelength unit-cells.

Shaping sound wavefront using acoustic components, such as acoustic lenses, acoustic reflectors
or acoustic phase array transducers, requires to control the phase of the transmitted wave, the
reflected wave or the source wave ([1],[2]). This article focuses on a special category of acoustic
metasurfaces called acoustic reflectarray metasurfaces, which enables the manipulation of reflected
phase front of acoustic waves.
Let’s consider a sound wave Pi impinging a surface with equivalent acoustic impedance of Zs =
Rs+jXs. The reflected wave is Pr = ΓPi, where Γ is the reflection coefficient. For normal incidence,
Γ = Zs−Z0

Zs+Z0
where Z0 is the acoustic impedance of the medium. Γ can be expanded as:

Γ =

√
(Rs − Z0)2 +X2

s e
jtan−1( Xs

Rs−Z0
)√

(Rs + Z0)2 +X2
s e
jtan−1( Xs

Rs+Z0
)
. (1)

The above equation shows that if the surface impedance has a finite imaginary part then the surface
applies a phase lag/lead to the reflected wave, depending on the sign of Xs, physically representing
the inductive/capacitive nature of the surface. If the real part of the surface impedance is very
small then it can be neglected and the magnitude of the reflection coefficient will be near unity and
the incident wave is reflected back from the surface with a phase lag/lead of φ = −2tan−1(Xs

Z0
).

We call “anomalous reflection” the phenomenon where an incident sound wave is not reflected in
the direction predicted by Snell’s law. In such case, the direction of reflection follows the generalized
Snell’s law:

sinθrcosφr + sinθicosφi = −1

k

∂ψ(x, y)

∂x

sinθrsinφr + sinθisinφi = −1

k

∂ψ(x, y)

∂y

(2)

where ∂ψ(x,y)
∂x and ∂ψ(x,y)

∂y are the reflection phase gradient of the surface in x and y direction.

To obtain a prescribed surface impedance, a membrane-capped cavity is proposed as a unit-cell
(Figure 1). In addition to its simplicity, this structure is ultra-thin and can be turned into a
tunable element. The acoustic impedance of the proposed structure (Zs) depends on the thickness
of the membrane where the reflection phase response of this element is depicted in Figure 2.

Figure 1: Membrane-capped cavity as a sub-wavelength cell unit for acoustic metasurface.



To design a reflectarray metasurface, we propose this step-by-step method:

• Discretize the surface into sub-wavelength elements.

• Design a cell element with corresponding size that produces a phase change in the range (0, 2π)
for a limited change of a design parameter of the cell (Figure 1). Here, the thickness of the
membrane is our design parameter .

• Using eq.2, find the required phase for each element of the discretized surface.

• Using the phase response diagram of the unit-cell, find the physical parameters that corre-
sponds to the required phase (Figure 2).

Figure 2: Phase response of the membrane caped cavity for θi = 0, φi = 0.

Following these steps, one can design a reflectarray metasurface with anomalous reflection prop-
erty. Figure 3 shows an example of sound wavefront manipulation using such metasurface for
normal incident wave (θi = 0, φi = 0) which is deflected in the θr = 30o, φr = 210o direction.

Figure 3: Comsol simulation of near-field and far-field radiation pattern, for θi = 0, φi = 0 and θr = 30o, φr =
210o.
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Abstract - We present an acoustic sensing system that combines acoustic metamaterials and 

multiplexed computational sensing. Acoustic signals are directly encoded on the physical layer by 

the tailored resonant modulations of metamaterials in the measurement stage; and the object 

information is computed with L1-norm regularization algorithms in the reconstruction stage. The 

experimental results of two sensing tasks are demonstrated. The presented system and its design 

method may be useful for sound source localization, robust speech recognition and can be extended 

to other acoustic imaging modalities. 

 

The flexible and tailorable acoustic responses of acoustic metamaterials provide unprecedented possibilities 

for acoustic wave controlling devices. In the past, acoustic metamaterials with negative refractive indices, high 

anisotropy, nonlinearities or other unconventional acoustic properties have been realized. With the 

ever-expanding metamaterial unit cell library, a variety of wavefront manipulation devices have been 

experimentally demonstrated (1, 2).    

Besides shaping the forward propagation of acoustic waves, acoustic metamaterials also promise novel ways 

in modulating and encoding acoustic sensing signals to aid the solving of inverse problems. In the realm of 

electromagnetic metamaterials, spatial or spectral encoding systems such as a microwave compressive imager (3) 

and a reconfigurable THz spatial light modulator (4) have been experimentally demonstrated for computational 

imaging. However, the corresponding area in the acoustic domain has not been well explored. 

Here we report an acoustic metamaterial-based computational sensing system. The single-sensor system can 

measure various properties of acoustic sources by encoding acoustic signals directly on the physical layer. The 

object information is reconstructed by inversion algorithms with the multiplexed measurement data collected by 

the single sensor.  

The system is designed to sense various properties (such as spatial locations, spectral content, etc.) of 

multiple sources confined in a plane. As shown in Figure 1, 36 fan-like waveguides, covering 360 degree full 

angle-of-view, offer resonant modulations for the incoming signals. The modulations are physically contributed 

by an array of Helmholtz resonators whose resonances are randomly distributed in both spatial and spectral 

domains. Such randomization generates highly uncorrelated spectral information channels for sound wave from 

different azimuths and ranges and allows the separation of multiplexed source signals with the reconstruction 

algorithms. Two sensing tasks are achieved with the same system: in the first task, the system tracks the spatial 

locations of multiple moving sound sources. In the second task, the system separates overlapping sound signals 

from multiple static sources and recognizes each individual content. For both cases, the measurement matrices 



2 

 

are built by stacking the rows of sampling vectors (different for the two tasks) at different frequencies and both 

matrices are designed to possess low mutual coherences to aid the solving of the inverse problems. Theoretical 

derivation of the forward model, experimental results as well as quantitative analysis of various sensing matrics 

will be presented. 

 

 

Figure 1. The acoustic metamaterial-based multiplexed sensing system. Top right diagram shows the one 

fan-like modulation waveguides. Bottom plots show the simulated amplitude patterns (normalized) of the 

measurement modes at 3000 Hz, 4000 Hz and 5000 Hz respectively. 

 

Our work present here demonstrates the exploitation of the wave modulation capacities of acoustic 

metamaterials for computational sensing tasks. Potential applications can be found for sound source localization, 

robust speech recognition and may be extended to other acoustic sensing modalities such as ultrasound imaging.  
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Abstract: 

We theoretically analyze the conditions of perfect absorption of elastic waves in two types of ultra-thin films. From the 

effective medium point of view, we find that when the film is of a large value of almost pure imaginary mass density and 

a free space boundary, or of a small value of almost pure imaginary modulus and a hard wall boundary, perfect 

absorption can be achieved. We design elastic metamaterials with large damping so as to achieve such effective media 

and therefore provide a practical method to realize broadband perfect absorption of elastic waves in ultra-thin films. 

 

Summary: 

The absorption of elastic waves is an important issue with wide applications in seismic waves, damping systems, etc. In 

this paper, we analyze the mechanism to achieve broadband perfect absorption for elastic waves by using an ultra-thin 

film. We consider elastic waves with angular frequency   propagating along the z  direction, and are incident on an 

ultra-thin film embedded in a background. Here, we assume the background and the film are both composed of isotropic 

solids. Therefore, when the incidence is in the normal direction, the transverse and longitudinal waves are uncoupled. 

 

 

Schematic graph of perfect absorption by using an ultra-thin film (a) with free space for u -constant case, (b) with a hard 

wall for  -constant case.Free space boundary enforces zero stress, while hard wall boundary enforces zero displacement.  

We have theoretically proved and numerically demonstrated the absorption of elastic waves in ultra-thin films with either 

imaginary large mass density and a free space boundary, or imaginary small modulus and a hard wall boundary. When 

the frequency dispersions of the imaginary mass density or modulus can be inversely proportional to or proportional to 

the frequency in a certain frequency regime,we can acheive broadband perfect absorption. We demonstrate that elastic 

metamaterials with large damping provides a feasible approach to realize the imaginary mass density with suitable 

dispersions for broadband absorption. Therefore, ultra-thin films composed of such metamaterials can in principle 

mailto:laiyun@suda.edu.cn


achieve broadband perfect absorption of elastic waves. 
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Abstract: A two-dimensional mass-spring system with Honeycomb lattice for topologically 

protected vibrational edge modes is proposed. Interestingly, as the system is placed on a constantly 

rotational coordinate system, the Coriolis force resulted from the non-inertial reference frame 

provides a possibility to break the time-reversal symmetry. Thus, caused from topologically 

non-trivial band gaps, phononic edge modes are present between bands, which are verified by the 

calculation of Chern numbers for corresponding bands. 

 

Recently, the thriving progress of topological properties in condensed matter has also led to a great interest in 

discovering similar phenomenon in other physics systems. In 2008, S. Raghu and F. D. M. Haldane [1-2] first 

proposed that the optical analogue of quantum Hall effect could be achieved by using periodically arranged 

gyromagnetic rods. Following this idea, many research groups have realized topologically protected one-way edge 

states theoretically [2-4] and experimentally [5]. Also, for topological insulator which breaks time-reversal 

symmetry for each spin but preserved it in whole system, two approaches of photonic analogue are proposed by 

employing periodically arranged meta-crystals and helical arrays [6-7]. Nevertheless, only few researches focus on 

the analogues of acoustic or phononic systems [8-10]. 

Here, as shown in Fig. 1a, we propose that a honeycomb lattice plane fabricated by rigid-body balls and soft 

springs. On rotational frame, the system neglecting centrifugal force is governed by equation of motions 

                                

     2 2 *

0 1 1 2 2 3 3 1
ˆ ˆ ˆ ˆ ˆ ˆˆ2 ni p   

            
 

ξ z ξ R R ξ η R R ξ η R R ξ η ,        (1-a) 
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η z η R R η ξ R R η ξ R R η ξ .        (1-b) 

By solving equation (1) as an eigenvalue problem, in fig. 1b we show non-trivial energy gaps that give rise to 

appearance of topologically protected edge states at  = 4 Hz. These states should be observed experimentally at 

low-frequency oscillation. To confirm the topological order of edge modes, we have numerically evaluated 

Chern number for each band. The formula of Chern number is expressed as 

  21 2n n
BZ

C d  k F ,                                (2) 

where Fn is the Berry curvature for the nth band, and the integration is taken throughout the first Brillouin zone. 

The result shows that, at  = 4 Hz, Chern numbers from the lowest to the highest band are given as [-1,0,0,1]. It 

shows edge modes in bands are topologically protected in association with net Chern number C = ±2. As long 

as the angular velocity is much less than characteristic frequency, the correction of equilibrium position is no need 

to be considered. Similar effect comparing with B field case is implemented under rotational circumstance. 

 



  

Figure 1: (a) A three-dimensional plot of the semi-infinite mass-spring ribbon ending with zigzag edges. (b) 

Frequency diagram in one dimension for a mass-spring ribbon end with bearded boundary applied constantly 

angular velocity at   = 4 Hz. 
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Abstract- Acoustic metasurfaces are devices that exhibit exotic wave manipulating properties with 
thin planar profiles. Building on our previous works of transmissive acoustic lenses and 
metasurfaces, we present here several reflective metasurfaces based on an expanded library of 
labyrinthine acoustic metamaterials. We demonstrate that by engineering the surface acoustic 
impedances, the reflected acoustic wavefront can be tailored with extended degree of freedom.  

 
Acoustic metasurfaces1, 2 are engineered surface structures3 that enable unprecedented wave manipulation 

with their planar profiles, subwavelength thicknesses. Owing to their large degree of design freedom and 
exceptional wavefront shaping capabilities, acoustic metasurfaces are highly desirable in various acoustic 
sensing and noise control applications. 

 

 
Fig. 1. Schematic diagram of (a) a lens that converts a cylindrical radiation to a plane wave, (b) a transmissive metasurface with 

anomalous refraction and (c) a reflective metasurface with tailored surface impedance for extraordinary reflection.  
 
We have previously demonstrated the design and experimental realizations of two types of diffractive 

acoustic metalenses4 and several transmissive metasurfaces2. The wave modulation of these devices 
aremodulation of these devices is based on the preconfigured abrupt phase variation along the wave propagation 
directions. For the two lenses, a conversion from a cylindrical radiation to a plane wave and a point-to-point 
beam focusing is achieved. For the metasurfaces, the engineered phase gradient along the surface allows for 
several unique properties including anomalous refraction, surface mode conversion and extraordinary beam 
steering. The phase modulation of these devices along the interface is physically realized by the carefully 
designed tapered labyrinthine acoustic metamaterials with different complex modulation capabilities5. Owing to 
the non-resonant mechanism and the inherent broadband nature of the labyrinthine cells, these devices exhibit 
high energy throughput as well as broad operation bandwidth.  

Building on our works on transmission metasurfaces, we present several reflective metasurface with 



            

engineered surface impedance to extend the functionalities of the family of acoustic metasurfaces. Based on an 
expanded library of labyrinthine acoustic metamaterials, which are generated with our unit cell automatic 
optimization algorithm, we demonstrate that an inhomogeneous locally reacting boundary can be achieved. 
Various local and nonlocal wavefront shaping properties are demonstrated, such as anomalous reflection, 
focusing and surface wave coupling. Particularly we will highlight several interesting diffractive controls of the 
incident beam with the tailored surface impedance.6  

Our work demonstrates an alternative route to the design of thin wavefront modulating metasurfaces besides 
the Generalized Snell’s Law based transmissive phase modulating metasurfaces. The reflective metasurface with 
engineered surface impedance, together with the transmissive metasurfaces, may find applications in acoustic 
sensing and noise control. 
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Abstract-Using a microfluidic device, we synthesized monodisperse porous silica particles, which 

act as microresonators when dispersed in a gel phase. The final dispersion presents a broad 

frequency range over which the phase velocity and the refractive index are negative. 

 

In the locally resonant approach, the achievement of a metamaterial requires the dispersion of entities much 

smaller that the incoming wavelength, which may act as resonators. Many experimental realizations of such 

metamaterials were achieved during the last 15 years, essentially taking the form of solid, most of the time 

1D or 2D, materials with many applications in the audible frequency range
1
. Unlike the mechanical 

engineering techniques that are usually applied to machine these solid structures, soft-matter techniques are 

very promising for the fabrication of metamaterials because they should yield 3D locally resonant metafluids, 

or so-called soft acoustic metamaterials
2
, which present the following advantages: macroscopic isotropy; 

broad versatility, as microfluidics
3
 allows the up-scaled production of micro-resonators with controlled sizes, 

shapes and compositions; potential tunability, as soft inclusions can be either deformed or oriented under 

external stimuli; and facile shaping and moulding, as the host matrix is fluid. A unique method of achieving 

3D negative-acoustic-index metamaterials is to benefit from strong low-frequency Mie resonances 

(monopolar and dipolar) of `ultra-slow' inclusions
4
. However, no dense homogeneous material possesses a 

sufficiently low sound speed to exhibit such a feature. By contrast, the use of porous systems should be more 

promising because the sound speed in porous media is very low
5
, with the latter depending on the ratio 

between the elastic moduli and mass density.  

Indeed, the large volume of air cavities present in porous materials causes them to be very soft (or highly 

compressible), thereby allowing these materials to exhibit very low elastic moduli while maintaining 

relatively high mass densities because of their solid skeletons. Particles composed of such `ultra-slow' 

materials (with velocity that can be as small as 100m/s) randomly dispersed in water (with velocity 1500 m/s) 

should exhibit an extremely large monopolar resonance, like air bubbles, thereby causing the suspension to 

exhibit a negative effective compression modulus. These fairly dense particles should also exhibit a strong 

dipolar resonance, producing a negative effective mass density in an overlapping frequency region. If they 

are considered as perfect (non dissipative) media, such `double-negative acoustic metamaterials are expected 

to have negative acoustic indices.  

 

Very recently, we showed that this approach was valid and could lead to a soft 3D acoustic metamaterial 

exhibiting a negative refractive index over a wide frequency band, thus paving the way to the realization of 

“perfect” acoustic Pendry lens in the ultrasonic range
6
. Initially performed using a soft porous silicone 



rubber to build up the micro-resonators, we extended this approach to the synthesis of a much simpler and 

widely explored material that consists of silica porous beads dispersed in a water-based gel. Our technique 

uses a combination of sol-gel chemistry and microfluidics for the synthesis of monodisperse 100 µm-sized 

porous silica particles (Figure 1). In this presentation, we will describe the synthesis technique, the 

characterization of the obtained particles and the acoustic properties of the silica particles suspension. More 

specifically, we will show that the obtained material exhibits a wide frequency range in which the refractive 

index is negative. The potential applications of such material will be discussed. 

 

 

Figure 1: 

Optical microscopy picture of silica gel particles obtained with a microfluidic device 
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Abstract-In this work we consider the interaction between picosecond acoustic pulses generated in 

a 300 nm thick Ni film and the localized Surface Plasmons of Au nanoparticles. The monolayer of 

gold nanoparticles, self-organized on top of the Ni film, allows us detecting the acoustic signal as a 

function of wavelength near their surface plasmon resonance. Near resonance, an amplification 

factor of 55 is measured as compared to the bare Ni film. Our approach precludes useful 

applications in opto-acoustics and magneto-acoustics. 

 

The generation of picosecond acoustic pulses in metals, using femtosecond optical pulses, is a well-known 

process [1] which has found several applications for example in acousto-optics, electro-acoustics or 

magneto-acoustics [2-4]. On the other hand, plasmonic structures efficiently enhance the transmission of light 

through subwavelength arrays of holes, near the surface plasmon resonances (SPR) of the meta-structure [5]. 

This effect is useful as well for applications in biology, chemistry and medicine [6]. From a dynamical point of 

view, the time dependent optical properties near the SPR of noble metal nanoparticles [7] or arrays of holes [8] 

result from the interplay between the real and imaginary parts of the metal dielectric function, involving mostly 

the Coulomb interaction, the electron-lattice interaction and the thermal diffusion to the surrounding medium. 

Here we consider picosecond acoustic pulses propagating in a meta-structure made of a Ni-film on top of which 

a single layer of self-organized Au nanoparticles is deposited. The study of the time dependent acousto-optic 

spectral response reveals a factor of amplification larger than 55 near the SPR as compared to the bare Ni film. 

The metastructure consists of: a sapphire substrate, a 300 nm-thick Ni layer and a monolayer of self-organized 

Au nanoparticles with 10 nm diameter deposited on it [9]. The strong dipolar interaction between the 

self-organized nanoparticles induces a red shift of the SPR to 680 nm (inset (1a) of Fig. 1) as compared to the 

individual nanoparticles (SPR at 526 nm). The acoustic pulses are generated at the Ni surface exciting through 

the Al2O3 substrate with femtosecond laser pulses with 4.4 mJ/cm-2 energy density. Part of the metastructure is 

not covered with nanoparticles, so that the acoustic pulses can be monitored (inset (1b) of Fig. 1).  After 

propagation through the Ni film, the acoustic pulses interact with the gold nanoparticles which time dependent 

reflectivity, as shown in Fig.1, is probed on the opposite side of the structure (nanoparticles side) with white light 

continuum pulses generated in a sapphire plate. Various wavelengths can be selected with a slit put in a prism 

compression line after the supercontinuum generation. The inset (1c) of Fig. 1 displays the spectral variation of 

an enhancement of the acousto-optic induced reflectivity. A factor 55 is obtained near resonance showing the 

interaction of the acoustic pulses with the surface plasmons.  



 

Figure 1. Spectro-temporal reflectivity of Au nanoparticles excited by picosecond acoustic pulses. Insert (a): 

static reflectivity spectrum showing the SPR, (b): temporal shape of the exciting acoustic pulse, (c): 

amplification of acousto-optic response at the SPR. 

 

Our results show that the use of self-organized Au nanoparticles as ultrashort acoustic pulse detector is a 

way to improve the sensitivity of ultrasonics sensors which can be used for example in the acoustic microscopy.  
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Abstract— We present a way to combine the isotropic resonance of gas bubbles in water and
the coherent multiple scattering of a disordered sample or bubbles in order to focus acoustic
energy beyond the diffraction limit using time reversal mirrors. In the realistic case where we
consider thermal and viscous losses we show that the low frequency modes have to be involved.

In the mid-nineties M. Fink and A. Derode carried out the first time reversal focusing exper-
iment for ultrasound propagating in a disordered multiple scattering medium [1]. They showed
that waves could thereby be focused with a finer resolution than in a homogeneous medium. The
focusing effect actually depends on the complexity of the propagation medium rather than on the
time reversal mirror itself. That important result contributes to create a new paradigm for the ma-
nipulation of waves in complex media: contrary to long-held beliefs disorder is not an impediment
to focusing and imaging but can be turned into allies for controlling waves.

More recently, it has been shown that it is even possible to beat the diffraction limit with the
help of a complex medium structured on the subwavelength scale and using a time-reversal mirror
placed in the far field [2]. This led to the concept of resonant metalens [3], a new kind of lens
comprising a dense arrangement of tiny resonators, each smaller than the relevant wavelength. The
key idea is that a finite size media made out of coupled subwavelength resonators support modes
that can radiate efficiently in the far field spatial information of the near field of a source.

First tested with microwaves, that concept has also been transposed to acoustics in the audible
range [4] as well as in optics [5, 6]. It actually appears that any medium of finite size consisting of
resonant unit cells and supporting subwavelength modes can be used for subwavelength focusing
from the far field using time reversal. Very conveniently, many of such media have been studied
recently in the field of metamaterials. Basically, metamaterials are engineered materials consisting
of a distribution (generally periodic) of unit sub-wavelength resonant cells.

It is well known that air bubbles in water exhibit a low-frequency acoustic resonance, known as
the Minnaert resonance. It was recently shown that the Minnaert resonance was preserved when
bubbles were entrapped in a soft solid [7]. Therefore, it makes bubbles perfect candidates for build-
ing acoustic metamaterials [8, 9].

Here we investigate numerically the ability of an ultrasound time-reversal mirror to focus inside
such a bubbly metamaterial with a subwavelength resolution. To that goal we built a numerical
code that fully incorporates the multiple scattering effect.
We first show that in the resonant range a deep subwavelength focusing can be achieved. Indeed,
focal spots as thin as λ/100 could be observed inside a disordered arrangement of 50−µm bubbles
in water (λ stands for the wavelength in water). Even with very diluted samples (φ = 1, 1 × 10−4)
one can report a confinment of field of λ/13.
We then discuss the practical application of such results by incorporating thermal and viscous
damping in the model. Although, the resonant range cannot be exploited anymore, because the
dissipation then overcomes the scattering, it is still possible to consider the low frequencies range
where the sample behaves as an effective medium whose refractive index can be tuned by setting the
scatterers concentration φ. Interestingly enough, in both ranges the acknowledged performances
verify the analytical predictions provided by Independant Scattering Approximation (ISA).



Figure 1: The bubble sample undergoes a short ultrasonic impulsion which yields to an extended coda-like
recording. This signal can be time-reversed and repropagated through the sample thanks to several time
reversal mirrors. The resulting focus spot is reported in time and space (b-scan) in c. As a comparison we
report in b the spatiotemporal field after that the same operation was processed in free space. Here the
concentration of scatterers is φ = 1.1 × 10−4.
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Abstract- We report about the magnetization dynamics in two magnetically coupled ferromagnetic 
films. The structure (Ni/Au/Py) is excited by longitudinal strain pulses generated by femtosecond 
optical pulses. The measurement of the precession dynamics in both films, using a femtosecond 
Kerr Magneto-Optical set-up, reveals the coupling between the two oscillators. This work is a new 
step towards controlling magnetic multilayers or metamaterial devices at a sub-micron scale by 
inducing a picosecond perturbation of their magnetic moments. 

 

In ultrafast magnetism one can modify the magnetization vector ( )M t


 of ferromagnetic metals with respect 

to its initial conditions defined by the direction and amplitude of the effective field. When the dynamics is 

induced by heating the charges and spins both the modulus and orientation of ( )M t


 are changed due to the 

demagnetization (Curie-Weiss variation) and torque dynamics (Landau-Lifshitz torque dynamics). The 
corresponding dynamics is observed in time resolved magneto-optical (M.O.) measurements, where the 
amplitude and phase of the signals allows retrieving the magnetization trajectory [1]. Alternatively, one can 
affect only the torque by using picosecond acoustic pulses [2] which modify the magneto-acoustic properties of 
the material as the pulse strain propagates longitudinally [3]. In the present work, we go one step further by 
studying the effect of coupled magnetic films which are excited by such acoustic pulses. It induces torques in Ni 
and Permalloy (Py) films grown on top of each other and separated by a gold buffer film. The precession 
dynamics is then measured on the different films for different orientations of an external field. It is shown that 
the two films behave as coupled oscillators. 

The multilayer structures are either Al2O3/Ni/Au/Py (Ni=100 nm, Au=5 nm, Py=30 nm) or Al2O3/Py/Au/Ni 
(Py=100 nm, Au=5 nm, Ni=30 nm). For reference, the top films are only deposited on part of the sample. The 
acoustic pulses are generated by 50 fs optical pulses from an amplified Ti:S laser running at 5 kHz. The optical 
pulses are exciting the structures on the substrate side and the precession dynamics is measured on the back side 
using a conventional magneto-optical set-up, with a polarization bridge and a synchronous detection technique. 
A static external field is applied with an angle  with respect to the normal to the sample. 

Figure 1(a) shows the time dependent acoustic pulses as measured in the sample Al2O3/Ni/Au/Py (Py 
acoustic pulse) and Al2O3/Ni (Ni acoustic pulse). The delay of 7.5 ps between the two signals is due to the 5 nm 
Au and 30 nm Py films. Figure 1(b) shows typical dynamical signals on Ni/Au/Py and Ni with the characteristic 

oscillations associated to the projection of ( )M t


onto the axis of propagation, perpendicular to the film. To show 

the effect of the coupling between the two oscillators, we compare in figure 1(c) the precession periods (TNi, TPy, 



and TNi-Py) as a function of the angle for the individual Ni and Py films, and the Py film on top of Al2O3/Ni/Au. 
The decrease of all precession periods with increasing is due to the projection of the static field which is larger 
in the sample plane as  increases (increasing total effective field). The precession period of the permalloy film 
drastically changes in the presence of the Ni film, to the point that the TPy and TNi-Py curves cross for an angle 
  4°, therefore revealing the coupling between the two oscillators. Other configurations of fields can be 
implemented, like having the Ni precession faster than Py. Let us emphasize that the thickness of the Au film 
insures that no exchange interaction occurs between the coupled oscillators. Conversely a fine adjustment of this 
buffer layer allows exploring the effect of exchange interaction between the oscillators, showing the versatility 
of our methodology, as will be reported extensively.  

In conclusion we have designed a methodology for studying the dynamics of oscillators made of various 
magnetically coupled metallic films with a temporal accuracy defined by femtosecond optical pulses. It is of 
great importance for investigating the fundamental interactions like the dipolar or exchange coupling which are 
at the origin of torque induced effects in spintronic devices. The method, as will be shown, can be also 
implemented in a magneto-optical confocal microscopy configuration to obtain local information about the 
torque dynamics in sub-micron metastructures.   
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Figure 1: Precession dynamics of the individual and coupled ferromagnetic films. (a) acoustic pulses from 

the Ni and Ni/Au/Py films. (b) Magneto-optical signals for  = 4° and the Ni (full curve) and Ni/Au/Py (dashed 
curve) structures. (c) Variations of precession periods TNi (close dots), TPy (open dots) and TNi-Py (crosses) 
structures. 
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Abstract- We investigate the possibility to design gradient-index lenses for flexural waves propagating 

in thin plates. We experimentally explore the dynamics of an elastic plate whose thickness varies radially. 

We design the right thickness profile to form the equivalent in elastodynamics of the Maxwell’s fisheye 

lens in optics. Its imaging properties for a Gaussian pulse are very similar to those predicted by ray 

trajectories (great circles) on a virtual sphere. 

 

The Maxwell’s fisheye lens first appear in a problem posed by J. C. Maxwell in 1854 [1]. In his work, J. C. 

Maxwell imagine an optical system able to force optical rays emitted by a point source to refocus at the same 

image point. All ray trajectories must be circular. To solve this problem one is required to design an optical 

medium with a spatially modulated refractive index following the equation n(r) = 2/(1+r²). Furthermore, such a 

solution can be thought of as a virtual sphere stereographically projected on a plane, which makes a 

transformation optics device. [2] 

The dispersion relation of flexural waves in plates offers several degrees of freedom to engineer at will the 

refractive index. Among them, the thickness of the plate is an easy parameter to tune enabling to obtain the 

desired index profile. By this mean, we have built an equivalent to the Maxwell fish-eye lens in optics, but for 

flexural waves. A 30cmx30cm square plate has been circularly carved to get a thickness variation from 2 mm 

(outer circle) to 0.5 mm. A piezo electric ceramic is used to emit circular pulsed waves at one edge of the lens 

and the vertical displacement at the surface of the plate is measured point by point using a laser vibrometer. 

Absorbing material at the plate edges limits spurious reflection. Almost perfect refocusing is observed at the 

symmetrical point of the lens. Figure 1 presents snapshots of the elastic field at 4 different times. The resulting 

lens possesses imaging properties very similar to those predicted by ray trajectories [3]. We show however that 

the refocusing time depends on the carrier frequency as a direct consequence of the dispersive nature of flexural 

waves in thin plates. Importantly, experimental results are in good agreement with finite-difference time-domain 

simulations. [3]  

This experimental demonstration opens the way to a lot of potential devices in the same vein, based on index 

variation.  



 

Figure 1: Velocity field distribution measured at four different times: t=50, 100, 150, and 200 µs. The source is at the top 

left and emits a Gaussian pulse centered at f0=60 kHz. The time origin is set at the beginning of emission. Red lines: 

positive amplitudes; blue lines: negative amplitudes. Color scale is identical in all four snapshots. The black circles indicate 

contour lines of equi-thickness. 
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Abstract-A class of honeycomb acoustic metamaterial possessing lightweight and yet 

sound-proofing properties is designed and experimentally verified. This metamaterial having a 

remarkably small area density can achieve low frequency (< 500 Hz) sound transmission loss (STL) 

(>45 dB). The high STL is attributed to the large acoustic impedance and the broad-band negative 

effective density introduced by no-mass-attached membranes. The proposed metamaterial can also 

be used as the core in sandwich structures that could exhibit strong, lightweight, and 

sound-proofing properties.   

 

Lighter weight materials are always more desirable in real-world applications yet have poor acoustical 

performance. They allow sound to pass through easily due to the mass law. Traditional noise insulation methods 

have excellent performance in high frequencies but failed at low frequencies. Recent studies on membrane-type 

acoustic metamaterials (AMMs) achieve excellent noise reduction at low frequencies with minimum weight 

penalties. Locally resonant membrane-type AMMs1 were first proposed by attaching a small mass onto the 

membrane with clamped boundaries. Shortly after, no-mass-attached membranes or plates clamped at boundaries, 

which are lighter, were also investigated for improving the STL at low frequencies2.  

Honeycomb structures with hollow cells are widely used in constructing lightweight yet strong structures. 

However, honeycomb structures have poor acoustic performance due to the holey cells and lightweight. In this 

study, a honeycomb acoustic metamaterial (HAMM) was designed and experimentally validated. Figure 1(a) 

shows a unit cell of the HAMM where an isotropic membrane is adhered on the top of the honeycomb structure. 

The effective static density of the metamaterial composite  was 41.58 kg/m3, which inherited the lightweight 

property of the honeycomb structure. The mass per unit area of the metamaterial composite was 1.05 kg/m2 in 

comparison to 15 kg/m2 for mass-attached membrane-type metamaterials3. The HAMM sample is shown in 

Figure 1(b). The sound transmission tests were conducted and numerical simulations were performed using 

COMSOL Multiphasics 4.4. Figure 2 shows the experimental and simulation results. The simulated STL results 

captured the same trend as the experiment with different loss factors. Acoustic impedance of the membrane can 

be used to interpret the high STL at low frequencies. The acoustic impedance of the membrane with fixed 

boundaries at the first resonant frequency vanishes, implying perfect sound transmission, while at frequency ≈ 0 

it exhibits an extremely large value, resulting in a total reflection. The anomalous STL can be also understood by 

examining the negative density induced by the membranes. Below the first resonant frequency, the effective 

density becomes negative which leads to an evanescent decaying wave inside the membrane. Since the magnitude 

of the effective density increases with decreasing frequency, the decaying length of the evanescent wave reduces 

as the frequency deviates from the lowest eigenfrequency, resulting in a greater STL.   
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Figure 1. (a) Unit cell of the HAMM. (b) The metamaterial prototype.  Figure 2. Experimental and simulation STL results. 

Figure 3 shows the STL of a sample where two membranes were adhered on both the top and bottom sides 

of the honeycomb. The STL at low frequencies remarkably increased due to the addition of the second 

membrane. The two-membranes metamaterial can achieve low frequency (< 500 Hz) STL >45 dB. 

 

Figure 3. Comparison of the STL for metamaterial sample with two membranes attached and the metamaterial sample with 

a single membrane.    

In conclusion, the use of no-mass-attached membrane-type acoustic metamaterials leads to excellent 

acoustical performance with minimum weight-penalty. With a slight modification, the proposed metamaterials 

could even be proven structurally strong at the same time. Such a material can be extremely useful for aerospace 

and other transportation industries. 
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Abstract- We design and experimentally demonstrate an acoustic metamaterial localization cavity 

which is used for sound pressure level (SPL) gain using double coiled up space like structures. This 

unique behavior occurs within a subwavelength cavity that is 1/10
th
 of the wavelength of the 

incident acoustic wave, which provides up to a 13 dB SPL gain. We show that the amplification 

results from the Fabry-Perot resonance of the cavity exhibiting simultaneously high effective 

refractive index and effective impedance.  

 

To confine the acoustic energy into a small volume, it is necessary to create a subwavelength 

region surrounded by a high impedance, Z, and a high index of refraction, n, that provide highly 

efficient sound entrapment and miniaturization of the device, respectively. However, materials that 

exhibit both high Z and n values are virtually nonexistent in nature because the speed of sound (c) in a 

material generally increases with the density (). Acoustic metamaterials are promising candidates for 

circumventing this fundamental limitation because artificial periodic structures can be manipulated to 

achieve unprecedented control over sound wave propagation. 

In this study, the acoustic metamaterial cavity that is designed and constructed for this study is 

shown in Fig. 1a. This sample has dimensions of 10 × 4.2 × 13 cm with a unit cell size, a, of 1 cm. We 

design three different samples, as shown in Fig. 1b, with identical unit cell sizes but different structures. 

Thus, different path lengths, l, are obtained by changing the flange length, w. The localization cavity is 

created using two acoustic metamaterial slabs that are separated by a subwavelength air gap, g, to form 

a cavity. The stiff corrugated structures form an artificial “zigzag” path along the direction of wave 

propagation, effectively creating a “coiling-up” space [1-3]. 

 

Figure 1 (a) acoustic metamaterial cavity composed of double coiled up space like structures. (b) three 

samples with progressively shorter path lengths, l, obtained by decreasing the flange length, w. 



Such a structure is ideal for the versatile control of neff and Zeff because progressively longer paths 

can be easily realized by elongating the flange length, as can be seen for samples 1 to 3. The 

amplification rate of the metamaterial cavity is measured in an anechoic chamber using a B&K 

microphone that is placed inside the cavity to measure the sound pressure level (SPL). We use 

COMSOL, a finite element software package, to theoretically predict and compare the SPL using the 

structure as aluminum and air as the working fluid.  

 

Figure 2 (a) experimental (lines with dots) and simulated (lines) sound level gains for samples 1, 2 ,and 3 

with g = 1 cm; experimental peak frequency for each sample was f = 990, 1420, and 2880 Hz, respectively; 

white noise with a frequency range of 71 Hz – 5.65 kHz was used for signal generation; (b) experimental (lines 

with dots) and simulated (lines) sound level gains for sample 1 with g = 1, 2, and 3 cm; peak frequency for each 

case was 990, 741, and 621 Hz, respectively. 

 

The results in Fig. 1c show that sample 1, which has the highest refractive index, produces the 

highest gain of up to 13 dB at a fundamental frequency of 990 Hz. This result is in almost agreement 

with the theoretical prediction. At this frequency, the wavelength is approximately 35 times the 

periodicity and 10 times the total length of the structure in the direction of wave propagation. The 

figure shows that progressively lower gains and higher fundamental frequencies are observed for 

samples 2 and 3 as the path length is reduced by decreasing w. In addition, we demonstrate novel 

independent control of neff and Zeff, which is unprecedented in conventional materials, thereby paving 

the way for limitless applications in a variety of areas. 

The versatile scalability of our design enables its usage over wide frequency ranges, which can be 

applied to ultrasonic transducers and imaging when micro- or nano-fabrication techniques are used. 
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Abstract-We have realized topologically protected one-way acoustic edge states by utilizing a 

sonic crystal containing circulating air flow. The introduction of air flow breaks the time-reversal 

symmetry of the sonic crystal, and induces nontrivial topological properties of acoustic bands. The 

Chern numbers of the associated acoustic bands are verified to be nonzero by our tight-binding 

model, and the simulated field distributions demonstrate that the one-way edge states are robust to 

various kinds of defects on the boundaries.  

 

Recent explorations of topology in physical systems have led to a new paradigm of condensed matters 
characterized by topologically protected states and phase transition, for example, topologically protected 
photonic crystals1,2 enabled by magneto-optical effects. However, in other wave systems such as acoustics, 
topological states cannot be simply reproduced due to the absence of similar magnetics-related sound-matter 
interactions in naturally available materials. Here, we propose an acoustic topological structure by creating 
an effective gauge magnetic field for sound using circularly flowing air in the designed acoustic ring resonators. 
The created gauge magnetic field breaks the time-reversal symmetry, and therefore topological properties 
can be designed to be nontrivial with non-zero Chern numbers and thus to enable a topological sonic 
crystal, in which the topologically protected acoustic edge-state transport is observed, featuring robust one-way 
propagation characteristics against a variety of topological defects and impurities. Our results open a new 
venue to non-magnetic topological structures and promise a unique approach to effective manipulation of 
acoustic interfacial transport at will. 
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Abstract 
We introduce the concept of localized acoustic surface 
modes (ASMs). We demonstrate that they are induced on a 
two-dimensional cylindrical rigid surface with 
subwavelength corrugations under excitation by an incident 
acoustic plane wave. Our results show that the corrugated 
rigid surface is acoustically equivalent to a cylindrical 
scatterer with uniform mass density that can be represented 
using a Drude-like model. This, indeed, suggests that 
plasmonic-like acoustic materials can be engineered with 
potential applications in various areas including sensing, 
imaging, and cloaking.  

1. Introduction 
The current interest in plasmonics [1,2] is fueled by its 
promising applications in various areas [3] ranging from 
Biosensing [4], subwavelength imaging [5], energy 
harvesting [6], nanoelectronics [7], lighting [8], and 
photovoltaics [9]. Plasmonics studies the interaction of 
electromagnetic fields with metals at optical frequencies 
[2], and more recently, with graphene layers at terahertz 
(THz) frequencies [10-13]. This interaction results in 
generation of surface plasmon polaritons, i.e. strong 
electromagnetic fields localized to a subwavelength region 
on the interface between the metal and dielectric [2]. Field 
localization and amplification take place at frequencies 
around the plasma frequency ω p  of the metal used. For 
example, for gold, ω p = 2π × 350 THz , which explains 
why surface plasmons are induced on metals only at optical 
and near-infrared frequencies [14]. To overcome this 
limitation, Pendry et al. have proposed to use a corrugated 
metal surface patterned with subwavelength holes or slits, to 
generate surface plasmons at THz and gigahertz (GHz) 
frequencies, [15] and showed that the effective permittivity 
of the equivalent medium possesses a plasma-like 
frequency, which can be tuned by varying the geometrical 
parameters of the corrugated surface [15]. These engineered 
surface plasmons, termed “spoof” plasmons, have opened 
new vistas in designing plasmonic devices/metamaterials 

with operating frequencies at THz and GHz parts of the 
spectrum [16-22]. 

Similarly, there has been an increasing interest in 
designing acoustic metamaterials, since Sheng et al. have 
demonstrated, for the first time, that dynamic mass density 
and bulk modulus can be obtained using locally resonant 
sonic materials [23]. However, unlike photonic 
metamaterials, which make use of surface plasmons to 
generate the desired dispersion characteristics, acoustic 
metamaterials almost exclusively rely on geometrical 
properties of their meta-atoms. This is due to the fact that 
surface plasmons do not exist naturally in acoustics [24]. As 
a result, design of acoustic metamaterials has made use of 
mostly phononic (or sonic) crystals, counterpart of photonic 
crystals, and resonant cavities or pipes [24-35]. This is, 
from many aspects, a major limitation of acoustic 
metamaterials, and their applications in areas that could 
benefit from acoustic plasmonic-like features. 

To circumvent this limitation, one-dimensional (1-D) 
structures with subwavelength gratings, which can support 
acoustic modes confined to the surface, have been proposed 
[36-38]. It should be noted here that these modes are 
“acoustic versions” of the propagating electromagnetic 
surface plasmons and should not be confused with “acoustic 
surface plasmons” that correspond to collective low-
frequency excitations at metal surfaces [39,40]. Even 
though acoustic modes propagating on corrugated rigid 
surfaces have been well studied, to the best of our 
knowledge, their localized versions are yet to be 
investigated. To this end, in this work we introduce the 
concept of localized acoustic surface modes (ASMs) 
supported by corrugated rigid surfaces and demonstrate that 
such surfaces are equivalent to uniform scatterers with mass 
density that can be represented using a Drude-like model. 
These are achieved in two steps.  First we demonstrate that 
propagating ASMs could be generated on 1-D corrugated 
rigid surfaces. Then, the results of 1-D propagating ASMs 
are used as a guide to design a 2-D corrugated rigid surface 
that supports localized ASMs. 

Our findings demonstrate for the first time that localized 
plasmons can go acoustics. These findings will open up new 
vistas in designing acoustic devices with promising 
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applications in many areas, including non-destructive 
sensing, subwavelength focusing and resolution, cloaking, 
and medical imaging. 

 
Figure1: 1-D rigid grating supporting propagating ASMs. 
An acoustic plane wave incident on the rigid grating 
induces propagating ASMs.  

2. Results 
In acoustics, a rigid material defines a medium where field 
propagation is prohibited. On surfaces of these materials, 
the condition of zero normal derivative of pressure, i.e. 
∂p / ∂n = 0 , where p  is the pressure field and  n  is the 
surface normal, is satisfied. The same condition can be 
expressed, using the velocity field  v  as   n ⋅ v = 0 . These 
conditions ensure that pressure and velocity fields do not 
penetrate into the rigid obstacle. A good example of rigid 
materials is steel. The fields p  and  v  satisfy the equation 

 iω p =κ∇ ⋅ v , where κ  is the bulk modulus of the material, 
and ω  is the frequency of excitation. This relation is valid 
for inviscid fluids, and is derived using the conservation of 
momentum assuming the absence of shear, and a time 
harmonic dependence e− iωt  for the fields. 

2.1. Propagating ASMs induced on 1-D rigid gratings 

Consider a 1-D perforated acoustically rigid material as 
shown in Fig. 1. The width and the height of the air-filled 
periodic grooves are represented with a  and h , 
respectively. The period of the grating is Λ . The structure 
is excited by an acoustic pressure plane wave generated by 
a transducer residing in air. It is assumed that a << λ0 , 
Λ << λ0 , and h << λ0 , where λ0 = 2πc0 /ω  is the 
wavelength in air. Here, c0  is the speed of sound in air and 
ω  is the frequency of the incident field. The grating in Fig. 
1 supports propagating acoustic surface waves. The 
pressure and velocity fields associated with these waves can 
be expressed in the following form [2,15]  

 

p(y,z) = 1
Λ

β0
βy

eiβASMz+iβyy ,

v(y,z) = −(βASM / βyŷ + ẑ)
1
Λ
eiβASMz+iβyy .

                            

(1) 

Here, βASM  represents the propagation constant of these 
waves, β0 =ω / c0 = 2π / λ0  is the free space wave number, 

and βy = β0
2 − βASM

2 . Note that the condition 
βASM < β0 =ω / c0  should be satisfied for the waves 
described by Eq. (1) to be propagating. To find the 
dispersion relation, i.e. to express βASM  in terms of ω , the 
following steps are followed: (i) The expressions of the 
fields inside the air-filled periodic grooves for different 
diffraction orders are obtained under the assumption 
a << λ0  and Λ << λ0 . (ii) Continuity conditions of the 
normal components of the velocity and the pressure are 
applied to obtain the reflection coefficient ζ 0  associated 
with the specular diffraction [2]:  

 ζ 0 = −
1+ iΣ0

2 tan(β0h)β0 / βy

1− iΣ0
2 tan(β0h)β0 / βy

.
                                            

(2) 

Here, Σ0 = a / Λ  sinc(βASMa / 2)  is the secular overlap 
integral (sinc is the cardinal sine function). Note that Eq. (2) 
is valid for a << λ0  and Λ << λ0 . (iii) It is clear from Eq. 
(2), that for evanescent waves, i.e. βASM > β0 , ζ 0  has one 
pole corresponding to the dispersion relation of the ASM: 

βASM = ω
c0

1+ Σ0
4 tan2(ωh / c0 ).

                                          
(3)  

First, acoustic field interactions on the grating without the 
rigid ground layer (i.e. only alternating layers of rigid 
material and air) are characterized. For this grating, 
Λ = 1 mm , h = 1.78Λ , and a = 0.11Λ . The transmittance 
and reflectance of this structure are computed using a finite-
element solver for λ0  changing from 0.1Λ  to 7Λ  and are 
plotted versus the normalized wavelength λ0 /Λ  in Fig. 
2(a). It can be seen that more than one peak with amplitudes 
reaching high values (almost 1 for the first order resonance 
with the highest wavelength) appears in the transmittance 
spectrum. The resonance wavelengths can be calculated 
using matching conditions of the effective impedance of the 
alternating layers with that of the background medium, i.e. 
air. These characteristics of the spectrum can be understood 
in the context of extraordinary transmission through 
subwavelength apertures analyzed for electromagnetic 
fields [41] as well as for acoustic fields [42,43]. It has been, 
in particular, shown that the surface acoustic modes, which 
enable the extraordinary transmission in acoustics, are 
fundamentally different from electromagnetic surface 
plasmons, which enable the extraordinary transmission in 
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electromagnetics and optics, because the acoustic modes 
always hybridize with Fabry-Perot modes and are not truly 
surface modes [43]. However, if one adds a rigid material 
below the alternating layers (as shown in Fig. 1), it is 
possible to have ASMs similar to spoof plasmons of 
electromagnetics, which is the contribution of the work 
described here.  

 
Figure2: Characterization of ASMs on the 1-D rigid grating. 
(a) Transmission/reflection spectrum of the alternating 
layers of the rigid material and air (without the ground layer 
made of rigid material) vs. the wavelength normalized with 
grating period. (b) Pressure field distribution around the 
rigid material layer at wavelengths corresponding to 
maxima of the transmittance (first, second and third order 
modes, respectively). (c) Dispersion curve associated with 
the propagating ASMs. (d) Phase of the transmittance ζ 0  
given by Eq. (2). 

Next, the ASMs propagating on the grating with the 
rigid ground layer (as seen in Fig. 1) are characterized. The 
same values of Λ , h , and a  are used. Figure 2(c) plots the 
dispersion relation associated with the ASMs propagating 
on the grating, [described by Eq. (3)], versus the normalized 
wave number βASM / kp . Here, kp = π / 2h . In Fig. 2(c), 
also, the dispersion curve of ASMs propagating on the 
interface between air and a material, whose density is 
represented using the Drude-like model with plasma-like 
frequency ω p = c0π / 2h , is plotted. The figure shows that 
for small values of the wave number (in the static limit), 
both dispersion relations are linear and identical to that in 
air (marked with black dotted line). When the wave number 
is increased, the dispersion curves get “flatter” and 
eventually converge to ω p / 2  (marked with green dotted 
line) outside the sound-cone (i.e. ω ≥ c0βASM ). This 
behavior is very typical of electromagnetic surface 
plasmons observed at optical frequencies [2] and shows that 
the rigid grating gives rise to similar characteristics in 
acoustics. These results suggest that the rigid grating can be 
effectively treated as a homogeneous Drude-like layer with 

plasma-like frequency ω p = c0π / 2h , which depends only 
on the speed of sound and the height of the grooves. 

2.2. Localized ASMs induced on corrugated 2-D 
surfaces 

Consider now an infinitely long corrugated cylindrical 
surface, made of acoustically rigid material, as shown in 
Fig. 3(a). The surface is modeled in 2-D space, as a 
corrugated circular curve residing on the x − y  plane. The 
radius of the curve is R , and it is corrugated into N  
sectors, of equal arc length RN = 2πR / N . The 
complementary corrugation [shown in gray in Fig. 3(a)] is 
filled with a material with density ρrρ0  and modulus κ rκ 0 . 
Here, ρ0 = 1.225 kg/m3  and κ 0 = 1.4 ×105  Pa , are the 
density and modulus of air, where the structure is residing. 
The corrugated cylinder is excited by an acoustic plane 
wave, propagating in the x  direction, with unit amplitude 
pressure field and equal velocity field components in x  and 
y  directions. It is assumed that RN << λ0 . 

 
Figure3: 2-D Corrugated rigid cylinder and its equivalent 
model. (a) Corrugated rigid cylindrical surface of radius R  
with N  sectors. (b) The complete circular region that is 
acoustically equivalent to the corrugated surface in (a). 
Effective mass density and bulk modulus of this region, 
ρeff  and κ eff , depend on the geometry of the corrugated 
surface and the properties of the material filling the 
complementary corrugation. 

The simulations of acoustic interactions on the 
corrugated cylinder are carried out using a finite-element 
solver, for λ0  changing from 2.5R  to 5R . For these 
simulations, R = 100 mm  and N = 120 ; and the 
complementary corrugation is filled with air, i.e. ρr = 1  and 
κ r = 1 . After each simulation, the scattering cross section, 
σ SCS , of the corrugated cylinder is computed (see Methods 
section). Note that since there is no absorption (i.e. loss) 
associated with the rigid surface, σ SCS  is equal to the 
extinction cross section. Figure 4(a) plots σ SCS / 2R  of the 
corrugated cylinder vs. λ0 / R . Several resonance peaks 
corresponding to the different resonances of the corrugated 
cylinder are identified. Similar to the 1-D grating scenario, 
this suggests that this structure is acoustically equivalent to 
a complete circular scatterer of radius R  with plasmonic-
like effective medium properties [Fig. 3(b)]. Here, we 
propose that the effective density ρeff  of this medium can 
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be represented in terms of a Drude-like model, as was done 
for the 1-D case in the previous section: 

ρeff (ω ) / ρ0 = 1−ω p
2 /ω 2.

                                                    
(4) 

It is assumed that the effective bulk modulus of the 
effective medium κ eff =κ 0 . It should be clear here that the 
plasma-like frequency ω p  depends on the geometry of the 
corrugated cylinder, defined by R  and θN , and the 
properties of the material filling the complementary 
corrugation, defined by ρr  and κ r . For frequencies 
ω <ω p , one can see immediately that the density takes 
negative values, contrary to all existing materials in nature. 
This means that the acceleration becomes π  out of phase 
with the dynamic pressure gradient. Electromagnetic 
equivalent of this phenomena is having Re(ε r ) < 0 , where 
ε r  is the relative dielectric permittivity. Noble metals 
satisfy this condition at optical frequencies and have been 
extensively used in the generation of plasmonic effects. The 
potential of having materials with density described with 
Eq. (4) in acoustics [as seen in Fig. 4(a)], even in the 
effective long wavelength limit, would be a tremendous 
breakthrough by no less than making most of the 
applications of plasmonics adapted to acoustics.  

To verify these claims, σ SCS  of the equivalent complete 
circular scatterer of radius R  filled with effective medium 
with ρeff  and κ eff  is compared to that of the corrugated 
cylinder. Finite-element simulations are carried out using 
the same excitation parameters. For these simulations, the 
plasma-like frequency of the effective medium is 
ω p = c0π / 2R , which depends clearly, only on the radius 
of the corrugated cylinder, and as stressed above, only valid 
in the limit when the size of the building sectors is much 
smaller than the wavelength. Note that this expression is 
predicted using the result of the 1-D grating analysis and it 
is same as the one provided in the previous section, by 
changing h  to R . For R = 100 mm , plasma-like frequency 
becomes ω p = 2π ×1.2 kHz . Figure 4(a) compares σ SCS  of 
the corrugated cylinder and the equivalent model. One can 
see that both σ SCS  undergo multiple resonances in the range 
of wavelengths between 2.75R  and 3.5R . From this graph, 
one can see that the effective material approximation is 
quite accurate in predicting the spectral shapes of the 
resonances: A broadband first order mode at the largest 
wavelength, and narrowband higher order modes at smaller 
wavelengths can be observed for both scenarios. 
Additionally, the resonance wavelengths of the different 
modes can be fairly predicted using the equivalent scatterer. 
The discrepancy between σ SCS  of the corrugated cylinder 
and its equivalent model is due to the fact that the 
expression of ω p  is predicted from the analysis of a 1-D 
rigid grating, which may not be very accurate for the 2-D 
corrugated cylinder. To get more insight into the nature of 
the resonances seen in Fig. 4(a), upper and lower panels in 

Fig. 4(b) plot the amplitude of the pressure field distribution 
around the resonance wavelengths of the modes for the 
corrugated cylinder and its equivalent model, respectively. 
Note that the scales of both panels are different, because for 
the corrugated case, the amplitude of the pressure field 
reaches very high values in the narrow space between the 
different sectors. These figures clearly show that the 
distribution of the pressure fields excited on the corrugated 
cylinder and its equivalent model are similar, as expected. 
The number of maxima of the modes of orders 6, 8 and 10 
(from left to right in the figure) is the same for both 
structures. These confirm the accuracy of “replacing” the 
corrugated cylinder by its equivalent model with dispersive 
mass density. Additionally, the peaks in the spectra of σ SCS  
around λ0 = 3R  (i.e. ω = 2πc0 / 3R ) are generated by the 
equivalent model, with negative mass density [see Eq. (4), 
note that 2πc0 / 3R <ω p = c0π / 2R ]. This just means that 
the corrugated cylinder behaves effectively as a negative-
density medium in this spectral range. 

 
Figure 4: Comparison of acoustic field interactions on the 
corrugated cylinder and its equivalent model. (a) Scattering 
cross section of the corrugated cylinder and its equivalent 
model vs. the wavelength normalized with the radius of the 
cylinder. The inset shows the Drude-like density dispersion 
of the equivalent cylinder given by Eq. (4). (b) Pressure 
field distribution around the corrugated cylinder (upper 
three) and its equivalent model (lower three) at resonant 
frequencies of the three modes, marked with points of 
green, blue and red color respectively, in (a). 

The equivalency between the acoustic responses of the 
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Drude-like density is only valid for acoustic fields external 
to the cylinders. The effective Drude cylinder cannot be 
accurately used to model the behavior of the acoustic fields 
inside the corrugations (sectors of the cylinder shown in 
Fig. 3). The explanation is that inside a Drude-like material, 
acoustic fields decay exponentially, whereas within the 
sectors of the corrugated rigid cylinder there exists a 
propagating acoustic mode leading to non-evanescent 
acoustic fields. To represent these fields inside the sectors 
using an effective material, one shall map the corrugated 
region into an effective anisotropic material, when the 
condition 2πR / N << λ0  is satisfied. Using a reasoning 
similar to that developed for TM electromagnetic waves 
[21], one can derive that ρr = λ = 2  and ρθ = −∞ . In 
addition, the results presented in Fig. 4 can be explained 
using a modal expansion technique, which provides an 
insight to the mechanism of the resonances. This technique 
relies on “matching” fields of the acoustic modes present 
outside the scatterer with those inside the sectors (or 
grooves) [44]. We start by expanding the fields in terms of 
Hankel functions of the first and second kinds (due to the 
symmetry of the problem): 

p0 r,θ( ) = clHl
(1)

l=−∞

+∞

∑ β0r( )eilθ ,

p1 r,θ( ) = d+H 0
(1) β0r( ) + d−H 0

(2) β0r( ).
                                 

(5) 

Here, the subscripts 1 and 2 refer to regions external to 
the scatterer and the interior of the grooves, respectively. 
Applying the matching boundary conditions on the pressure 
and normal component of the velocity, we obtain the 
following resonance condition 

J1 β0R( )Hl
(1) β0R( ) + 2J0 β0R( )Hl

(1)' β0R( ) = 0,                      (6) 

where J0 ⋅( )  and J1 ⋅( )  the Bessel functions of order zero 
and one, respectively. It should be noted here that this 
equation is obtained under the assumption that the 
dimensions of the grooves and the rigid sectors are the 
same. Three solutions (in terms of normalized wavelength) 
to Eq. (6), which correspond different multipole resonances 
of the corrugated cylinder, are marked with green, blue, and 
red circles on Fig. 4(a). 

Physically, this means that each resonance that is 
observed in Fig. 4(a) corresponds to an integer number of 
wavelengths (of the acoustic mode) that fit into the 
perimeter of the cylinder [as seen in Fig. 4(b)]. This simple 
analytical model elucidates the geometrical origin of the 
localized ASMs and shows why the plasma-like frequency 
predicted from 1-D analysis should be related to the height 
of the grooves (here the radius of the cylinder). This also 
justifies the terminology of multipolar modes (dipole, 
quadrupole, etc.). Thus, it becomes clear from this picture 
that the acoustic modes associated with the grooves play the 
role of the collective oscillations of electrons in Drude 
metals, and is at the origin of (localized) ASMs. 

3. Discussion 
In this section, we further demonstrate that the 
characteristics of the localized ASMs induced on the 
corrugated cylinder can be tuned by changing the geometry 
of the corrugation and the material filling the 
complementary corrugation. Additionally, the possibility of 
using its plasmon-like resonant mode in acoustic sensing 
applications is discussed.  

First, the effect of changing ρr , the relative mass 
density of the material filling in the complementary 
corrugation, on σ SCS  of the corrugated cylinder is 
characterized. For these simulations, the geometry 
parameters of the structure are kept the same while ρr  is 
varied from 0.8 to 2. Figure 5(a) plots σ SCS  versus λ0 / R  
for various values of ρr . A dramatic redshift in the 
resonant frequencies is observed as ρr  is increased. It 
should also be noted here that the spectral shape of σ SCS  is 
preserved. This is a behavior expected from a good sensor: 
a slight change in the medium (here represented by ρr ) has 
a large effect on the observed properties of the sensor (here 
represented by σ SCS ).  

 
Figure 5: Comparison of acoustic field interactions on the 
corrugated cylinder and its equivalent model. (a) Scattering 
cross section of the corrugated cylinder and its equivalent 
model vs. the wavelength normalized with the radius of the 
cylinder. The inset shows the Drude-like density dispersion 
of the equivalent cylinder given by Eq. (4). (b) Pressure 
field distribution around the corrugated cylinder (upper 
three) and its equivalent model (lower three) at resonant 
frequencies of the three modes, marked with points of 
green, blue and red color respectively, in (a). 

Next, the robustness of the structure to imperfections in 
the geometry of corrugation is investigated. For these 
simulations, one of the corrugation sections is made larger 
by increasing its angle from 2π / N  to 4π / N . The other 
geometry parameters are kept the same, and ρr = 1  and 
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κ r = 1 . Figure 5(b) compares σ SCS  of the corrugated 
cylinder to that of the one with the modified corrugation. It 
is clear that σ SCS  is not affected that much; in particular the 
shape and the spectral location of the modes remain 
unchanged.   

Next, the geometry changed from a corrugated circular 
cylinder to a corrugated square cylinder. For these 
simulations, the side of the square is 100 mm  and the 
number of corrugation sectors N = 120 . σ SCS  of the square 
cylinder behaves in a similar way to that of the circular 
cylinder. The resonant frequencies of the modes can be 
identified, in Fig. 5(c), but they are observed at a 
wavelength range slightly different than those of the 
circular cylinder, similar to optical plasmons.  

Last, a small circular scatterer with radius robj = 0.1R  
made out of from a material with mass density ρobjρ0  and 
bulk modulus κ 0  is placed in the vicinity of the corrugated 
cylinder. For these simulations, geometrical parameters of 
the cylinder are kept the same while ρobj  is varied between 
3 and 8. Figure 5(d) compares σ SCS  obtained in simulations 
without the scatterer, and with the scatterer with ρobj = 3  
and ρobj = 8 . For the lowest order mode, the change in σ SCS  
is not significant, whereas for the higher order modes, σ SCS  
undergoes an abrupt change with increasing ρobj . This 
suggests that the corrugated cylinder can be used in the 
detection of small objects with dimensions on the order of 
λ0 / 30 .  

We have introduced here the concept of localized 
ASMs. We have described in detail how they can be 
generated on rigid cylinders with subwavelength 
corrugations. Indeed our numerical experiments, which 
involve full wave simulations and analytical analysis, 
demonstrate that localized ASMs supported by such 
structures have characteristics that are very similar to those 
of the electromagnetic plasmons supported by metallic 
scatterers at optical frequencies. We envision that devices 
capable of supporting such acoustic modes might find 
interesting applications in biomedical sensing, imaging, 
cloaking, waveguiding, and enhancement of nonlinear 
acoustic field interactions. 

4. Methods: Computation of the SCS 

The scattering cross section σ SCS  is computed by 
integrating the acoustic energy flux density over a circular 
surface that is enclosing the scatterer:  

 
σ SCS =

1
2πR0

P ⋅ n̂ds
S0
!∫ .

                                                        

(7)  

Here, S0  is the integration surface, R0  is its radius, n̂  is 
the unit normal vector pointing outwards on S0 , and P  is 
the time averaged acoustic energy flux density. Let p  and 

 v  denote pressure and velocity fields (in phasor domain) 
assuming time harmonic dependence e− iωt , then, 

  

!
P = Re(pe− iωt ) ⋅Re(ve− iωt ) = 1

2
Re(pv∗)+ 1

2
Re(pve−2iωt ),

   
(8) 

is the instantaneous energy flux density. Here, “*” 
represents complex conjugation. Time averaging  

!
P  yields 

  
P =

!
P = 1

T
!
Pdt

T
∫ = 1

2
Re(pv∗),

                                          
(9)  

where T = 2π /ω  is the period of the oscillation in time. 
Inserting Eq. (9) into Eq. (7) yields σ SCS  in terms of an 
integral involving p  and  n̂ ⋅v . For scatterers with arbitrary 
shapes, p  and  v  can only be computed using numerical 
tools. In this work, finite element method based commercial 
software COMSOL Multiphysics is used for this purpose: 
We use here the PDE module of COMSOL Multiphysics in 
the 2-D, to model the Helmholtz equation satisfied by the 
pressure field of acoustic waves, and we enforce Neumann 
boundary conditions to model rigid materials 
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Abstract -We propose reversible interface between quantized microwave field and optical field using 

surface acoustic waves (SAW) as a mediator medium.  SAW in piezoelectric crystals are strongly 

coupled to microwave photons at GHz frequencies commonly used in operation of solid state quantum 

devices. Coupling of SAW to optical photons is provided by elastooptic interaction, and quantum  

phonon-photon conversion employs the effect of stimulated Brillouin scattering. With the proposed 

method the conversion can be realized on an integrated solid state chip. 

 

 



Dispersive and dissipative optomechanical coupling in
heterogeneously integrated 2D photonic crystal system

V. Tsvirkun1,†, A. Surrente1, G. Beaudoin1, F. Raineri1,2, R. Raj1,
I. Robert-Philip1, and R. Braive1,2

1Laboratoire de Photonique et de Nanostructures, Route de Nozay, 91460 Marcoussis, France
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Abstract— We report on optomechanical effects in 2D photonic crystal defect cavities coupled
to integrated silicon waveguides of different widths. Mechanical modes are observed systemati-
cally on a chip scale. By tuning the excitation laser wavelength, we observe optical spring effects.
We extract optomechanical coupling coefficients and demonstrate the dispersive and dissipative
nature of optomechanical coupling. Their relative contribution can be controlled by modifying
the access waveguide width, thereby paving the way for a control of optomechanical coupling on
the wafer level.

In recent years, photonic crystals (PhC) have been widely employed as a platform for optome-
chanics [1]. The most common approach to optically address mechanical resonators consists in
a tapered fiber placed in the evanescent field of the optical cavity by means of nanopositioners.
While this approach enabled the demonstration of a number of optomechanical effects, it lacks the
scalability required to implement optomechanical circuits on a single chip [2]. Here we report on a
novel optomechanical platform, which allows for a robust and tailored coupling of suspended PhC
cavities to silicon-on-insulator (SOI) waveguides [3]. Such approach is intrinsically scalable and it
permits to address a predefined number of optical cavities coupled to mechanical resonators, thus
being compatible with optomechanical arrays experiments [1].

Our mechanical resonators consist of 260 nm thick InP membranes, patterned with a 2D PhC
and suspended over the substrate by employing four bridges connected to suspension pads; the
waveguide-PhC cavity air gap is 230 nm [see Fig. 1(a)]. An L3 defect cavity (three missing holes
in a line) in the middle of the membrane is evanescently coupled to the SOI waveguide, terminated
by grating couplers at both sides for efficient light input and extraction. The cavity resonance
wavelength and waveguide transmission band are centered around 1560 nm. Both waveguide width
and membrane-waveguide distance allow for a precise control of the coupling between the cavity
and the propagating waveguide optical modes.

Figure 1. (a) Top view SEM image of a InP PhC membrane, suspended over a SOI waveguide.
(b) Brownian motion spectrum of an InP mechanical resonator (red curve: probe laser tuned
to the optical cavity resonance; grey curve: probe laser tuned out of optical cavity resonance).
Inset: optical cavity transmission spectrum (open circles: experimental data; solid line: Lorentzian
fit); the two probe laser wavelengths are indicated by dashed lines of corresponding colour. (c)
Normalized displacement field patterns for four low-frequency vibration modes [highlighted in Fig.
1(b)], computed by finite element modelling.

The readout of the Brownian motion in the MHz range is performed in the linear optical cavity
regime, at room temperature and at low pressure (<10−4 mbar) via side-of-the-fringe detection



technique. It reveals the presence of flexural mechanical modes as seen in Fig. 1(b), associated
with the whole membrane motion. The corresponding displacement field profiles are illustrated in
Fig. 1(c). At higher excitation power, more mechanical modes can be read out. However, thermo-
mechanical effects and optical bistability become pronounced in these experimental conditions.

In the linear optical regime, we measured the optomechanical coupling (single-photon interac-
tion strength) g0 via frequency modulation technique [4]. For the flexural modes shown in Fig.
1(b), the values of g0/2π ranged from 0.15 kHz for fundamental mode to a few kHz for higher order
modes. Extracted g0/2π values are comparable to those determined via the same technique on a
similar system [6].

Figure 2. (a) Amplitude of the mechanical mode versus probe laser detuning (open circles:
experimental data; solid line: analytical fit considering dissipative and dispersive optomechanical
couplings). (b) Relative contributions of the three optomechanical coupling mechanisms (AOM

corresponds to dispersive coupling, Ai and Ae – to intrinsic and external dissipative coupling,
respectively).

By tuning the laser wavelength across the optical cavity resonance, dynamic backaction effects
were investigated, in particular via optical spring effect [1] for the probed flexural modes. Our
experimental data is fitted by the use of an analytical model considering three optomechanical
coupling mechanisms (dispersive, intrinsic dissipative and external dissipative [5]). Fig. 2(a) shows
a quantitative agreement with experimental data, allowing to deduce the relative contributions of
the different optomechanical coupling mechanisms as shown in Fig. 2(b). These results highlight
the main role played by the dispersive and external dissipative forces; these forces arise from the
modulation of the PhC–SOI distance due to mechanical motion.

In summary, we propose a novel approach for the integration of optomechanical resonators
(represented by PhC membranes) onto a SOI waveguide substrate. Such approach enabled us
to investigate systematically the optomechanical effects occurring in the fabricated devices. By
analysing the optical spring effect, we demonstrated optomechanical coupling of both dispersive
and dissipative nature. The proposed technology platform has the potential to be up-scaled for the
implementation of on-chip optomechanical circuits.
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Abstract-Non-linearity in the nanomechanical systems have essential applications in 

sensing, signal processing and in many different fields of modern science and its 

applications. In this paper we demonstrate use of a unique photonic crystal membrane-

electrode system for optomechanics where we were able to demonstrate bistability in the 

system along with parametric sub-harmonic excitations. These platforms are fabricated 

using 3D-heterogenous integration techniques and uses electrostatic force for excitation 

and optical interferometric schemes for detection of the mechanical modes. 

      

Nonlinearities in nanomechanical systems can arise from various sources such as spring and damping 

mechanisms and resistive, inductive, and capacitive circuit elements. Beyond fundamental interests for 

testing the dynamical response of discrete nonlinear systems with many degrees of freedom, non-

linearities in nanomechanical devices, open new routes for motion transduction, nanomechanical 

sensing, and signal processing. In this paper, we investigate the nonlinear response of a nanomechanical 

resonator consisting in a suspended photonic crystal membrane acting as a deformable mirror. Actuation 

of the membrane motion in the MHz frequency range is achieved via interdigitated electrodes placed 

underneath the membrane. The applied electrostatic force induces mechanical non-linearities, in 

particular bistability and subharmonic resonances. 

The low-mass and high reflectivity of suspended membranes pierced by a two-dimensional photonic 

crystal, makes them good candidates as nano-optomechanical resonator [1, 2]. In previous experiments, 

we observed that actuation of the membrane motion via a piezoelectric stack induces various non-linear 

dynamical effects, such as bistability and phase conjugation of the mechanical mode [3].  The nonlocal 

character of the nonlinearity was demonstrated via intermode couplings. In order to enhance the 

mechanical actuation efficiency, one strategy consists in applying an electrostatic force via integrated 

interdigitated electrodes (Fig.1 (a)). The choice of these electrodes are due to the fact they are able to 

uniformly actuate these membranes. The processing of such platforms rely on 3D-heterogenous 

integration process. Proper membrane electrode separation were determined by calculating 

electromechanical coupling via FEM simulations (COMSOL). Which in our case is about 400 nm. 

 

 
Fig. 1(a) Suspended Photonic crystal membranes actuated via interdigitated electrodes; (b) Observation of 

bistability in the electrode membrane system while sweeping the frequency up and down 

 

The membrane is actuated by an electric load V(t) = Vdc + Vac cos(Ωt), where Vdc is the DC polarization 

voltage, Vac the amplitude of the applied AC voltage, and Ω the excitation frequency. The system acts 

as a capacitive system and thus the Force applied on the membrane varies as a quadratic function of the 



applied voltage. Application of either DC or AC voltages can have different implications, for example 

increasing the DC voltage increases the polarizing voltage on the material which in turn causes 

modulation of the eigenfrequency of the membranes. While an increase in the periodic AC voltage 

causes the membrane to oscillate more pushing the system towards non-linear regime. In a first series 

of experiments, the membrane is actuated resonantly, with an excitation frequency Ω equal to the 

fundamental mechanical modes frequency Ωm. From the frequency response spectra of the system it 

was possible to identify different mechanical modes of these membranes via optical measurements 

which were in agreement with FEM simulations. For increased actuation voltages, bistability effects 
are observed (Fig. 1(b)) along two different behaviours (spring hardening or softening). The mechanical 

nonlinearities due to mid-plane stretching dominate the resonator dynamics. 

The most commonly used method to act upon the membrane is the primary-resonance excitation, in 

which the frequency of the excitation is tuned closed to the fundamental natural frequency of the 

nanostructure.  Subharmonic excitation can also be implemented. It consists in applying an excitation 

frequency Ω equal to Ωm/n, with n being integer. The existence of these subharmonic resonances are 

highly dependent on the non-linearity on the system. For example existence of n-th order non-linearity 

results in presence Ωm/n subharmonic excitation in the system. In a second series of experiments, 

frequency-power sweep with subharmonic excitation has been performed, by modulating the electric 

load at a frequency Ωm/n and recording the response of the membrane at the fundamental frequency Ωm. 

High-order subharmonic resonances are observed  with n=2 up to 8. 

These experiments open the way to a wide variety of other mechanical non-linearities, such as 

superharmonic resonances, parametric amplification, self-oscillations, chaotic dynamics... in single 

optomechanical resonators as well as synchronized oscillations in coupled optomechanical arrays. 
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Abstract— We propose a realistic heralding protocol for the preparation of remote entangled
mechanical states in photonic crystal cavities. Our approach relies on the state-of-the-art op-
tomechanical properties of a silicon-based nanobeam structure. Pulsed sideband excitation of a
Stokes process combined with a single photon detection allows writing a mechanical Bell state in
the system which can be transferred back to the optical field through the anti-Stokes process. The
entanglement degree of the nonclassical state is tested through the visibility of a characteristic
quantum interference pattern out of the cavity field.

1. INTRODUCTION

Cavity optomechanics [1] has demonstrated a spectacular theoretical and experimental development
in the past decade and is now envisioned as one of the most promising route to produce nonclassical
states of macroscopic degrees of freedom. Such achievement would not only shine light on quantum
decoherence at a fundamental level but could provide a long living information storage platform
for potential quantum repeaters.

The recent prowess in the optimization of silicon or InP-based photonic crystal structures [2,3]
allow nowadays to combine outstanding quality factors of the cavity modes with highly localized
vibrations resulting in a sizeable optomechanical coupling. Such highly integrable and low footprint
solid state structures lie among the best candidates for the future of quantum logic elements.

2. SYSTEM AND MODEL

We consider the design shown in Fig.1(a), which is based on a pair of silicon nanobeams at a
distance of 140 nm from each other. The first beam is patterned to have two optical cavities based
on the optimized design proposed in Ref.[3], separated by a distance of d ≈ 6.3 µm that can be
easily increased. The second beam hosts a clogged waveguide section that supports Fabry-Perot-
like modes and serves to couple the two cavities in an implementation similar to the one of Ref.[4].
The waveguide-mediated optical coupling is demonstrated via FDTD methods. The subsequent
anti-symmetric and symmetric modes, split by 2Jc = 17 GHz, are shown in Fig.1(a) and (b)
respectively. The vibrational eigenmodes of the structure are computed via finite element modeling.
The localized GHz transverse breathing modes, associated with acoustic phonon vibrations are
shown in their antisymmetric and symmetric form as well but are negligibly coupled.

Figure 1: (a) Anti-symmetric and (b) symmetric cavity mode. (c) Anti-symmetric and (d) symmetric
mechanical mode (the waveguide is not shown).

We treat the quantum properties of the system within the second quantization formalism. The
setup can be schematically represented as in Fig.2(a) namely two coupled single mode cavities (â1,2
operators) each optomechanically coupled to a distinct mechanical modes (b̂1,2 operators). The



system Hamiltonian reads

Ĥ =
∑
j=1,2

[
ωcâ
†
j âj + Ωj b̂

†
j b̂j + gâ†j âj

(
b̂†j + b̂j

)]
+ Jc

(
â†1â2 + â†2â1

)
+ F (t)

(
â†1e
−iωLt + â1e

+iωLt
)
(1)

ωc and Ωj are the cavity and mechanical resonances, g is the optomechanical coupling strength. The
cavity 1 is driven by pulsed excitations of amplitude F and frequency ωL. The system dynamics is
computed through the quantum master equation for the density matrix accounting for losses to the
environment. The Fig.2(b) shows the symmetric and antisymmetric cavity mode power spectrum
marked by the main resonances separated by 2Jc and flanked by sidebands associated with Stokes
and anti-Stokes processes.

3. PROTOCOL AND RESULTS

The excitation of the symmetric mode Stokes sideband at ωc + J + Ωj results in a two mode

squeezing interaction between the â+ = (â1 + â2)/
√

2 and b̂+ = (b̂1 + b̂2)/
√

2 modes. The ensuing
photon/phonon pair correlations allows to set a heralding protocol insuring that a single phonon
is present if a single photon is detected at the cavity frequency [5]. This phonon, stored in the

delocalized superposition b̂+, forms a mechanical Bell state of the kind |ψ〉 = |10〉+ exp(iϕ)|01〉
(on the b̂1,2 basis) ϕ = (Ω2 − Ω1)t. Following this procedure, we obtain the heralded mechanical
density matrix shown in Fig.2(b) that demonstrates a concurrence C = 0.95 at zero temperature.

The entangled state is readout exciting the anti-Stokes process [5] via a second pulse at the

frequency ωc + J − Ωj resulting in the beamsplitter interaction â†+b̂+ + h.c. that swaps the stored
phonon with a cavity photon. The relative phase factor exp(iϕ) produces a modulated emission
intensity which visibility V can be directly linked to the degree of entanglement of the written state.
The ideal Bell state leads to V = 1 while a maximally mixed state sets a lower bound of V = 0.5.
In our simulations an interference pattern with V = 0.92 is obtained by gradually increasing the
delay between the readout and write pulses as shown in Fig.2(d).

Figure 2: (a) Scheme of the system, (b) power spectrum, (c) heralded density matrix and (d) cavity 1
intensity, the inset shows a slice along the red-dashed line revealing the high visibility interference pattern.

The above procedure is tested against finite temperature, where the concurrence has to be traded
for the negativity, and pure dephasing. We eventually discuss the possibility of engineering more
complex entangled states of the W or NOON kind.
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Abstract— In an integrated silicon optomechanical cavity-waveguide system, we demonstrated
on-chip coherent photonic-microwave signal processing which shows clear advantages over purely
photonic methods. Specifically, we obtain an optical delay of 13.3 µs for a phonon waveguide
length of 43 µm. In addition, we demonstrated microwave filter with reconfigurable pass/rejection
bands in the gigahertz band due to the radiation-pressure force induced boundary condition
change.

During the last decade, the field of optomechanics has undergone tremendous development [1].
However, most lithographically-defined optomechanical devices demonstrated so far consist of only
a single cavity, which limits the applicability of the technology. Scaling up from one cavity to a mul-
tiple cavities and waveguides coupled system is anticipated to bring new functionalities inaccessible
in single-cavity devices - especially for classical and quantum information processing using phonons
[2, 3]. In this work, we fabricated coupled optomechanical cavity-waveguide devices on a silicon
chip for photonic-microwave signal processing. While traditional photonic delay lines are generally
bulky and have limited delay times due to the fast speed and large bandwidth of optical carrier
even with state-of-the-art integrated engineering, slow phonons are able to render unprecedented
delays for photonic and microwave signals. Moreover, mechanical filters are crucial for modern
RF microwave technologies. For example, they are widely being leveraged for both RF and IF
filters in cellular transceivers. Here, we also demonstrated a tunable and reconfigurable microwave
filter using the optomechanical cavity-waveguide coupled system due to a novel contribution from
optomechanical damping induced boundary condition change.

We first design and fabricate an optomechanical single-cavity and waveguide coupled device to
study the property of phonon waveguide and show frequency tuning of cavity-waveguide hybridized
mode. A scanning electron micrograph of the device is shown in Fig. 1a. The optomechanical cavity
is realized in a nanobeam which supports co-localized optical and mechanical resonant modes. The
nanobeam is connected to a phonon waveguide which is terminated by an air gap from the bulk
silicon. A typical mechanical spectrum of the fabricated device is shown in Fig. 1b, where a
series of Fabry-Perot (FP) modes is observed. From the free spectral range of FP modes, we can
infer the group velocity of the travelling phonon in the waveguide. By engineering the waveguide
dispersion, phonon group velocity as low as 150 m/s is observed. Remarkably, we observed a large
frequency shift of the cavity-waveguide hybridized modes when varying the detuning of pump laser.
The physical mechanism can be understood in a schematic representing the fabricated device (Fig.
1c), where the mechanical cavity serves as an optically-tunable mirror for the waveguide, whose
reflection coefficient depends on the optomechanical damping rate. Consequently, the waveguide
FP resonance condition can be modified via a change in the phonon reflection phase, which induces
a frequency shift as much as half of the free spectral range of the waveguide. Fitting based on this
model is shown in Fig. 1d which well explains the experimental data.

Next, we demonstrate the capability of the highly tunable optomechanical cavity-waveguide
system in coherent microwave signal processing. The integrated device is shown in Fig. 2a with two
nanobeams connected to a phonon waveguide. Procedure for signal transmitting through the device
includes microwave signals encoded in an optical carrier that is fed into cavity L and converted to
phonons and picked up by another optical carrier fed into cavity R. We first studied the continuous
wave operation of the device. The S−matrix element SRL is measured by a network analyzer and
is shown in Fig. 2b. Signal delay is measured versus optical pump power and a long optical delay of
13.3 µs is observed (Fig. 2c), induced by a highly excited narrow band mechanical resonance (Fig.
2d). This narrow band mechanical mode naturally realizes a microwave filter with 3-dB bandwidth
of 17 kHz which is optically tunable. Based on the boundary condition principle demonstrated
before, the pass/rejection band of such a microwave filter can be switched when the FP modes are



Figure 1: Tunable optomechanical cavity-waveguide device. a Scanning electron micrograph of an
optomechanical cavity-waveguide coupled device. b Mechanical spectrum of a typical device. c A schematic
representing the optomechanical cavity-waveguide coupled system. a and b represent the optical and me-
chanical cavity modes. d Model fit of the frequency and decay rate of the three modes M1−3 of b versus
laser detuning.

Figure 2: Photonic-microwave signal processing using optomechanical cavity-waveguide system.
a Scanning electron micrograph of the fabricated silicon optomechanical device. b Continuous microwave
characterization using S−matrix as measured with a network analyzer. b Peak signal delay at 5.991 GHz
vs. pump power PpR. c Transmission spectrum |SRL|2 at 5.991 GHz corresponding to peak delay of 13.3
µs. d A short phonon pulse is detected in the two optomechanical cavities as it bounces between them.

shifted by half of the free spectral range. We then studied propagation of short microwave pulses.
The measured RF signal corresponding to the evolution of coherent phonon number in the device
excited by a 20 ns microwave pulse of 5.952 GHz is shown in Fig. 2e. Subsequent observation of
the pulse in one cavity is separated by 58 ns, which is consistent with the free spectral range (17
MHz) measured from the spectroscopy. We note the travelling phonon induced signal delay is a
true time delay, since both delay time as well as the delay-bandwidth product can be increased by
using slower phonon or longer waveguide.

In conclusion, we demonstrated coherent microwave signal processing on chip using an optome-
chanical complex system. Our approach promises a much more powerful and versatile microwave
signal processing comparing to tradition methods, with the radiation-pressure force controlled me-
chanical degrees of freedom in addition to the advanced silicon photonic integration.
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Abstract

We present experimental study where we employed dual-
beam optical trap to study a self-arrangement of micro-
scopic polystyrene particles into linear structures – col-
loidal waveguides. We investigated magnitude of optical
bound between the particles studying thermal motion of
self-arranged particles. Such optically bound linear struc-
tures can be understood as colloidal waveguides which self-
focus incoming laser light and thus a decreasing of thermal
motion of optically bound particles can be observed with
increasing number self-arranged particles. Our experimen-
tal observations are supported by theoretical model.

1. Introduction

An understanding of light-matter interactions is crucial for
many areas of sciences. An optical trapping pioneered by
Arthur Ashkin and co-workers [1] in 80s of 20th centuries
is interesting example of such interactions. It was demon-
strated that suspension of dielectric nanoparticles can act as
non-linear medium and the optical self-focusing and four-
wave mixing response of such colloidal non-linear system
were explored in series of experiments [2, 3, 4, 5]. The
self-focusing of the beam can lead to the creation of so
called optical spatial solitons which can guide laser beam
over long distances [6, 7, 8] without noticeable laser beam
diffraction.

There are several theoretical studies [9, 10, 11, 12]
which tried to describe this laser beam self-focusing by con-
sidering colloidal samples to be continual environment with
the effective refractive index depending non-linearly on the
optical intensity.

In this paper we demonstrate that particles illuminated
by two counter-propagating laser beams self-arrange into
linear structure – colloidal waveguide – due to the particle-
particle interactions given by mutual scattering between il-
luminated colloids – optical binding [13, 14, 15, 16]. The
binding forces originate from the modification of the inci-
dent optical field in the presence of multiple scattered ob-
jects. The resulting configuration of the objects is given
by interplay between the spatial intensity profiles of the in-
cident laser beams [17, 18, 19, 20] and by scattered light
[21, 22].

Figure 1: Two horizontally C-P laser beams (IPG, wave-
length 1064 nm) are generated by a holographic mask im-
printed onto a single spatial light modulator (SLM, Hama-
matsu LCOS X10468-07) and transferred by relay optics
into a sample chamber [23, 20].

2. Experimetnal setup

Two horizontally counter-propagating laser beams (vacuum
wavelength of 1064 nm) were synthesized by a holographic
mask imprinted onto a single spatial light modulator (SLM,
Hamamatsu LCOS X10468-07), see Fig. 1. The SLM
enables us to individually shape and position both laser
beams. Our experimental system consisted of identical
polystyrene (PS) microparticles dispersed in deionized wa-
ter inside a glass squared capillary with an inner diameter of
300µm (Vitrocell 8330). The capillary was placed into an
optical field of counter-propagating laser beams and result-



ing self-arranged structures were observed by optical mi-
croscope from a direction perpendicular to the axis of the
laser beams. For detailed description of the experimental
set-up see our previous papers [23, 20].

3. Results and discussion
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Figure 2: A formation of a colloidal waveguide. Time se-
quence showing increasing number of self-arranged PS par-
ticles (diameter 657 nm) in two non-interfering C-P Gaus-
sian beams. Red dots marks positions of particles detected
in a frame. Last frame shows unstable behaviour of the
linear structure. (beam waist w0 = 3.2µm, power in the
sample P = 40 mW)

After illumination of particles by two C-P Gaussian
beams (with beam waist w0 = 3.2µm) we experimentally
observed the formation of colloidal waveguide. In this ex-
periment we employed polystyrene particles with diameter
657 nm which enabled us to observe positions of individual
particles. We recorded repetitively time sequences showing
an increasing number of the particles self-arranged into the
linear structure. An example of this time sequence is shown
in Fig. 2. By post-processing of the time records we deter-
mine number and positions of particles optically bound in
the central part of the self-arranged structure which we were
able to observe in our field of view. We gathered all frames
(through all of our experimental series) with specified num-
ber of particles N in the field of view and then we deter-
mined averaged values and standard deviation of separation
between neighbouring particles ∆x and ∆z. We employed
multiple Mie scattering theory [24, 25] to calculate opti-
cal forces acting on the illuminated particles and solving
equations of motion we simulated the colloidal waveguide
formation. Figure 3 compares experimentally and theoret-
ically determined particles separation ∆z for various num-
ber of particles self-arranged in the linear structure. In the
case of theoretical simulations we considered three separa-
tion of C-P Gaussian beam foci (5, 10, 20µm)

Optically trapped particles generally exhibit Brownian
motion in optical force field. Amplitude of such random
thermal motion is given by the temperature of the surround-
ing medium and the stiffness of an optical trap which is
given by local intensity profile of the light. In our experi-
ments we were able characterize the thermal motion of par-
ticles self-arranged in the optical spatial soliton and we ob-
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Figure 3: Comparison of experimentally and theoretically
determined particles separation ∆z. In the case of theo-
retical simulations we considered three separation of C-P
Gaussian beam foci (5, 10, 20µm)

served decreasing of magnitude of thermal motion with in-
creasing of number particles, see Fig. 4. This decreasing of
thermal motion is given by the non-linearity of the colloidal
sample, because the self-arranged particles guide/self-focus
the incoming light more effectively with increasing number
of particles through the collective scattering and the local
intensity around particles is increased which lead to more
stiffer confinement of particles onto the optical axis, see
Fig. 5.

We did not observe any significant difference be-
tween self-arranged structures formed in the interfering and
non-interfering counter-propagating beams, respectively.
Which is consistent with our previous work [22] where we
show that the often neglected optical bound between two
and more self-arranged particles is able to overcome much
stronger gradient forces presents in the standing wave and
thus is able to bring them to the same stable distance like in
non-interfering case where no barrier exist.

4. Conclusions
We showed formation of waveguides created by self-
arranged sub-micrometer sized dielectric spheres. We ob-
served decreasing of thermal motion of such self-arranged
particles. This is given by self-focusing of incident light
into the linear structure which leads to the increase of the
optical trap stiffness. Since the separation of particles in
the colloidal waveguide can be easily tuned by altering the
incident beam diamter [20] and since our colloidal waveg-
uide can be understood as periodical photonic structure, i.e.
the photonic crystal with band gaps we may get a photonic
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Figure 4: Decrease of the thermal (Brownian) motion with
the increasing number of particles.

Figure 5: Laser beam self-focused on linear colloidal
waveguides formed from various number of polystyrene
spheres (spheres are in their equilibrium positions) . Opti-
cal intensity is plotted relatively to the intensity of original
incident laser beam (top row).

crystal with tunable band gaps.
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Abstract-Accurate and robust characterization of metasurfaces and metamaterials in terms of 

effective parameters is critical to the design of novel metadevices. We compute the Cramér-Rao 

lower bounds on the variance of any estimator for the electric, magnetic, and magneto-electric 

surface susceptibilities of metasurfaces. We show that retrieval of such effective properties is 

inherently difficult around resonances, most notably for low-loss metasurfaces. The present work is 

relevant to the development of loss-compensated metasurfaces for which noise has to be closely 

considered for accurate and robust device characterization. 

 

Over the past fifteen years, a lot of efforts have been focused on understanding the effective properties 

of metamaterials [1]. The ultimate goal of such efforts is to rapidly and efficiently design new and 

advanced devices, e.g., unconventional imaging systems [2]. In the last few years in particular, planar 

metamaterials or metasurfaces have been widely investigated [3]. Several homogenization methods 

dedicated to them have been proposed but, due to the topic’s complexity, none have yet to be widely 

accepted. 

We considered a specific homogenization method dedicated to metasurfaces, namely Generalized Sheet 

Transition Conditions (GSTC, [4]). This method was chosen because it is compatible with retrieval 

from reflection and transmission coefficients and does not require the assignment of a thickness to a 

metasurface. In this method, metasurfaces are characterized by electric and magnetic susceptibilities. In 

the literature, retrieved effective parameters have been shown to violate causality around resonances 

and this has been attributed to spatial dispersion [5]. In order to determine if spatial dispersion is the 

only source of this phenomenon, we have investigated the statistical properties of estimators that have 

been put forward for these susceptibilities.  

We have defined a statistical model for the measurement process that includes a random circular 

Gaussian noise. Based on this model, we have computed the Cramér-Rao lower bound on the variance 

of any unbiased estimators from Fisher’s information matrix. We have shown on several examples that 

this bound increases substantially around resonances thus making retrieval possible only for very high 

Signal-to-Noise Ratio (SNR). This appears to be especially true of out-of-plane components of the 

susceptibility tensors. Therefore, in experiments, issues arising from spatial dispersion and noise tend 

to compound and result in non-physical effective parameters. To mitigate this, we have proposed 

several alternative estimators for out-of-plane susceptibilities. The best performance with respect to 

noise was achieved by a linear least-squares estimator as shown by simulations [6]. 

mailto:bkante@ucsd.edu


Recently, we have extended our investigation to bianisotropic metasurfaces. We have considered both 

substrate-induced bianisotropy, for metasurfaces are at the interface of two distinct semi-infinite media, 

and intrinsic bianisotropy, for metasurfaces of low-symmetry. We have come up with estimators that 

account explicitly for the origin of the bianisotropy [7]. We have shown that previous conclusions on 

anisotropic metasurfaces still hold true for bianisotropic metasurfaces. Around resonances, retrieval 

does require large SNRs. 

Sensitivity to noise is particularly acute for low-loss metasurfaces. It often results in required SNRs that 

are either unachievable in practice or very impractical. The present work is thus relevant to the 

development of loss-compensated metasurfaces for which the issues posed by retrieval will have to be 

closely considered for accurate and robust device characterization. 
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Abstract— We demonstrate a novel plasmonic design to generate near-fields with strong optical
chirality for enantiomer sensing applications. Our design, which consists of diagonal slits on top
of a mirror, features homogeneous chiral near-fields of one handedness that are easy to access.
The diagonal-slit structure is simple to fabricate and allows for straightforward tuning of the
operating wavelength. We demonstrate its properties and present optimization strategies using
numerical simulations. Additionally, we discuss potential applications as a sensor for enantiomer
discrimination.

Chirality—the absence of mirror symmetry—is an integral component of our life. Most biomolecules,
e. g., all the essential amino acids, are chiral. One common method to probe their chiral nature is
circular dichroism spectroscopy, which detects the difference in the absorption for circularly polar-
ized light [1]. However, this chiroptical far-field response is small for most molecules, which renders
such analysis rather challenging, especially when small volumes should be probed.

In the previous years, the potential of plasmonic nanostructures for enhancing the chiroptical
response of nearby chiral biomolecules has been demonstrated [2]. One approach uses the chiral
near-field response of plasmonic nanostructures: The structure generates chiral electromagnetic
fields that interact strongly with the chiral molecule.

The degree of chirality of an electromagnetic field can be quantified via the so-called optical
chirality C [3]:

C = −ε0ω
2

Im(E∗ ·B) . (1)

The optical chirality is directly related to the absorption rate a of a chiral molecule [4,5]:

a = γeUe + γbUb −
2

ε0
Im(ξ)C . (2)

Here, Ue is the electric, Ub the magnetic time-averaged energy density, while γi denote prefactors
that depend linearly on the respective dipole polarizabilities. The so-called mixed electric-magnetic
polarizability ξ is only present for chiral molecules; its sign depends on the handedness of the
molecule. Therefore, the chiroptical interaction can be described by ξ and C. The differential re-
sponse for two electromagnetic fields with opposite handedness, but the same electric and magnetic
energy density, is directly proportional to the optical chirality of the field.

Maximal optical chirality in plane waves is obtained for circularly polarized light. However,
we have shown that plasmonic nanostructures, whose geometry directly influences the properties
of their near-fields, can be used to obtain chiral fields with strong optical chirality. Interestingly,
although the combination of twisted structures with circularly polarized light can lead to chiral
hot-spots [6], even achiral structures illuminated with linearly polarized light can generate chiral
near-fields locally [7].

Nevertheless, all these designs feature either only moderate values of optical chirality, or the
chiral fields are strongly focused to some small spatial region, which is unfavorable for practical
applications. Recently, we demonstrated a design for chiral near-fields with an enhancement of
optical chirality by two orders of magnitude compared to circularly polarized light. Additionally,
these fields cover an extended volume [8]. The design consists of four intertwined helices illuminated
with linearly polarized light. However, the complexity and the small features of this design are at
the limit of current nanofabrication techniques, which limits its practical applications.



Figure 1: (a) The proposed design consists of a layer with diagonal slits on top of a mirror illuminated with
linearly polarized light. (b) The calculated near-field response of a perfect electric conductor shows strong
chiral fields of one handedness in the whole slit area. The optical chirality has been normalized to the value
of circularly polarized light of the same frequency and intensity as the incident light.

In this contribution, we develop a novel design, which is additionally optimized for simple
fabrication and practical applications. The resulting structure is shown in Figure 1 (a): We combine
a layer of diagonal nanoslits with a mirror. This design is easy to fabricate with lithographic
techniques because only one nanostructured layer is present. Changing the geometry of the slits
allows for straightforward tuning of the operating wavelength. The chiroptical near-field response
can be optimized via the distance to the mirror.

Figure 1 (b) shows the calculated optical chirality of an optimized diagonal-slit structure. Strong
chiral near-fields are generated within the slits for incident linearly polarized light. These fields
exhibit broad homogeneity and, most importantly, uniform handedness. The latter is a consequence
of the mirror, which is necessary for the design to be geometrically chiral.

These unique properties render the diagonal-slit structure ideal for sensing applications. Chiral
molecules, which are poured in the slits, are expected to exhibit an increased chiroptical interaction
with the incident electromagnetic field. Compared to conventional circular dichroism spectroscopy,
sensing devices based on our proposed design would operate with linearly polarized light in reflection
mode, which might offer additional advantages for particular tasks.
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6. M. Schäferling, D. Dregely, M. Hentschel and H. Giessen, “Tailoring Enhanced Optical Chirality:
Design Principles for Chiral Plasmonic Nanostructures,” Phys. Rev. X , Vol. 2, No. 3, 031010,
2012.
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Abstract- An asymmetric light flow requires a broken time-reversal symmetry and is traditionally 
achieved with the help of either an external magnetic field or with nonlinear elements. Here, we explore 
the opportunities offered by materials with a spontaneous nonreciprocal response in the one-way 
propagation of light. We theoretically demonstrate a new paradigm for optical isolation using 
antiferromagnet topological insulators, combined with chiral media. 

 
The propagation of electromagnetic waves in photonic crystals with nonreciprocal media is a subject that has 

elicited great interest in the literature [1]. It has been shown that photonic crystals formed by nonreciprocal 
elements may have asymmetric band diagrams, ( ) ( )ω ω≠ −k k . Generally, this property implies that 
electromagnetic waves propagate in opposite directions with different velocities. This can have important 
applications in optical isolation and in the realization of an “optical diode”, i.e. a device that allows for a 
“one-way” light flow. Because of the Lorentz reciprocity principle [2], this functionality requires a broken 
time-reversal symmetry, and is traditionally obtained at microwaves with ferrites biased with an external applied 
magnetic field. Even though this is a well-established solution, the requirement of external biasing is 
inconvenient because the associated biasing circuit may be bulky. 

Importantly, there are naturally available media with a spontaneous nonreciprocal magnetoelectric response, 
being the most well-known example chromium oxide Cr2O3 [3], [4]. Crucially, it has been recently suggested 
that antiferromagnet topological insulators may be also characterized by a spontaneous nonreciprocal 
magnetoelectric effect, such that an electric excitation generates a nonreciprocal magnetic response, and 
vice-versa [5]-[7]. In these materials, the time-reversal symmetry may be naturally broken [5], and hence a 
nonreciprocal response may be obtained without any form of external biasing. The electrodynamics of these 
media may be modeled by Tellegen-type constitutive relations [8], [9]. Topological insulators are relatively 
unexplored in the context of photonics and because of their unusual nonreciprocal properties one may envision 
that they can play a role in future photonics platforms for optical isolation.  

With this motivation in mind, here we study the propagation of light in structures formed by truncated 
topological insulator photonic crystals juxtaposed to a chiral slab (Fig. 1a). The nonreciprocal material is 
modeled using Tellegen constitutive relations with a normalized Tellegen parameter κ3=0.1 [8], [9]. In Fig. 1b 
we depict the transmissivity of one particular design as a function of the normalized frequency for an incoming 
circularly polarized plane wave. The superscript R (L) indicates that the incoming wave propagates from the 
right to the left (left to the right), whereas the subscript RCP (LCP) indicates if the wave is right (left) circularly 
polarized. As seen, the combination of the nonreciprocal elements and the chiral slab enable to have nearly 
perfect optical isolation, such that for / 2.0a cω ≈  the wave propagation is only allowed from right-to-left RCP 
incoming waves, while it is strongly suppressed for all left-to-right incoming waves. At the conference we will 
explain the physical mechanism that enables this remarkable property, and compare our “optical diode” with 



alternative designs based on ferrites.  

 
Figure 1 (a) Truncated nonreciprocal photonic crystal with period a  and total thickness Na  juxtaposed to a chiral slab 
with thickness 4d , for the particular case where the incoming wave propagates from the right to the left and has RCP 

polarization.  (b) Transmissivities for circularly polarized incident waves as a function of the normalized frequency. The 
constitutive parameters are taken equal to 1 1 2 3 1ε µ µ µ= = = = , 2 11.7ε = , 3 12ε =  and 3 0.1κ = , and the thicknesses 
are chosen as 1 2 0.2d d a= = , 3 0.6d a=  and 4 1d a= . The truncated crystal is formed by 10N =  cells and the chiral 

material is modeled by the Condon model, similar to Ref. [10]. 
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Abstract- We present a very efficient recursive method to calculate the effective optical response
of nanostructured metamaterials made up of particles with arbitrarily shaped cross sections arranged
in periodic two-dimensional arrays.

Metamaterials are typically binary composites of conventional materials: a matrix with inclusions of a given shape,
arranged in a periodic structure. Since the times of Maxwell, Lord Rayleigh, and Maxwell Garnet up to today, many
authors have contributed to the calculation of the bulk macroscopic response in terms of the dielectric properties of
its constituents. Recent technologies allow the manufacture of ordered composite materials with periodic structures.
For instance, high-resolution electron beam lithography and its interferometric counterpart can be used in order to
make particular designs of nanostructured composites, producing various shapes with nanometric sizes. Moreover,
ion milling techniques are capable of producing high quality air hole periodic and nonperiodic two-dimensional (2D)
arrays, where the holes could have different geometrical shapes. Therefore, it is possible to build devices with novel
macroscopic optical properties.

In this paper we use a very efficient recursive method [1,2] to calculate the effective optical response of materials
made up of arbitrarily shaped dielectric inclusions arranged in periodic 2D arrays within a metal matrix with a
lattice constant much smaller than the wavelength of the incident light, so that we may neglect retardation. The
starting point of the calculation is a digitized image of the system. The geometrical shape of the inclusions and their
orientation in the 2D array induce extraordinary -reflectance bands of the whole metamaterial that can be tailored to
specific needs. We show two representative examples of the results that we obtain through our scheme to calculate
the optical properties of nanostructured metamaterials.

In Fig. 1 we show the normal-incidence reflectivity, R, of a square unit cell with inverted U-shaped inclusions.
The host region has εa = 4 while the inclusions have εb =gold. We compare gold’s R with the metamaterial, where
we notice that, besides the optical anisotropy induced by the geometrical shape of the inclusions, there is a spectral
region where the metamaterial reflects more light (along the y direction), than gold. Also, R along the x direction
shows a series of minima where the contrast with R along y would make the reflection of unpolarized light, highly
polarized along y and for a wide range of energies shining more than gold.

In Fig. 2 we show R of a square unit cell of elliptical holes (εb = 1) in a gold host (εa =gold). The reflectivity is
along the principal axes that are frequency dependent. We see that the anisotropy shown by R is strong in between
∼ 1 and ∼ 2.2 eV, and that around 1.5 eV there is a spectral region where R ∼ 0 for only one of the principal axis.
In the same figure we show the associated microscopic electric field for ~ω = 1.66 eV. At this energy the anisotropic
contrast is maximum. Indeed R = 0 for light polarized along the principal axis that points mainly from left to right,
and R = 1 for the other principal axis that mainly goes from up to down in the figure. As can be seen, in the former
case, the intensity of the electric field is much lower in a much larger area than for the latter case, where the field is
low only in the regions where the elliptical holes are closer to each other. This behavior leads to the conclusion, that
if the conducting phase of the host is continuous the (∼ low) frequency behavior is metallic. But if the conducting
paths are nearly absent by the interaction of the dielectric inclusions, the (∼ high) frequency behavior is dielectric.
Thus, extraordinary reflectance bands develop at intermediate frequencies, where the macroscopic response matches
vacuum. By adjusting the geometry, we can show that the optical properties of these systems may be tuned.
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Abstract— Mode properties of circularly symmetric waveguides with bianisotropic chirality
are studied using finite element approach. We find that the polarization degeneracy in circularly
symmetric waveguides can be eliminated, by introducing magnetoelectric coupling in the waveg-
uide media. Breaking the polarization degeneracy in high order mode groups is also confirmed
numerically. A perturbation model is developed to explain the results and shows excellent agree-
ment. Essentially, the bianisotropic waveguides studied here keeps y-polarized modes unchanged,
while turns x-polarized modes into leaky modes.

Recently, extensive research activities, including experimental efforts have been carried out in
conceiving and synthesizing bianisotropic metamaterials. As a typical sub-class of bianisotropic
media, chiral optical media are reciprocal, and can be useful in circular dichroism spectroscopy,
and polarization control. Engheta and others sought applications using optical chiral effect, i.e.,
chirowaveguides [1] and chiral fibers. Chirowaveguides proposed by Engheta is realized by filling
a cylindrical waveguide with isotropic chiral media. In our work, we extend the aforementioned
work on chirowaveguides to the regime where the media can be bianisotropic using a finite element
method (FEM). The constitutive relation of the bianisotropic waveguides sketched in Fig. 1 can be
given asD = ϵ̄E+χ̄ehH, andB = µ̄H+χ̄heE, where ϵ̄ = ϵ0ϵ̄r, µ̄ = µ0µ̄r, χ̄he =

√
ϵ0µ0χ̄

r
he, χ̄eh =√

ϵ0µ0χ̄
r
eh. Reciprocity imposes the constraints on the material parameters as given by ϵ̄ = ϵ̄T ,

µ̄ = µ̄T , χ̄eh = −χ̄T
he. For lossless reciprocal media, χ̄eh is purely imaginary. Bianisotropic media

in principle can be realized by aligning electrically small magnetoelectric inclusions along particular
directions. Figure 1(b) and 1(c) show two examples of aligned dipoles from small structures, i.e.
split-ring resonators (SRRs) and helix arrays, respectively, filling a typical block (dashed region)
shown in Fig. 1(a). The dimensions of SRRs or helix arrays considered here is far smaller than
the wavelength so that homogenization of meta-materials can be applied. In our case, we study
lossless bianisotropic waveguides operating at a single frequency, and the cross term is given by

χ̄r
eh = −[χ̄r

he]
T = i

(
0 χ12 0
0 0 0
0 0 0

)
, which corresponds to the scenario sketched in Fig. 1(b).

One can calculate the eigenmodes, E(x, y, β)e−iβz, of the bianisotropic waveguides using FEM [2]
as given in the following equation,

L =−
∫∫
x,y

dxdy
1

µ̄r
CurlE(x, y, β2) ·CurlF ∗(x, y, β2) +

1

2π

∫∫
⃝
∂V

F ∗(r, ω) · [ 1
µ̄r

n×∇×E(r, ω)]ds+

∫∫
x,y

dxdyk0[c̄1∇×+∇× c̄2 + k0(d̄1 + d̄2)]E(x, y, β2) · F ∗(x, y, β2),

(1)

where d̄1 = ϵ̄r, d̄2 = −χ̄r
ehµ̄

−1
r χ̄r

he, c̄1 = iχ̄r
ehµ̄

−1
r , c̄2 = µ̄−1

r χ̄r
he, and k0 = ω0

√
ϵ0µ0, CurlE =

[x̂(∂E
β
z

∂y + iβEβ
y )+ ŷ(−∂Eβ

z

∂x − iβEβ
x )+ ẑ(

∂Eβ
y

∂x − ∂Eβ
x

∂y )]. Equation. (1) is capable of handling waveguides

consisting of bianisotropic materials, in either core or cladding layer, or both of them.
Figure 2(a,b) shows the effective mode index (neff ) as a function of χ12 for three waveguides

with core radius of 0.12λ0 (black circles), 0.16λ0 (blue triangles) and 0.2λ0 (red diamonds), respec-
tively. The size of the waveguides are chosen so that only fundamental modes with two orthogonal
polarizations are supported. It can be seen that y-polarized modes keep almost unchanged, while



(a) (c)(b)

Figure 1: Schematic diagram of a circularly symmetric waveguide (a) which contains bianisotropic medium
in the core layer by including structures with split ring resonator (SRR) arrays introducing χ12 (b), and
structures with helix arrays introducing χ11 (c).
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ϵ33 = 4, µ11 = µ22 = µ33 = 1. The other elements in χ̄r

eh are set to be zero.

x-polarized modes are altered significantly. Namely, the degeneracy between x- and y-polarized
modes, a commonly feature of circularly symmetric waveguides, is broken. Moreover, for x-polarized
modes, Re(neff ) drops while |Im(neff )| increases as χ12 increases. This means that x-polarized
modes become lossier as χ12 increases. To illustrate this, we plot the propagation length when
optical power of x-polarized modes is attenuated by 1000 times (30dB) compared to the case of
Im(neff ) = 0 as a function of χ12, as shown in Fig. 2(c). Thus polarization extinction ratio of 30dB
might be realized over a propagation distance of a few wavelengths.

Applying perturbation to coupled mode model, we obtain the formula of the slope of Im(neff )
against χ12 , as given by,

∆Im(neff )

∆χ12
= −

∫∫
core e0xh

∗
0ydxdy∫∫

(e0xh∗0y − e0yh∗0x)dxdy
. (2)

Equation (2) shows that the slope of Im(neff ) is related to the magnitude of how well the mode
is confined in the core, thus the size of waveguide core. Figure 2 (d) shows the calculated slope
obtained from FEM fullwave simulation (symbols without lines) and from Eq. (2) (symbols with
lines). It indicates that Eq. (2) could follow the right trend of simulation results in all cases.

In conclusion, we have investigated the mode properties of circularly symmetric waveguides
which contain bianisotropic media in core layers. We find that such selected bianisotropy in
our study breaks the polarization degeneracy between two linear polarizations, i.e., x- and y-
polarizations. Concretely, the chirality turns a mode of undesired polarization from the degenerate
pair into leaky mode and leaves the other one unchanged. The modes with undesired polarization
can be treated as effectively eliminated due to the exponential attenuation as they propagate. Such
bianisotropic waveguide may be used as compact polarizers integrated into photonic circuits.
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Abstract- The most pronounced of chiral light-matter interactions occur in the ultraviolet (UV) range of the 

electromagnetic spectrum, which is difficult to access with conventional localized plasmon resonance based sensors. 

Although Surface Plasmon Polaritons (SPPs) on noble metal films can sustain resonances in the desired spectral range, their 

transverse magnetic nature has been an obstacle for enhancing chiroptical effects. Here we demonstrate, both analytically 

and numerically, that SPPs excited by near-field sources can exhibit rich and non-trivial chiral characteristics.  

 

We examine the chiral behavior of surface plasmons excited by a circularly polarized dipole. The schematic of the 

physical system is shown in Figure 1a. Although the metal slab is invariant under xy-plane mirror reflection, exciting the 

surface plasmons with a circularly polarized dipole which itself is chiral breaks such reflection symmetry and bestows the 

physical system with chiral property. As a consequence one expects to see a non-trivial chiral behavior from such surface 

plasmons. The transverse magnetic field in the xy plane, Hy, is plotted in Figure 1b. It is evident that the excited surface 

plasmon exhibits a circular character due to the exciting circularly polarized dipole. Such Hy pattern results from the 

superposition of the surface plasmons launched normal to each other with a π/2 phase shift. The same circular nature holds 

true for the electric field of the plasmon. The electric field of a circular surface plasmon polariton, CSPP, is calculated by 

superposing the electric fields of x-polarized and y-polarized dipoles with a π/2 phase shift. The explicit form of the electric 

field can be calculated to be: 
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The electric field of the SPP carries an eiφ dependence with both symmetric and anti-symmetric parts. The polarization state of 

such a SPP is interesting, as one immediately notices that the SPP has both longitudinal and transverse components. This 

behavior is absent in a strictly TM polarized surface plasmon plane wave. The transverse component of the electric field has 

an intrinsic phase shift relative to the longitudinal component and decays on a length-scale characterized by kspρ. We make use 

of the Maxwell-Faraday equation to calculate the magnetic field and using the definition of optical chirality, 
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As expected any φ dependence vanishes in the optical chirality density, which promises an azimuthally symmetric behavior. 

Also, it decays as the SPP travels away from the center. However, it keeps its oscillatory character due to the cylindrical Bessel 

functions. This oscillatory behavior is a result of an interplay between terms with different orders of the Bessel functions. We 

tested the predicted behavior of the optical chirality density of a chiral SPP by vectorial full-wave simulations. A circularly 

polarized dipole was used to launch the CSPP. Such a dipole was produced by superposing two normal dipoles, each with a 

dipole moment of 1 D (1 D=3.3356×10-30 C.m), which oscillated with a π/2 phase shift. The electromagnetic fields were 



 simulated in a plane 5 nm above the surface of the silver slab and subsequently the optical chirality was calculated from the 

collected fields and was plotted as seen in Figure 1c. Since the optical chirality of the source itself is non-zero, the optical 

chirality density of the CSPP was normalized to that of the source. The simulations match very well with the analytical 

calculations. Due to the non-zero net chiral enhancement, even in the absence of any confinement, we expect an excess in the 

chiral interaction between the light and of the racemic enantiomers. Even in the absence of any confinement we would expect 

a net enhancement of optical chirality as the SPP inherits the chiral character of the source. To illustrate this point we 

integrated the optical chirality density over the entire simulation surface and plotted the results versus the wavelength (Figure 

1d). One can clearly see that away from the plasmon resonance the only contribution comes from the dipole source, which 

itself is chiral and should exhibit total non-zero chirality. However, as we approach the wavelengths at which the optimal 

coupling of the light and surface plasmons occur, the net optical chirality increases dramatically, which is mainly due to the 

contribution from the SPP. This result confirms the ability to enhance optical chirality through locally excited SPPs. 

Importantly, in the case of CSPPs one obtains not only a local enhancement of chiral fields1,2, but also achieves a net 

enhancement of the optical chirality over the entire surface, paving the way for chiral sensing schemes based on SPPs. 
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Figure 1 Optical Chirality of the SPP excited by a circularly polarized dipole. (a) Schematic overview of the simulation set-up. The dipole is placed 50 

nm above the silver slab (b) Simulated Hy of the excited SPP at resonance, λ=357 nm. The SPP carries the circular characteristic of the exciting field. (c) 

Numerically simulated optical chirality of the SPP at λ=357 nm. (d) Calculated total optical chirality on a surface 5nm above the interface 
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Abstract— Comparing with conventional passive artificial magnetic conductor (AMC), it is
shown that its active counterpart loaded with non-Foster circuits may overcome the inherent
physical limitations, thus can achieve wideband and broad-angle properties. However, their
performance may be restricted by the stability issue due to the active inclusions which needs to
be explored. Here, based on the proposed accurate circuit model, a detailed investigation on the
stability of the active structure is presented and verified by simulations.

Artificial magnetic conductor (AMC) is a type of meta-surface structure based on planar periodic
arrays of metal strips or patches, that behaves a magnetic wall over a limited bandwidth. Such
special texture may be applied to lots of novel applications [1]. However, due to their inherent
physical limitations, normal AMC structures always exhibit as narrowband and incidence angle
restricted. Typically, the bandwidth of a AMC is referred to as the stopband and is defined as the
frequency range over which the reflection phase lies between ±∆ϕ/2, the values of ∆ϕ depends on
the application.

Recently, a new technique incorporating normal AMC structure with non-Foster circuits has
been proposed as an effective means to overcome these limitations, thus achieving ultra-wide band-
width [2, 3]. In essence, this technique applies negative impedance components to equalize the
reactance response of the AMC structure and thus flatten its phase response with respect to fre-
quency. However, there has not been any analysis of the stability of an actively loaded AMC in
which the substrate losses are accounted for. In our work, the stability analysis on active AMC
with non-Foster loads is presented based on the equivalent circuit model, further to give the design
specifications to achieve the wideband and broadband-angle properties.

Applying a normal mushroom structure which is form by grids of metallic square patches sep-
arated by a metal backed dielectric slab, we may propose an active AMC structure loaded with
non-Foster elements as show in Fig. 1. Here, D is the period of the patches and the vias, a is the
patch size, w is the gap between the patches, h is the thickness of the dielectric layer, and εr is
the permittivity of the dielectric slab. As proposed in [4, 5], the response of a loaded AMC can be
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Figure 1: (a) View from the top of the actively-loaded AMC based on mushroom structure. (b) View from
the side.

described using an equivalent parallel circuit with the grid impedance of the textured surface Zg,



the substrate impedance of a metal-backed dielectric slab Zs, and the load impedance ZL. Hence,
the input impedance of an loaded AMC under different incidence may have the following expression[

ZTE,TM
inp

]−1
=
[
ZTE,TM
g

]−1
+
[
ZTE,TM
s

]−1
+ Z−1

L , (1)

where the superscript TE, TM refers to the different incidence polarization TE mode and TM
mode, respectively.

By investigating the angle-dependent scattering properties of the mushroom-like structure as
proposed in [6], we can obtain an accurate equivalent circuit model which can be used to model the
reflection properties under the different incidence angle and polarizations. For an array of ideally
conducting patches on the top of a dielectric substrate, the grid impedance of the TE and TM
modes can be written in the form of a single capacitance C in parallel with a conductance G.

ZTE,TM
g =

1

GTE,TM + jωCTE,TM
. (2)

Similarly, the substrate impedance Zs for TM and TE cases may be represented using a series-RL
cicuit

ZTE,TM
s = RTE,TM + jωLTE,TM . (3)

As proposed in [4], the reflection coefficient of an AMC structure can be expressed using a
transmission line model

ΓTE,TM =
ZTE,TM
inp − ZTE,TM

0

ZTE,TM
inp + ZTE,TM

0

, (4)

Clearly, it can be note that an ideally infinite AMC bandwidth can be achieved if ZTE,TM
inp becomes

infinity at all frequencies. By comparing with Eq. (1), (2), and (3), it is straightforward that the
non-Foster elements can be obtained as a parallel RLC structure

ZL = RL ∥ LL ∥ CL, (5)

where LL = −LTE,TM ,CL = −CTE,TM . However, these values have to be modified in practical
design due to the stability issue.
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Abstract- This paper presents the design and simulation results of a flat, focusing lens consisting of 

three metamaterial layers and operating in the V-band at 60 GHz. It is approximately a twelfth of 

the thickness of conventional dielectric hyperbolic lenses. Its simulated focusing performance was 

compared to a conventional dielectric lens and it was found to perform similarly. 

 

I. INTRODUCTION 

Millimeter (mm) waves have many potential applications in medical devices and automotive radar. Efficient 

ways of manipulating them must be developed, such as focusing them to increase the delivered power. This can 

be done with a lens, but conventional, dielectric lenses are too thick for devices requiring very small parts [1], so 

compact, flat lenses for mm waves are desirable. This could be done using materials with graded refractive 

indices, but such lenses may be difficult to manufacture at these frequencies. Another way is to design a 

metasurface, with subwavelength elements, that produces a similar phase profile to a conventional, hyperbolic 

lens. Flat, metamaterial, converging lenses exist for some regions of the EM spectrum [2, 3, 4], but designs in 

the 60 GHz range are limited. 

This paper presents the design and simulation of a flat, metamaterial, converging lens, operating at 60 GHz. 

An ideal, dielectric, hyperbolic lens was also simulated and the results for each structure were compared. The 

flat lens offers a large reduction in thickness, whilst retaining a similar focusing power to a dielectric lens. 

 

II. LENS DESIGN AND SIMULATION 

The lens was a 22 mm by 22 mm by 0.368 mm structure, made up of smaller square unit cells with a period 

of 2 mm. The unit cell consisted of 3 layers of metallic elements separated by dielectric layers. Manufacturing 

constraints meant the minimum feature size for the elements was 50 μm and the thickness of the copper elements 

was 9 μm. 

    (a)                                             (b)                            (c) 

Figure 1: (a) Arrangement of layers in unit cells. (b) Rectangular element. (c) Split ring resonator element. 
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               (a)                                 (b) 

Figure 3: Field power magnitude on the focal plane normalized to the 

magnitude in the lens-free case. (a) Hyperbolic lens. (b) Flat lens. 

Unit cells with a large range of transmission (S21) phases 

were required for the lens, so to find suitable designs, 

several were simulated. Varying their parameters affected 

the S21 phase and magnitude. Using the three layer design it 

was possible to keep the total transmission high: all unit 

cells chosen had a S21 magnitude higher than 0.8. Single 

elements did not offer large phase ranges, so unit cells with 

multiple layers of elements were designed. Unit cells with 

three layers of elements, as shown in Fig. 1, produced a 360˚ 

S21 phase range. The outer two elements for this design were 

rectangular bars and the inner elements were split ring commutators. The target focal length was 18 mm. Unit 

cells with the correct phase for each position were assembled, as shown in Fig. 2. 

A perpendicularly incident plane wave at 60 GHz was simulated. A dielectric hyperbolic lens was also 

simulated to compare with the flat lens. The focal length of each lens was calculated; both were shorter than the 

focal length predicted by classical optics (12.5 mm for the hyperbolic lens and 15 mm for the flat lens), due to 

the focal length being in the near field. 

Power at the focal plane for both lenses is shown in Fig. 3. Both lenses produce similar power distributions 

on the focal plane. The power delivered to the focal point by the flat lens was 17.6 times more than with no lens. 

  

III. CONCLUSIONS 

A flat, 3-layer, metamaterial lens, 

operating at 60 GHz, was simulated. It 

performed similarly to a conventional 

lens, but had a longer focal length and 

delivered slightly less power to the focal 

point (about 86%). The flat lens was 

about a twelfth of the thickness of the 

hyperbolic lens at its widest point. 
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         (a)                        (b) 

Figure 2: Views of the flat lens design. (a) Front view. 

(b) Cross-sectional view through the middle layer. 
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Abstract-We propose a microscopic surface-mode model for the extraordinary optical transmission 

(EOT) through subwavelength metallic slit array covered with a thin dielectric layer under 

illumination of transverse-electric (TE) polarization. The model captures the main feature of EOT 

and provides a phase-matching condition to predict the transmission resonance. Quantitative 

comparison between numerical calculations and model predictions shows that besides the 

fundamental waveguide mode, other residual field in the thin dielectric layer also contributes to the 

EOT without surface plasmon polariton (SPP). 

 

The phenomenon of extraordinary optical transmission (EOT) through subwavelength metallic hole 
arrays at optical frequencies was firstly reported by Ebbesen et al [1]. Since then, the EOT phenomenon 
for transverse-magnetic (TM) polarization has aroused many theoretical and experimental works [2,3]. 
It is generally known that the EOT through subwavelength metallic slit array is prohibited under transverse-electric 
(TE) polarization due to the absence of the surface plasmon polariton (SPP) and other surface waves. 
However, Moreno et al. showed that EOT is possible even for illumination of TE polarization, provided 
that the metallic slit array is covered by a thin dielectric layer [4]. It is commonly believed that the role 
of SPP in classical EOT may be played by the waveguide mode sustained in the dielectric layer in the 
EOT without SPP [4]. However, this intuitive belief has not been checked at a quantitative level until 
now. 

In this talk, we report a surface-mode model in which only the fundamental waveguide mode is considered 
and all other residual field in the dielectric layer is neglected, so as to discriminate the respective contributions 
from the waveguide mode and from other residual field to the EOT [5]. The model is built up by considering 
a dynamical multiple-scattering process that the fundamental waveguide mode is firstly launched by every 
individual slits in the array, then propagates in the dielectric layer before being further scattered by adjacent 
slits. A coherent association of all these scattering events will build up the transmission resonance through 
the slit array. 

The considered structure is a thin gold film (thickness d, refractive index ng) cut with a periodic 
array of subwavelength slits (periodand slit width a), which is covered by a thin dielectric layer (thickness 
h) with refractive index nd=1.5. The structure is in air (refractive index 1) and is illuminated by a TE-polarized 
plane wave. The zeroth-order transmittance T is calculated with the fully-vectorial rigorous coupled-wave 
analysis (RCWA), and the scattering coefficients at a single slit used in the model are calculated with 
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an aperiodic-Fourier modal method (a-FMM). 
Figure 1 show the zeroth-order transmittance T as a function of array period, which are obtained 

with the fully-vectorial RCWA (blue circles) and the model (red-solid curves) for fixed wavelength 
(=2.35μm) and for normal incidence. For small array period (for instance, at the first resonance peak), 
the model predicts lower peak transmittance compared with the RCWA results, but the model predictions 
agree well with the fully-vectorial numerical results for large array periods. This shows that besides the 
fundamental waveguide mode, other residual field in the thin dielectric layer also contributes to the EOT 
without SPP. This residual field has a higher decay rate in propagation compared with the fundamental 
waveguide mode, which explains the higher accuracy of the model with the increase of the array period. 

  
Fig. 1. Zeroth-order transmittance T plotted as a function of array period for normal incidence. The blue 
circles show the fully-vectorial RCWA results and the red solid curve shows the prediction of the model. The 

results are obtained for illumination wavelength λ  = 0.851μm, gold film thickness d=0.14μm, dielectric layer 
thickness h=0.28μm and slit width a=0.245μm. 
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Abstract- A reconfigurable band notched UWB antenna using Electromagnetic Band-Gap (EBG) 
structure is proposed. Two EBGs are positioned adjacent to the transmission line of the UWB 
antenna. The band notched characteristic of the EBG can be disabled by switching the state of 
switch place at the strip line. The structure produces reconfigurable band notched at 4.0 GHz which 
covers C-band satellite communication (3.625 - 4.2 GHz) systems. The proposed antenna is suitable 
for UWB systems which requires reconfigurable band reject function. 

 
The attention on ultra-wideband (UWB) technology is recently increased due to the allocation of the UWB 
spectrum from 3.1 GHz to 10.3 GHz by the Federal Communication Commission (FCC) for the unlicensed 
UWB communication applications [1]. Due to the ultra-wide range frequency band, interference from existing 
wireless system such as WLAN (5.15 - 5.825 GHz) and C-band satellite communication system (3.625 - 4.2 
GHz) cannot be avoided. To eliminate the interference, band notched characteristics are required for the UWB 
antennas. The common technique to acquire band notched is by embedding slots into the radiating element. In 
[2], EBG structures are introduced into the ground plane of a UWB antenna to produce band notched 
characteristic. Reconfigurable band notched characteristics is proposed to fully utilize the UWB spectrum 
allocation. Full coverage of the UWB spectrum can be utilized by disabling the unwanted band notched 
whenever there is no coexistence system, which improves the performance of the UWB system. In [3], a 
reconfigurable UWB slot antenna with reconfigurable band notch function is described. Switches are positioned 
into the slots of the radiator patch to produce reconfigurable band notched. Similar approach also has been used 
in [4] to produce reconfigurable band notched. However, as discussed in [3-4], perturbation in the radiating 
element may affect the radiation pattern of the antenna. Nonetheless, none of the reported techniques are using 
reconfigurable EBG to achieve reconfigurable band notched function. In this paper, a reconfigurable band 
notched using EBG structures for UWB antenna is presented. The EBGs are positioned alongside the 
transmission line of the proposed antenna. With two EBGs, switchable band notched are produced at 4.0 GHz 
which covers C-band satellite communication systems.  

Fig. 1 shows the geometry of the proposed antenna. A monopole type half ground plane co-planar 
waveguide (CPW) fed antenna is used to produce UWB band. To produce a band notched, two mushroom-like 
EBGs are introduced in the ground plane, adjacent to the transmission line. Both of the patches are connected by 
a strip line underneath the ground plane. As can be seen in Fig. 1b, a switch is placed in the strip line. By 
switching the state of the switch, the band notched function can be turned on and off. In the simulation, the 
copper strip has been used to represent switching device. The presence of the copper strip represents the switch 
is in on state, while the absence of the copper strip represents the switch is in off state.  

Fig. 2 shows the simulated reflection coefficient,S11 of the proposed antennas using copper strip. As can be 
observed, the band notched can be switched on and off at 4 GHz. Configuration F1 shows the S11 of the 
proposed antenna when the switch is off while configuration F2 shows the S11 result when the switch is turn on. 



From Fig. 2, the band notched center frequency is at 4 GHz with a bandwidth of 800 MHz (-10 dB reference). 
The band notched covers the C-band satellite communication frequency range which from 3.64 GHz to 4.44 
GHz. 

  

  

 

Frequency, GHz

4 6 8 10

S
1

1
, 
d

B

-40

-30

-20

-10

0

F1

F2

 
(a) (b) Fig 2. Simulated reflection coefficient using copper 

strip switch Fig. 1 Geometry of the proposed antenna 
 
In Conclusion, UWB antenna with reconfigurable band notched function at C-band satellite communication 

frequency range using EBG structures is proposed. The proposed antenna produces omni directional radiation 
pattern and relatively stable gain. The proposed antenna is a good candidate for various UWB applications. 
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Abstract- A metamaterial of dual band Artificial Magnetic Conductor (AMC) with capacitive tuning of 

reflection phase at lower band frequency is proposed. The AMC operate at fixed upper band frequency 

at 5.8 GHz while the lower band reconfigurable frequency from 2.43 GHz up to 3.46 GHz. The 

reconfigurable frequencies are 2.43 GHz, 2.48 GHz, 2.67 GHz, 3.10 GHz and 3.46 GHz. The effects of 

AMC capacitive tuning to antenna performance is studied in terms of frequency reconfigurability, gain, 

and radiation patterns.  

 

Introduction 

Perfect Magnetic Conductor (PMC) which exhibits zero degree reflection characteristic is not exited in nature 

[1]. Artificial Magnetic Conductor (AMC) is a metamaterial [2] which exhibits PMC characteristic over limited 

frequency band [3]. In this research, AMC ground layer with tuning capability of reflection phase via capacitor 

for proof of concept is introduced to the UWB antenna. The corresponding resonance structures for each band 

are the circular patch and circular slotted ring with single capacitor per AMC unit cell. The AMC is then 

integrated with conventional UWB antenna.  

Result and Discussion 

The design of the antenna and the AMC unit cell is shown in Figure 1(a)-(d). From Figure 1(e) and Figure 

1(f), the incorporation of capacitor to the outer circular ring of dual AMC tunes the AMC reflection phase and 

achieves frequency reconfigurability in the antenna respectively, with varying capacitance value. The 

incorporation of tunable AMC at lower frequency successfully enhances the antenna gain from 2.45 to 5.28 GHz 

as shown in Figure 1(g). Unlike conventional frequency reconfigurability in antenna design, the tuning of 

reflection phase of AMC does not only provide frequency reconfigurability, but also increment in gain and back 

lobe suppression at particular frequencies. 

     
   (a)      (b)      (c)      (d) 



  

       (e)           (f) 

      

       (g) 

Figure 1. (a) UWB antenna radiating patch, (b) four AMC unit cells with capacitors, (c) ground layer at the back side of 

bottom substrate, (d) the exploded structure consist of top and bottom FR4 substrate layers, varying capacitance resulted in 

shifting of (e) reflection phase and (f) reflection coefficient over the frequency range and (g) the improvement in antenna 

gain with AMC incorporation in comparison with standalone UWB antenna without AMC. 

 

Conclusion: Reconfigurable antenna by capacitive tuning of AMC arrays is proposed. Five reconfigurable 

frequency are 2.43 GHz, 2.48 GHZ, 2.67 GHz, 3.10 GHz, and 3.46 GHz. Additionally, the gain is improved 

with back lobe suppression at the corresponding frequency. The antenna is suitable for WLAN (2.45 

GHz/5.8 GHz), LTE (2.6 GHz), and WiMAX (2.3 GHz/3.5GHz/5.8 GHz).  
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Abstract-Extraordinary transmission (ET) through a square array of subwavelength 
apertures on a metallic screen has been studied extensively, and has been attributed 
mainly to the interaction of surface plasmons, or the formation of leaky waves. This 
work describes a novel approach for achieving ET, in which the subwavelength 
apertures are treated as below-cutoff circular waveguides. Lining these apertures with 
epsilon-negative and near-zero (ENNZ) permittivity metamaterials enables the 
propagation of frequency-reduced guided modes through the apertures, resulting in 
strong transmission. 

 
Experiments in the optical regime have observed unusual transmission of light through arrays 

of subwavelength holes [1], which was referred to as “extraordinary transmission”  (ET), and was 
found to be caused by the interaction of surface plasmons at interfaces with imperfect metals. The 
formation of leaky waves on a corrugated perfect metallic surface is another theory explaining ET 
[2], which also accounts for such phenomena in the microwave frequency regime. More recently, 
Fabry-Perot (FP) resonances have been shown to yield enhanced transmission through a single 
hole on a metallic screen, but they occur only once the aperture becomes large enough to support 
the fundamental propagating mode [3]. The work presented here offers a new mechanism for 
enhanced transmission through deeply subwavelength apertures, making it truly extraordinary in 
nature. 
    The holes in a metal film of finite thickness may be described as very short metallic circular 
waveguides (CWGs). Recently, it was shown that transmission through miniaturized CWGs can 
be vastly improved through the introduction of thin MTM liners. A passband is introduced well 
below the natural fundamental cutoff frequency, in the regime in which the MTM liner exhibits 
epsilon-negative and near-zero (ENNZ) permittivity [4]. Figure 1 shows the variation of the HE11-

mode cutoff frequency as a function of the liner’s relative permittivity (solid curve), for a 
representative metamaterial-lined CWG, which reveals the dramatic reduction in cutoff in the 
ENNZ region. Intersection with the superposed Drude permittivity dispersion profile of a 
representative MTM liner (dotted curve) indicates the cutoffs of two passbands: one at higher 
frequencies (a typical, forward-wave passband), and another at significantly lower frequencies (a 
backward-wave passband). The desired cutoff frequency in the reduced band may be achieved 

simply by engineering the MTM liner’s dispersion profile. 
    The present work establishes the analogy between transmission through miniaturized MTM-
lined CWGs and subwavelength apertures loaded using MTM liners. To enable simple, practical 
realization of the ENNZ MTM liner using inductively loaded thin-wire media exhibiting a Drude 
response, the phenomenon is illustrated in the microwave regime. Since the apertures are circular,  
circular arrangements of thin wires are preferred. Therefore, a printed-circuit implementation for 
 

                                  
Fig. 1. Variation of the fundamental (HE11) cutoff frequency 
of the lined CWG versus the liner permittivity (solid 
curve), intersected with Drude dispersion response for a 
representative MTM-liner permittivity (dashed curve)     

 (a)                        (b) 
Fig. 2. The ENNZ MTM-lined aperture in a metallic screen:  
  a) equivalent homogeneous-liner model 
  b) equivalent practical thin-wire liner model



the ENNZ MTM liner based on an arrangement of azimuthally and radially directed copper traces 
loaded with strong discrete inductances on a dielectric substrate is used [5]. Figure 2.a shows a 
homogeneous MTM-lined aperture model, and Fig. 2.b presents its equivalent thin-wire 
implementation. The important design parameters including inner radius (a), outer radius (b), 
the aperture periodicity (d), the trace width (w), and the gap size (g) are labeled in the figure. 
Full-wave simulations using Ansys HFSS are used to determine the transmission and reflection 
properties of an infinite array of circular apertures possessing an outer radius b = 15.65 mm and 
placed at intervals of d = 40 mm on the screen. The screen itself consists of a Rogers 5880 dielectric 
substrate (휀𝑟 = 2.2, 𝑡𝑎𝑛𝛿 = 0.0009) metallized on one side. All practical losses, including the realistic 
quality factors of surface-mount inductors, are employed in the simulations. Figure 3.a shows the 
scattering parameters for the MTM-lined apertures, as well as those of the corresponding unlined 
apertures. It can be observed that a peak in transmission is achieved at 2.37 GHz for the MTM-
lined apertures (solid curves), which is 6-7 dB stronger than the nominal transmission through 
the unlined apertures (dashed curves) at the same frequency. It should be noted that the apertures 
measure less than one-fourth of a free-space wavelength at this frequency. The transverse electric 
fields at this frequency, shown in Fig. 3.b, confirm support of the HE11 mode. Also evident in Fig. 
3.a is a distinct anti-resonance, at which the MTM-lined case offers better shielding performance 
than the unlined case.  
 

                                 (a)                               (b)   
                

         Fig. 3. a) The scattering parameters for periodic circular apertures on a metallic screen lined with practical thin-wire ENNZ MTM liner 

versus empty apertures of the same size; b) The transverse electric fields showing support of the HE11 mode at 2.37 GHz 
 

   The transmission frequency of the MTM-lined apertures may be adjusted by varying the 
abovementioned design parameters (in particular, by increasing the inductive loading) to achieve 
much stronger miniaturization without occupying any extra thickness or volume. The use of 
circular apertures ensures that this approach is polarization-insensitive. Furthermore, the use of 
liners rather than fully filled apertures allows the possibility of visually transparent screens, which 
may have important applications in shielding and in the design of novel sensors. This method is 
scalable, and may be extended to the terahertz and optical regimes using a suitable (e.g. 
plasmonic) ENNZ MTM-liner technology. 
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Abstract-Textile Artificial Magnetic Conductor (AMC) waveguide jacket for transmission 

enhancement between on-body antennas is proposed. Transmission characteristics between 

antennas with different orientations and placements are studied. Significant transmission 

enhancement is observed for all tested positions. Bending and wetness measurements are also 

conducted. Bending is found not to give significant effect to the antennas and AMC performance, 

while wetness yields severe performance distortion. However, the original performance is retrieved 

once the antennas and AMC dried. The proposed AMC jacket will act as a new approach for 

efficient wearable body-centric communications. 

 

Good transmission between antennas is crucial for an efficient wireless networking system within human 

body. The presence of human body introduces high transmission loss between on-body antennas. High 

transmission loss can disrupt the reliability of the wireless networking system within the human body which is 

not desirable. To overcome the drawbacks of wearable antennas, a new approach using sheet-like waveguide [1, 

2] was introduced. Waveguide sheet is capable of reducing the on-body distortions by providing an independent 

transmission path for waves to propagate without interference. This research intends to improve the transmission 

between on-body antennas by using textile Artificial Magnetic Conductor (AMC) waveguide sheet. 

       

                    (a)               (b)                         (c) 

Fig. 1: (a) Textile AMC waveguide jacket with CPW monopole (b) antenna orientation (c) antenna positioning 

 

In this study, a conformal jacket that acts as a communication medium is proposed (Fig. 1(a)). The 

waveguide jacket will complement wearable antennas to enable better wave propagation. Transmission 

characteristics between the antennas with different orientations and placements in on-body environment are 

studied (Fig. 1(b,c)). Results show that the transmission performance is enhanced with the presence of the 

waveguide jacket. The S21 transmission between the antennas improved up to a maximum of -13dB when they 
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are placed above of the AMC (Fig. 2). The proposed AMC sheet, performed as a subsidiary waveguide that 

offers an independent path, improves the transmission performance and minimizes the transmission losses. 

Electromagnetic waves are strongly concentrated into the AMC surface that allows transmission through the 

waveguide sheet. Hence, a low transmission loss is observed and consequently contributes to the transmission 

enhancement between antennas. 
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                          (a)                                     (b) 

Fig. 2: Measured S21 of textile CPW monopoles above AMC Jacket in on-body environment for different 

orientations (a) vertical (b) horizontal 

 

The proposed antennas and waveguide sheet are also tested with wearable and body centric measurements 

i.e. bending and wetness experiments. Bending is found not to cause any significant performance disruption (Fig. 

3(a)). In contrary, since the proposed antennas and AMC are not made of water-proof material, the performance 

is distorted under wet condition. However, once the antennas and AMC sheet are dried out, the original 

performance is achieved (Fig. 3(b)). With the AMC sheet, on-body antennas performance is improved by 

mitigating the detuning problem caused by the human body as well as reducing the radiation that goes into 

human flesh. From the results, the proposed textile antennas and AMC waveguide sheet are seen fit to be applied 

in the body centric wireless communication. 
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                           (a)                                  (b) 

Fig. 3: Measured S11 and S21 of textile CPW monopoles above AMC (a) bending test (b) wetness test 
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Abstract-We investigate electric field enhancement inside few-nanometer-sized gap structure in 
gigahertz frequency range. Sample is fabricated by atomic layer lithography consisting etching 
procedure to ensure high-throughput, large-scale, and stable structures. We measure transmitted 
Ku-band (12~18 GHz) wave through the square ring shaped nanogap arrays by vector network 
analyzer (VNA) and a pair of rectangular waveguide. Estimated electric field enhancement inside 
the nanogaps can reach 1,000 and can be even higher with optimized geometry.  

 
Since the extraordinary optical transmission through metallic holes was reported1, researches on 

subwavelength structures have been performed actively2. With metallic rectangular slots, one of the simplest 
negative geometry, electromagnetic field is funneled into the hole and electric field is intensified much stronger 
than that of incident wave3. As the side parallel to the polarization (width) becomes shorter while another side 
(length) remains same, electric field enhancement grows with nearly same resonance frequency4. Field 
enhancement factor also rises when the wavelength increases with the same width5 and recently funneling of 
millimeter wave through 1 nm-wide nanogaps was demonstrated with 25,000 fold electric field enhancement6.  

In this work, we report the electromagnetic wave funneling through the nanometer-width metallic gaps in 
microwave frequency range. Samples are fabricated by atomic layer lithography with etching process that 
enables high-throughput and large-scale nanogaps with a perimeter of few millimeters7. We measured 
transmittance of nanogaps at Ku-band (12~18 GHz) by VNA and a pair of rectangular waveguide which 
supports fundamental TE10 mode. 

 
Figure 1. (a) Top view optical microscope image of sample (vertically reduced to show entire 50 µm x 1950 µm ring) (b) 
Cross-sectional scanning electron microscope image of 10 nm width Au-Al2O3-Au gap (c) Schematic of waveguide pair 
setup 



Transmittance contour map clearly shows that 50 µm x 3200 µm ring-shaped 2 nm width nanogaps operate 
in the microwave frequency range of interest when the gap is perpendicular to the polarization. Normalized 
transmittance divided by coverage ratio of waveguide aperture and nanogaps is estimated as electric field 
enhancement4 and the value of it is about 1,000 at 18 GHz. We expect that resonance peak can be tuned to the 
center of frequency window and field enhancement can be increased to the order of tens of thousands, with 
optimized sample geometry. 

 
Figure 2. (a) Transmittance contour map of 2 nm width nanogap array (50 µm x 3200 µm ring, 50 µm period of vertical and 
horizontal direction) (b) Transmittance and electric field enhancement factor varying polarization angle at 18 GHz 
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Abstract- This paper proposes an equivalent model to estimate the resonant frequency and 

reflection phase of double concentric square Artificial Magnetic Conductor (AMC). The AMC 

structure is composed of a double squares of Frequency Selective Surfaces arrays printed on 

grounded dielectric substrates without vias. This approach is based on the Transmission Line Model 

(TLM) for waves normally incident on the structure. The proposed model is validated via a 

comparison with a full-wave simulation results for different samples and a parametric study. 

 

Introduction: Frequency selective surfaces (FSSs) are of a great importance in antenna design [1,2]. In the 

recent years the AMCs structures composed of FSS arrays printed on grounded dielectric were used in wearable 

applications to protect the human body from the antenna backward radiation [1,2]. The optimization of an AMC 

structure via a full wave simulator is a long exercise, and hence, equivalent circuit model for some type of 

AMCs were proposed in the literature [1,3,4]. In this paper we propose an equivalent model for double 

concentric square AMC structure which is one of the most used structures in flexible and wearable applications 

[2]. To the best of our knowledge, this is the first work to propose a model for this dual band structure. 

 

The Proposed Equivalent Circuit Model: A view of a periodic concentric double squares AMC structure 

is given in figure 1a. The analytical expression for calculating the reflection phase is as follows: 

𝜙 = 𝐼𝑚 *ln (
𝑍𝑠−𝜂

𝑍𝑠+𝜂
)+          (1) 

Where, Zs = Zg // Zd is the surface impedance (Zg: grid impedance) and η = 120π is the free space impedance 

(refer to figure 1b). 

and the grounded dielectric impedance: 

Zd = jωLd = jωµ0h          (2) 

To calculate the value of Zs, we should first calculate the grid impedance Zg. 

The equivalent circuit model of a unit cell of double concentric squares FSS can be obtained as follows: the 

coupling between two adjacent metallic lines can be modeled as a capacitor, whereas a thin conductor line can 

be modeled as an inductor. And hence, the equivalent circuit model for Zg can be modeled as in figure 1c, where 

the value of the lumped components are as follows [4]: 

Cg =
Lε°(1+εr)


cosh−1 (

L+g

g
)         (3) 

Where ε0 = 4π x 10
-12

 F/m, L is the conductor length and g is the gap between the two squares. 

Lg = L
μ0

4
ln {1 +

32h2

w2 [1 + √1 + (
w2

8h2
)
2

]}        (4) 

Where µ0 = 4 π x 10
-7

 H/m and w is the conductor width. 



To validate the proposed model, three different substrates were used Felt (  = 1     =  𝑚𝑚), Neltec 

(  =      =   1 𝑚𝑚) and Getek (  =      =  𝑚𝑚). A comparison between the results obtained using the 

proposed model and HFSS software for the neltec substrate is given in figure 2. The figure shows a very good 

agreement between the two cases where the frequency shift is 1.8% for the first resonance and 2.26% for the 

second one. 

  

     (a)       (b)       (c) 

Fig. 1  (a) The double concentric square AMC structure (b) equivalent TLM (c) the equivalent circuit model of AMC. 

 

Fig. 2 Comparison of the reflection phases between equivalent circuit model and numerical model for Neltec sample 

Conclusion: In this paper, an equivalent circuit model for double concentric squares AMC was proposed. 

The obtained results by using the proposed model for three different substrates show a very good agreement with 

the numerical simulation results, and hence, the method is validated. The parametric study results will be 

presented in the final paper. 
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Abstract-Metamaterial based antennas have been extensively studied in the past decade as means 

to reduce size of planar antennas. However they suffer from imposed bandwidth limitations which 

confines their use to only narrowband applications. In this work we present an ultra-wide band high 

impedance surface based on high permeability low permittivity substrate containing composite 

materials.  

 

Recently, the focus of the RF community has been the miniaturization of various communications antenna 

systems. For planar antennas a metallic ground plane is used to redirect the radiation and enhance the gain in one 

particular direction. To be effective the ground plane has to be a quarter-wavelength at the center frequency of 

operation. This constrain becomes too large for antennas operating in the lower RF spectrum such the VHF-UHF 

bands. To overcome this limitation an innovative solution was developed in which the radiation emitted in the 

direction of the ground plane is manipulated in such a way that it allows for one to place the antenna very close 

to the ground plane without much loss in performance. The High Impedance Surface (HIS) is a metasurface 

usually placed between the antenna and the ground plane and exhibits an electromagnetic resonance at which the 

reflection phase measured at the metasurface is zero [1]. The goal of the presented approach is to make as wide 

as possible, the bandwidth of the HIS which is defined as the band in which the reflection phase, 𝜙𝑅 is in the 

range of: −𝜋/2 ≤ 𝜙𝑅 ≤ 𝜋/2. 

The HIS is modeled as terminated transmission line consisting of an inductor and capacitor in parallel. 

Resistors can also be considered if loss is to be taken into account. The values of the inductor and the capacitor 

for the transmission line-equivalent model are determined by the geometry of the surface itself. For this paper, 

the simplest geometry of the HIS will be considered, an array of square patches without the vias connecting to 

the ground plane. The capacitance of the structure is influenced by the lateral area of the patches and the spacing 

between them, meanwhile the inductance is determined by the magnetic properties and thickness of the substrate 

that is between the metasurface and the ground plane. The exact equation for the inductance is given by: 𝐿 = 𝜇𝑡 

where the two parameters are the substrate permeability and the thickness respectively. 

 Inductance of the structure is extremely important since it determines the operational bandwidth of the HIS. 

The bandwidth for the aforementioned geometry is approximated by [1]: 

 𝐵. 𝑊. ≅ √𝐿/𝐶 (1) 

The advantage of increasing the inductance is that it requires the capacitance to decrease in order to not change 

the resonant frequency as dictated by 𝑓𝑅 = 1/(2𝜋√𝐿𝐶) . From eq. 1 one can see that the bandwidth increases 

furthermore with the decrease of capacitance. The values of both circuit elements are dependent on the substrate 

on which the HIS geometry is situated, hence a substrate which would produce a high inductance and low 



capacitance is desire. This can be achieved by using a materials which have high values of magnetic 

permeability and low values of the electric permittivity at that particular frequency. Materials that exhibit high 

values of magnetic permeability in the RF do not exist in nature. Composite materials have been discovered in 

the RF community which do achieve high values of 𝜇, however they also have high losses and are mainly used 

as low profile absorbers [2]. For antenna applications low loss is desired so that as much of the radiation is 

reflected rather than absorbed by the HIS.  

The group in [3] have shown promising results from their work with low-loss magneto-dielectric material in 

the lower RF spectrum. The group has fabricated composite materials consisting of NiCuZn + BaTi3 which have 

unusually high permeability values in the VHF range. The production of these composites is detailed in their 

published work [3]. We have modeled a unit cell of a HIS consisting of a square geometry. The dimensions of 

the square patches were 35mm with 5mm spacing between adjacent patches. The thickness of the composite 

substrate is only 10mm. Placing the antenna atop the HIS would add at most another 2mm making the total 

thickness of the antenna in terms of the free-space radiating wavelength ~𝜆/80. 

 

Figure 1. Plot of reflection phase for HIS with high-mu low-epsilon substrates, 𝜀𝑟 = 2 for both cases 

 In conclusion it can be seen from the plot in Fig. 1, the substrate with the higher permeability has a broader 

phase response in terms of frequency. The reflection phase is within the imposed definition: −𝜋/2 ≤ 𝜙𝑅 ≤ 𝜋/2 

making the overall bandwidth of the HIS over 5 octaves. For both cases the thickness of the HIS is extraordinary 

small making ideal for broadband antenna applications.  
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Abstract-Two textile antennas namely diamond dipole and coplanar waveguide (CPW) monopole 

are designed to test the proposed textile Artificial Magnetic Conductor (AMC). Performance 

comparison including S11, radiation pattern and gain between the antennas above AMC is observed. 

Results show gain improvement with reduced backlobes when having AMC. Bending and wetness 

measurements are also conducted. Bending is found not to cause performance disruption while 

wetness influences performance distortion. However, once the antennas and AMC dried out, the 

original performance is retrieved. 

 

The implementation of wearable antennas in on-body communication has been getting much attention due to 

its attractive properties. However, due to the distinct properties of human flesh, wearable antennas experience 

performance degradation which results in distortion of input impedance and radiation characteristics [1]. 

Furthermore, the radiation that penetrates into the human body is a concerning health issue. To overcome the 

drawbacks of wearable antennas, textile Artificial Magnetic Conductor (AMC) was introduced [2]. Antenna with 

AMC ground plane enables the isolation of human body from the antenna’s electromagnetic radiation, apart 

from enhancing the gain. It also eliminates the antenna’s impedance mismatch caused by the human tissues. 

       

                              (a)                      (b) 

Fig. 1: Planar textile antennas above AMC sheet (a) diamond dipole (c) CPW monopole 

 

Two planar textile antennas namely diamond dipole and coplanar waveguide (CPW) monopole are designed 

to be tested on the proposed textile AMC (Fig.1). The antennas and AMC are made entirely from textile using 

fleece and Shieldit fabrics. The AMC is designed to have in-phase reflection at 2.45GHz. Performance 

comparison in terms of S11 and gain between the two antennas when placed above AMC is observed (Table 1). 

Results show that the proposed AMC is able to tune the resonant frequencies of both antennas according to the 

AMC designated frequency. Directive radiation patterns with minimum back lobes are also achieved with 

significant gain improvement. With the AMC, on-body antennas performance is improved by mitigating the 

detuning problem caused by the human body as well as reducing the radiation that goes into the human flesh. 



Table 1: Comparison of planar textile antennas with and without AMC under body centric measurements 

Antenna types 
S11 (dB) at 2.45GHz Gain (dB) at 2.45GHz 

Free space On body Bent After dry (wetness test) Free space Bent 

Diamond 

dipole 

Without AMC  -33.64 -13.44 -29.6 -29.07 3.09 2.63 

With AMC -23.09 -15.09 -18.44 -22.3 6.53 5.83 

CPW 

monopole 

Without AMC  -18.08 -13.61 -16.74 -17.6 1.91 1.83 

With AMC -15.21 -16.14 -16.2 -13.4 6.47 5.64 

 

The antennas and AMC are also tested under wearable and body centric measurements i.e. bending and 

wetness (Fig. 2). Results show that bending does not give significant impact to the S-parameter, radiation pattern 

and gain performances. In contrary, wetness investigation shows that a completely wet antenna and AMC suffer 

severe distortion in terms of S-parameter results. However, the performance of the antenna and AMC returned to 

its original before washing state when they are fully dried. Wetness can be avoided by laminating the textile 

antenna and AMC with a plastic coating or by using waterproof fabrics. The body centric measurements 

demonstrate that the proposed textile antennas and AMC are deemed fit to be applied for wearable body centric 

application. 
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Fig. 2: Measured S11 of planar textile antennas above AMC under bending and wetness measurements (a) bent 

diamond dipole (b) bent CPW monopole (a) wet diamond dipole (b) wet CPW monopole 
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Abstract- Here, we introduce a novel scheme to generate Plasmon Induced Transparency (PIT) by 
hybridizing two concentric-twisted double split ring resonators (DSRR). We demonstrate that 
counter-directional twisting of small SRRs can perturb both SRRs response eventuating new states 
through red shift of the first and blue shift of the second resonance. Contrarily, by co-directional 
twisting of small SRRs and focusing on first resonance, we manifest PIT which is formed as a 
result of splitting the first resonance into two dependent bright modes.  
 

 
The reputation of metamaterials is not only due to their unusual characteristics such as negative refraction, 

subwavelength imaging, and optical cloaking but also own to their ability to emulate some of the renowned 
atomic and condensed matter phenomena such as orbital hybridization, Fano resonances, and 
electromagnetically induced transparency (EIT). The latter is indeed of significant importance own to its 
exclusive feature of decreasing the speed of light which promises potential applications in developing 
ultra-accurate sensors, low-power optical switches, and optical buffers and delay lines as the essential elements 
of future ultrafast all-optical communication systems [1]. EIT which is essentially a quantum destructive 
interference phenomenon appears in a three level atomic system where a high-power pump beam induces a 
narrowband “dark” state to open up a transparency window inside the broader absorption band of a “bright” state 
excited by a probe beam [2]. EIT has been observed in various media including cold atoms, warm atoms, and 
plasmas; however, its cumbersome experimental conditions have often hampered its practical implementation. 
Here the significance of imitation of EIT by metamaterials becomes more noticeable where metamaterials can 
extremely relax those experimental constraints. The first reported EIT by metamaterials was named plasmon 
induced transparency (PIT) [3]. Afterwards, several metamaterial structures have been developed to achieve 
broadband, multiband, actively controllable, and polarization insensitive PIT in various spectra. In all PIT 
structures, meta-atoms such as cut wire or SRR are used as counterparts of bright or dark states if they directly 
couple to the incident radiation(bright state) or they are excited via induction from the bright meta-atom (dark 
state) where no pumping beam is required to induce a dark state.   

In this work, we propose a novel scheme to produce PIT by hybridizing two concentric-twisted DSRR. Two 
adjacent DSRRs are hybridized together in a single unit cell, where each DSRR is composed of a small and large 
concentric SRRs with distinct resonance frequencies. Figure 1.a demonstrates a schematic representation of this 
structure. The large SRRs as bright resonators are stationary and mirror images of each other, while small SRRs 
relatively rotate to gradually switch from dark to bright states or vice versa. In simulation by using Comsol, 
SRRs were made of Cu deposited on polyimide as the substrate. Figure 1.b demonstrates the transmission 



spectrum of structures where counter-directional rotation of small SRRs perturbs both small and large SRRs 
response such that it leads to new hybridized states via red shift of the first and blue shift of the second 
resonance. Additionally, it is observable that at -45˚ case the second resonance disappears and by moving 
towards 90˚ structure the transmission of the second resonance diminishes. All these observation are 
interpretable by using dipole-dipole interaction and using energy level scheme [ref]. Contrarily in Fig. 2. a and b, 
we demonstrate that by co-directional rotation of small SRRs and focusing on just the first resonance we can 
achieve PIT which is created by splitting of the first resonance into two dependent bright states. The calculated 
group delay and relative group velocity of 90˚ co-directional DSRRs have been depicted in Fig. 2.c 
demonstrating the group delay of almost 7.5 [ps] compared to that of in polyimide. The proposed scheme can be 
useful in designing optical buffers, delay lines, and ultra-sensitive sensors. 
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Figure 1. a. Schematic illustration of hybrid concentric-twisted 
DSRRs. b. Transmission spectra of hybridized counter-directional 
twisted DSRRs with their corresponding structure in insets  

Figure 2. a and b. Transmission and phase spectrum respectively c. 
The calculated group delay (solid red) and relative group velocity 
(solid blue) of 90°-co-directional PIT structure. Dashed graphs 
represent group delay (red) and relative group velocity (blue) of 
polyimide as the reference material. 
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Abstract- A novel dual-band Frequency Selective Surface (FSS) using a combination of open and closed 

loops is designed to block Wi-Fi signals at 2.45 GHz and 5.5 GHz and transmit the signals outside of the 

Wi-Fi bands. The structure was fabricated using Printed Electronics (PE) technology and good agreement 

between measured and simulated results was achieved. 

 

   Loop elements are suitable candidates in the design of FSS structures due to their angular stability, low cross 

polarization, impedance bandwidth, and band separation [1]. Double loop elements were used in designing the 

FSS surfaces for a similar application [2, 3]; however, all of these designs are fairly wideband and block part of 

the bands outside Wi-Fi such as the LTE band.  The goal of the FSS design reported in this paper is to determine 

how well one can block these Wi-Fi signals, while still allowing other portions of the RF spectrum to pass 

unperturbed especially for the lower band (2.45 GHz) because it is very close to the LTE mobile band. A novel 

narrowband element with a combination of open meandered loops and closed loops is introduced here. The 

meandered open loop has a narrowband resonance at 2.45 GHz. Meanwhile, the inner closed square loop 

elements resonate at 5.5 GHz. A view of this cell configuration is shown in Figure 1. The open loop has a 

sequential rotation of 90 degrees to make the structure nearly polarization insensitive and also acts as the design 

mechanism through which the structure exhibits narrowband behaviour in the lower band.  

 

 
 

Figure 1: A top view of cell elements with a combination of sequentially rotated open meandered loops 

and closed-square loops 

 

 

 



      The optimized design parameters for maximum reflection at Wi-Fi frequencies of 2.45 GHz and 

5.5 GHz are as follows:  

P1=32 mm, P2=16 mm, w1= 5.15 mm, w2=3 mm, L1=13.3 mm, L2= 5.8 mm, d1= 1 mm, d2= 0.5 mm. The 

cell elements are placed on the surface of a 50 micron PET substrate. The FSS structure was fabricated 

using inkjet PE technology and the freespace S-parameters were measured using a two-horn 

measurement setup within an anechoic chamber.  

      The simulated and measured transmission coefficients of this FSS structure with a normal plane 

wave excitation are shown in Figure 2. There is a good agreement between them and the results show 

the desired narrowband performance at 2.45 GHz.  

 

 
 

Figure 2: Transmission coefficients of the open meandered loop and square loop FSS on 50 micron 

thick PET with normal plane wave excitation 

 

Furthermore, the FSS structure was simulated and measured at different angles of incidence with little 

observed change in the frequency response for both TE and TM excitations. However, there are 

additional resonances in both bands due mainly to the coupling between the cell elements. 

Supplementary simulated and measured results will be presented at the conference to provide further 

insight on this behaviour. 
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Abstract-Micro and nano-structured FSS with silver nanoparticles works as double FSS in IR region. 

Because most of incident light is absorbed or scattered by nanowire forest and silver nanoparticles, 

silver particles embedded nanowire cannot play the role as IR FSS by itself. With micro structured 

island pattern, silver nanoparticles embedded FSS can operate as a micro structured FSS and a 

plasmonic light confiner. The band stop FSS at infrared range is possible by these strategy without 

increase of reflectance.    

 

FSS, Frequency Selective Surface, was born due to the needs of RADAR(RAdio Detection And Ranging) 

technology for radome of a combat fighter. The minimum pattern size, pitch and other geometrical parameters for 

radio frequency FSS is sufficient with the order of cm [1]. To realize FSS at infrared range, smaller pattern size is 

needed to control the incident wave which has micron order of wavelength. On the strength of development in 

micro/nano fabrication technology, FSS operating at infrared frequency range is feasible in recent years. Infrared 

FSS is applicable to enhance the efficiency of solar-thermal energy conversion, photovoltaic device by increasing 

absorbance or transmittance at specific frequency [2, 3]. In these applications, FSS functions as a band pass filter 

that passes useful electromagnetic wave. 

In this study, we demonstrated band stop FSS in infrared range as an infrared stealth layer as shown in Fig.1. 

Infrared seeker detect passively irradiated energy from a target at MWIR(3~5 micron) and LWIR(8~12 micron). 

The MWIR and LWIR is transparent atmospheric frequency range called atmospheric window. Infrared wave at 

the other range is absorbed or scattered by water and carbon-dioxide molecules. Therefore, IR energy through non-

transparent range (for example, 5~8 micron) is not detectable to infrared seeker. With silver nanoparticles 

embedded micro pattern structure, the micro structural resonant and plasmonic light confine effects occur 

simultaneously. The silicon nanowires and silver nanoparticles are fabricated by a metal-assisted chemical etching 

method (MaCE) [4, 5]. The reduced silver nanoparticles remain during the process of MaCE that can be dissolved 

by nitric acid solution. 

 
Figure 1. Role of the IR FSS as an infrared stealth layer. 



 

Figure 2. (a) micro patterned FSS with nanowire, (b) vertically aligned silicon nanowire without Ag particles and (c) 

silicon nanowire with Ag nanoparticles. 

 

Figure 2 shows a micro patterned FSS and its bottom surface for comparison with (b) and (c). The transmission 

spectrum is measured by FTIR (Fourier transform infrared spectroscopy, vertex 70) at near to long wave infrared 

range. We measured the transmission of bare silicon, only nanowire, nanowire with nanoparticles, and these case 

with micro patterning. Since almost of incident light is absorbed or scattered by nanowire forest and silver 

nanoparticles, silver particles embedded nanowire cannot play the role as IR FSS by itself. With micro structured 

island pattern, silver nanoparticles embedded FSS can operate twice as a micro structured FSS and a plasmonic 

light confiner. Also, unlike micro-sized metal island pattern, surface of the contained particles is possible to not 

increase the reflectance because of the hidden silver particles.  
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Abstract-We demonstrate the effect of additional asymmetries in concentric rings metasurface. The 

diagonal nonconcentric rings presents spectral ultra-narrow band-pass regions which offer practical 

applications in filters and modulators. Double and triple rings metasurfaces are investigated. 

 

Metasurfaces have received great attention for their novel applications in electromagnetic engineering such 

as filtering, modulation, imaging, sensing, etc. [1]. Conventionally, these planar metamaterials have been 

designed as periodically arranged resonators with many different geometries proposed as their unit cell. By 

breaking spatial symmetry in design of resonators, trapped modes could couple strongly to free space excitation 

which results in Fano resonances and electromagnetically induced transparency (EIT) phenomenon [2]. In 

particular, double concentric rings were shown to exhibit polarization and angle independent resonance 

transmission frequency with a narrow band-pass [3]. In this letter, we numerically study the role of asymmetries 

introduced in concentric rings, resulting in additional Fano resonances, and therefore finding applications in 

spectral filtering devices and sensors. 

 

In Figure 1(a), the layout of concentric and non-concentric rings are shown. The rings are perfect electrical 

conductors of inner and outer radii 4.3mm and 5.25mm respectively with trace width of 0.4mm, which are 

enclosed in a 15mm by 15mm unit cell. The structure is excited using a plane wave which propagates along the z 

axis and has linear polarization along the y axis. Ansys HFSS which is a full-wave EM solver based on FEM is 

used for simulations. 

 

   

 

Figure 1. (a) Unit cell designs of double concentric and non-concentric rings; r1=4.3mm, and r2=5.25mm; (b) Transmission (blue) and 

Reflection (red) spectra of different centers separation, (1) 0, (2) 0.14mm, (3) 0.28mm, and (4) 0.42mm. 

(a) 

(b) 

(1) (2) (3) 

(4) 



By shifting center of inner ring along the y=x axis, additional EIT resonance at around 9.55 GHz emerges 

and becomes significant, where it reaches its narrowest band pass when ring centers separation, d, is about half 

of rings gap, Figure 1(b). 

 

We further studied electromagnetic properties of the metasurface by adding additional outer ring to the 

double rings design which generates extra resonances as one could expect, Figure 3. To have number of 

passband frequencies doubled, center of inner and middle rings are shifted 0.84mm and 0.42mm respectively 

along the y=x axis, and results are shown in Figure 3. 

 

 

Figure 3. Unit cell designs of triple concentric rings in concentric and non-concentric orientations where r3=6.2mm, with their 

transmission spectra at bottom. 

 

In summary, we have investigated the role of asymmetries in multiple concentric rings metasurface, and it 

has been shown that by introducing further symmetry breaking, ultra-narrow band-pass regions are achievable. 

Further studies can provide opportunities for developing spectral filters and modulators. 
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Abstract

A bendable Artificial Magnetic Conductor (AMC) with a
resonant frequency of 400 MHz is proposed. The dimen-
sions of the unit cell are 50× 50 mm2 or 0.07× 0.07
λ0. The miniaturization is achieved with closely coupled
patches printed on each side of a 0.127 mm thick dielectric
substrate. This last one is stacked on a flexible 3 mm thick
silicone over a ground plane. An AMC prototype is simu-
lated and manufactured. Also, a printed inverted F antenna
is used to highlight the bandwidth of the AMC.

1. Introduction

The research in the topic of the Artificial Magnetic Conduc-
tor (AMC) is always ongoing since the initial concept pro-
posed by D. Sievenpiper [1]. Recently, some efforts have
been focused on bent [2] or even flexible [3][4] AMC. This
kind of AMC would be desirable to obtain AMC object-
shape-adapted. One of the most interesting property of an
AMC is the in-phase reflection. This property is often em-
ployed in the trend topic of the on/off-body antenna to sup-
press the backward radiation [5]. However, below 1 GHz
the size of an unit cell (close to half-wavelength in free
space) does not permit to design some compact AMC. To
overcome this drawback several techniques of miniaturiza-
tion have been published. A simple way is to use high di-
electric substrates [6][7]. In another way, some researchers
have shown that the use of a lumped capacitance between
two adjacent unit cells [8][9] permits to decrease the reso-
nance frequency of an AMC. Nevertheless, the ohmic resis-
tance of a lumped component impacts the efficiency of the
AMC [10]. To avoid this deficiency, the use of interdigital
capacitance is proposed by the authors of [10] or it is also
possible to use printed reactive components [11][12].

The aim of this paper is to propose a small AMC unit
cell, slightly bendable and easy to make at 400 MHz. Many
of the previous listed techniques cannot be employed. They
will suffer of significant constraints for a flexible strucu-
ture, for instance the weldings of the lumped capacitances
and the durability of the accuracy of the interdigital capac-
itances. For these reasons, we propose to use a two layer
closely printed coupled patches [14] As a result, the pro-
posed double-layer based AMC is less affected by succes-
sive flexions.

In this paper, we present bendable AMC with small unit
cell. Their dimensions are 50× 50 mm2 or 0.07× 0.07λ0.

A prototype of 7× 7 unit cells, with some overall dimen-
sions of 350× 350 mm2, is simulated and manufactured.
Due to the difficulty to measure the phase reflection at 400
MHz the AMC is associated with an antenna to highlight
the bandwidth of the in-phase reflection where the gain is
enhanced in the forward direction.

2. Design and simulation

2.1. AMC design

The unit cell of an AMC can be modeled by an equiva-
lent parallel LC circuit. The transmission line model is
generally used to calculate the impedance surface as rep-
resented if Fig.1. This impedance surface can be expressed
as a parallel circuitZs composed of a grid impedanceZg

(capacitive) and a dielectric impedanceZd (inductive) due
to the substrate slab backed by a ground plane. The grid
impedance depends on the geometry used in the design of
the unit cell and the permittivity. The dielectric impedance
depends on the thickness and permeability of the dielectric
slab. The surface impedance can be written :

Zs =
jωLd

1− LdCgω
2

(1)

and the resonant frequency is :

f0 =
1

2π
√

LdCg

(2)

Zd

ZgA B

Figure 1: Equivalent parallel circuit of an unit cell.

To miniaturize the AMC we can increaseLd by using a
thicker dielectric slab [13] but this technique is inappropri-
ate in the case of flexible AMC. The unique way to minia-
turize the AMC is to increaseCg while maintaining small
dimensions of the grid impedance.

The proposed AMC is a two flexible layered structure
and has been inspired from [14]. The first layer is a very
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Figure 2: (a) Unit Cell. (b) 7× 7 unit cell finite structure.
acell = 50 mm,a1 = 38.5 mm,a1 = 39.5 mm,hn = 0.127
mm andhs = 3 mm.

(a) (b)

Figure 3: (a) Flexible 0.127 mm thick Neltec NH9300. (b)
Flexible 3 mm thick silicone.

thin dielectric Neltec NH9300 (ǫr = 3 and tgδ = 0.0023
andhn = 0.127 mm). The thin substrate has a patch array
on each side, alternately positioned as illustrated in Fig.2.
Due to the closely coupled patches, this topology causes a
high grid capacitance value to miniaturize the unit cell. The
second layer is a silicone substrate (silicon-based polymer)
to create the inductance slab. It was characterized and its
dielectric properties are found to beǫr = 3 and tgδ = 0.04
at 400 MHz (hs = 3 mm). The dimensions of the unit cell,
shown in Fig.2(a), are 50× 50 mm2 or 0.07× 0.07λ0 with
acell = 50 mm,a1 = 38.5 mm anda1 = 39.5 mm. The final
AMC is a 7× 7 unit cell finite structure with an overall size
of 350× 350 mm2 as depicted in Fig.2(b)

2.2. Realization

The thin top layer which requires a high accuracy manu-
facturing is realized by industrial chemical etching. Then,
the silicone layer is handy cut at the accurate dimensions.
Finally the two layers are stuck together by a thin double
sided adhesive. The Fig.3 show the flexibility of the two
selected substrates. A cross-sectional view of the manufac-
tured prototype is shown in Fig.4.

2.3. Simulation results

The full wave simulations are performed withCST Mi-
crowave Studio. A single cell is designed and surrounded
with perfect boundary conditions and simulated with the
Floquet theory. The surface of the AMC, chosen as the

Ground Silicone NH9300

Figure 4: Cross sectional view of the realized AMC.

phase reference, is illuminated by a normal plane wave. The
resonant frequency of an AMC is obtain when the reflection
coefficient phase is equal to 0◦. The useful bandwidth is
generally define as +90◦ to 90◦. These phase values would
not cause destructive interferences between direct and re-
flected wave. Another simulations are carried out with 7×
7 unit cell finite structure shown in Fig.2(b). To evaluate
the reflected phase, the RCS of the structure is simulated.
A PEC surface is used as a reference. The reflected phase
from the AMC is normalized to the one from the PEC [1]
by :

φ = φAMC − φPEC + π (3)

As we can see on the Fig.5, the simulation of an infinite
structure by the Floquet theory gives a mismatch result of
the resonant frequency compared to the result of the finite
structure. The resonant frequency of the infinite structureis
80 MHz lower than the one of the finite structure.
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Figure 5: Reflection phases of the infinite structure (Flo-
quet theory) and of the 7× 7 unit cell finite structure (time
domain solver).

To ensure that the reflection phase of the finite structure
is accurate, both time domain and frequency domain solvers
are used. The simulated reflection coefficient phases are
shown in Fig.6. Both time domain and frequency domain
solvers provide a similar resonant frequency of 398 MHz
with a bandwidth of 4 MHz (1%). It can be observed that
the frequency domain solver has some difficulties to esti-
mate the reflection phase in the bandwidth but this one can
be nevertheless estimated.

The AMC is now under bending condition with a ra-
dius of curvature of 0.5m as depicted in Fig.7. The simu-
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Figure 6: Reflection phases of the 7× 7 unit cell finite
structure with time domain and frequency domain solver.

lated reflection coefficient phases are shown in Fig.8. With
the frequency domain solver the resonant frequency can be
estimated at 390 MHz. A slightly decreasing of 8 MHz
is observed compared to the AMC in plane condition. In
this condition the curvature of the AMC affects moderately
the resonant frequency. The time domain response gives a
lower resonant frequency than the frequency response. This
results can be discusses with respect to the hexahedral mesh
on thin curved layer.

Figure 7: Bent AMC with a radius of curvature of 0.5 m
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Figure 8: Reflection phase of the 7× 7 unit cell finite struc-
ture with the time domain and frequency domain solver un-
der a radius of curvature of 0.5 m

3. Antenna over the AMC

A flexible Printed Inverted F Antenna (PIFA), shown in
Fig.9, is designed to resonate close to the resonant fre-
quency of the proposed AMC in order to highlight its band-
width. This technique is easier to carry out than a reflection
phase measurement [6] difficult to apply at 400 MHz. The
substrate of the PIFA is a 1.5 mm thick silicone, the same
material as the one used for the AMC. The conductive parts
are made with an adhesive e-textiles. The antenna is fed by
a microstrip line. The ground plane is behind the substrate

and not visible in Fig.9. It can be seen in Fig.10(a) in light
gray.

z

y

x

123.5 mm

Figure 9: Flexible Printed Inverted F Antenna.

Both antenna and AMC are simulated to adjust the res-
onant frequency of the PIFA. Indeed the coupling between
the antenna and the AMC changes the impedance of the
antenna once this one is above the AMC. This is why we
need to compute the combination antenna - AMC together.
The antenna is placed at a distanced = 16 mm with a foam
spacer (Rohacell) above the AMC. The simulated combina-
tion of the two structures is shown in Fig.10(a). The foam
spacer is not represented to highlight the illustration.

(a) (b)

Figure 10: Combination antenna - AMC a) Simulation. b)
Measurement.

As we can see in Fig.11(a), the simulated and mea-
sured resonant frequencies occur at 407 MHz and 411 MHz
respectively. Although the two resonant frequencies are
close, the measured bandwidth is narrower than the sim-
ulated one. The measured bandwidth is 3 MHz (0.7%) and
the simulated one, in light green, is 5.5 MHz (1.3%). Nev-
ertheless this measurement can confirm the operation as an
AMC of the proposed structure. To confirm this hypothe-
sis we can note in Fig.11(b) an enhanced gain in the band-
witdh (light green). Also, we can observe in Fig.12(a) that
the backward radiation is greatly reduced with the AMC
compared to the antenna alone (Fig.12(b)). The maximum
simulated realized gain in the normal direction is enhanced
from 0.5 dB with the antenna alone to 4,3 dB with the cou-
ple antenna – AMC.

4. Conclusion

We presented a bending AMC with small unit cells which
operate at 400 MHz. The dimensions of an unit cell are
50 × 50 mm2 or 0.07× 0.07λ0. The miniaturization is
achieved by a two layer structure. The top layer is a thin
substrate which has a patch array on each side, alternately
positioned. Due to the closely coupled patches, this topol-
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Figure 11: Combination antenna - AMC. (a) Return loss.
(b) Simulated realized gain in the normal direction.

(a) (b)

Figure 12: 3D simulated realized gain (a) Antenna alone.
(b) Combination antenna - AMC.

ogy causes a high grid capacitance value to miniaturize the
unit cell. A 7× 7 unit cell AMC prototype was manufac-
tured and associate with an antenna to highlight its band-
width. Good agreement have been observed between simu-
lation and measurement.
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Abstract  We theoretically demonstrate direction-dependent polarization conversion efficiency, 
yielding unidirectional light transmission, through a two-layer nanostructure by using the angular 
spectrum representation of optical near-fields. The direction-dependent efficiency is characterized 
based on the momentum of near-field light, which is much larger than that of propagating light. The 
theory provides results that are consistent with electromagnetic numerical simulations. This study 
offers a design principle for metamaterials in realizing optical properties, such as the 
unidirectionality observed here. 

 
Unidirectional light propagation has been intensively studied because of its crucial importance in practical 

optical systems, such as to achieve one-way signal transfer or avoid back-reflections [1]. The Faraday effect is 
the most well-known example, and this effect is used in a variety of device architectures. By using isotropic 
materials, a one-way diffraction [2] and unidirectional light transmission has been shown [3]. Asymmetric 
transmission of linearly or circularly polarized light by optical metamaterials has also been demonstrated [4]. 
Regarding isotropic-material-based nanostructures that exhibit unidirectional/asymmetric light transmission [3,4], 
a common feature is that they contain subwavelength-scale three-dimensional architectures, typically consisting 
of two-layer structures. Interactions among nanostructured two-layer systems yield interesting optical properties. 
Nevertheless, the physical reasoning and formalism have been limited to the notion of far-field optics. The 
coupling of surface plasmon polaritons has been postulated as the elemental physical process; however, a 
detailed formalism concerning near-field processes and unidirectional transmission has not been investigated yet.  

Here we present a rigorous theoretical foundation for characterizing unidirectional signal transfer in 
two-layer nanostructured matter based on the angular spectrum representation of optical near-fields. The 
evanescent wave is the most remarkable manifestation of optical near-fields that propagate parallel to the 
boundary surface and exhibit an exponential decay in the direction normal to the surface [5,6]. In the near-field 
regime, the angular spectrum of the scattered fields involves evanescent waves with wavevectors (or momentum) 
along the surface much larger than that of optical wave in free space.  



What we particularly address in this paper is to theoretically and numerically demonstrate that the 
polarization conversion efficiency from x-polarized input light to y-polarized output light in the forward 
direction differs from the polarization conversion efficiency from y-polarization input to x-polarization output in 
the backward direction through a two-layer planar nanostructure. By considering the polarization conversion in 
the forward and backward directions as the transfer of near-field light momentum based on the angular spectrum 
theory, the unidirectional transmission can clearly be grasped [7].  

The example two-layer nanostructure is schematically shown in Fig. 1(a). The details are shown in Ref. [7]. 
As shown in the inset of Fig. 1(b), the difference between polarization conversion efficiency from X to Y in the 
forward direction and that from Y to X in the backward direction emerges, referred to as “unidirectionality”, 
especially in the wavelength region between 900 nm and 1200 nm. Furthermore, as shown in Fig. 1(b), such 
unidirectionality is maximized when the two layers are separated by an appropriate distance whereas either too 
short or too large gap distances destroy the unidirectionality. Meanwhile, the forward- and backward-direction 
polarization conversion efficiency is theoretically estimated as the transfer of momentum based on the angular 
spectrum representation of optical near-fields. Figure 1(c) shows the theoretically estimated unidirectionality as a 
function of inter-layer distance, which agrees well with the numerical simulations shown in Fig. 1(b). Also, the 
relation between the structural symmetry/asymmetry in the assumed nanostructures and the resultant 
unidirectionality agree well between theory and simulations.  
 

 
 
 
 
 
 
 
 
 
Figure 1 Direction-dependent polarization conversion: angular-spectrum-based theory and simulations 
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Abstract- We propose a 4x4 S-Matrix formalism for efficient design and optimization of stacked 

homogeneous metasurfaces (MS). Based on the S-Matrices of the individual MS layers arbitrary 

stacks with rotated or flipped layers even of incommensurable periods can be treated analytically. 

By choosing arbitrary layers as well as intermediate spacer layers the method provides additional 

degrees of freedom for optimizing optical systems with full polarization and dispersion control. 

 

The concept of metamaterials (MMs) was brought to life for nothing minor than revolutionizing optics. MM 

with tailored optical properties were designed to control the dispersive as well as polarization properties of light 

beyond everything available by natural materials. Similar to natural materials the complex optical response of 

MMs ought to be described by simplifying effective material parameters which allow for their full 

characterization even after stacking or combining of similar or different MMs. In most cases, however, these 

effective parameters turned out to depend on the thickness of the stack even for identical MM layers as well as 

on their specific environment. Hence, the effective parameters were meaningful just for specific implementations 

of the MM and useless whenever additional layers were added or when placed on different substrates. The 

reason for this limitation of effective parameters is the well-known near-field coupling between sub-wavelength 

structured MM layers [1,2] or their environment. For periodically structured MMs, i.e. sub-wavelength gratings, 

the near-field coupling is mediated by evanescent higher diffraction orders. If these evanescent field components 

are not sufficiently attenuated at the distance to the next MM layer, near-field coupling occurs. Hence, a MM 

layer which is to be treated as a material necessarily has to be embedded into a homogeneous medium such that 

all higher diffraction orders decayed at its boundary. Only then the embedded MM layer forms a functional layer 

that can be described by unique effective parameters and we will denote such a layer homogeneous MM. As part 

of an infinitely extended medium, the homogeneous MM layer is the unit cell of the medium and the decay of 

the evanescent diffraction orders validate the Fundamental Bloch Mode Approximation [3]. 

Although the treatment in terms of effective parameters is very enlightening and powerful, for low symmetry 

MMs manipulating the polarization of light the effective parameters are tensors. Consequently, their retrieval is 

highly complicated, in general. Furthermore, when it comes to applications one usually combines different MM 

layers. Hence, the complex valued effective parameters are just replacing the complex valued transmission and 

reflection of the individual layers which are, in fact, the actual target functions for optical functionality. 

In this contribution we suggest to remain on the level of polarization resolved transmission and reflection to 

characterize the homogeneous MM. For the purpose of stacking different layers, the Jones matrix formalism 

seems suitable. However, it neglects reflection which is valid only for optical elements placed far apart with 

distances beyond the coherence length of light. This is inapplicable for compact integrated optical elements 



based on resonant MMs with strong reflection. Taking reflection and polarization sensitivity into account 

requests for 4x4 S-Matrix formalism, which is applicable for the stacking of low symmetry MMs where full 

polarization control is at focus. Within this approach each homogeneous layer is characterized by an S-matrix 

containing the normal incidence plane wave reflection and transmission from both sides. For two arbitrary 

homogeneous layers the S-matrix of the stacked system is obtained by applying the star product [4]  

, (1) 

where A and B are the 4x4 S-matrices of the individual layers with two-dimensional submatrices aij and bij 

containing the transmission and reflection for all polarizations from front and backside. The star product itself 

matches the boundary conditions at interfaces. This enables us to analytically combine different layer S-matrices 

to give the S-matrix for the whole system. By additional use of analytical formulas for isotropic spacer layers 

and matrix operations implementing arbitrary rotations or reflection of the individual layer S-matrices allows for 

calculation and semi-analytical optimization of the response of the stacked systems. Hence, the layer S-matrices 

have to be determined only once from rigorous numerical computations or phase-resolved transmission and 

reflection measurement where the stacking is done efficiently by simply applying the star product given above. 

This allows, in particular, for calculating the S-matrix for systems composed of layers with incommensurable 

periods which cannot be treated by rigorous calculations and enables new degrees of freedom in designs. Thus, 

the proposed method is extremely efficient for optimization of optical functionalities like polarization rotation, 

asymmetric transmission or any type of spectral filtering, accessing systems that could not be treated before. 

In our contribution, we will discuss potential applications, versatile estimates for ensuring homogeneity 

(FMA validity) and prove the validity of our approach by comparison with large scale super-cell FDTD 

calculations. A schematic of the presented approach is shown in Fig. 1 for the simple case of two MM layers. 

 

Figure 1: Schematic exemplarily showing a stack of two homogeneous MM layers to be treated by the 

proposed 4x4 S-Matrix formalism and optimized with respect to polarization and dispersion control. 
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Abstract-While wettability phenomena have been extensively studied over the last decade, the 

alteration of van der Waals forces via vacuum photon modes tuning has been unnoticed in 

theoretical models. Using first-principles calculations, we show that superhydrophibicity of 

nanostructured surfaces is dramatically enhanced by properly designed vacuum photon-mode 

modifications. As a case study, wetting contact angles of a water droplet above a polyethylene 

nanostructured surface are obtained from the potential energy calculated as a function of the 

droplet-surface separation distance. 
 

While superhydrophobicity on structured surfaces is a topic of high interest [1], and wetting 

phenomena are known to be related to van der Waals potential energy [2], the influence of surface 

nanocorrugations on van der Waals energy has not been considered in wetting theoretical models as of 

yet. Considering one body interacting with another body via van der Waals energy, the related 

potential energy U can be calculated as: 

 

U(L) = 
ħ
��∑ � ���||

(��)� � �	ln	(1 − ���(�, �||�
� )���(�, �||))���,� ��� !  (1) 

 

where L is the separation distance between the bodies, κ ="#�
$� + &'||&� , R1,m (R2,m) is the 

generalized complex reflection coefficient of the first body (second) in the m polarization state (s or p 

states), �|| is the parallel component of the photon wave vector and ξ is the angular frequency. 

Moreover, it is known that such a calculation, when applied to molecular solids, is able to predict 

the contact angle of a liquid on a corrugated surface [3]: 

 

U(L) = -1 + 
|)(!*)|
+,   (2) 

 

where L0 is the equilibrium separation distance and -. the surface tension of the liquid. Based on 

Eqs. (1) and (2), we have calculated the contact angle of a water droplet on a corrugated polyethylene 

surface (Fig. 1a) [4]. The droplet was approximated by an infinite slab and the corrugation of the 

polyethylene surface, cone-like shaped, by an effective medium (Fig. 1b). Optical properties of 

polyethylene and water were simulated with appropriate Lorentz dielectric functions [4]. 

The corrugation of the polyethylene acts in such a way it provides antireflective behavior to the 



            

surface, with efficiency that is a function of the height (h) of the cones (Fig. 1). Since the potential 

energy calculated from Eq. (1) is directly linked to the reflection coefficient of each body, the 

antireflective behavior of the surface has the effect of reducing the van der Waals energy (Fig. 2a) and 

thus increasing the contact angle (Fig. 2b) according to Eq. (2). Furthermore, considering Eq. (1), 

such results are easily interpreted since higher cones provide a more efficient graded index needed for a 

good antireflective behavior. 

 
Fig. 1: (a) Water droplet facing a corrugated polyethylene surface. (b) Approximation of the 

geometry. The two bodies interact through vacuum photon modes exchange (ħωp). 

 

 

Fig. 2: (a) Interaction energy between a water droplet and corrugated polyethylene slabs of various 

cones heights. (b) Evolution of the water contact angle on nanostructured polyethylene as function of 

the height h of cones. 

      

In summary, our results clearly show that small nanoscopic corrugations dramatically affect the 

van der Waals energy and thus the wetting contact angle. The effect of nanostructuration on vacuum 

photon-modes should therefore be considered when wetting phenomena are studied, because it is 

responsible for the interplay between superhydrophobicity and antireflection. Based on such 

considerations, novel multifunctional surfaces could be devised.  
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Abstract- This paper uses the Finite Difference Time Domain (FDTD) method to show that the 

efficiency of an Organic PhotoVoltaic (OPV) cell can be significantly improved by 

nano-structuring the Indium Tin Oxide (ITO) electrode with a periodic arrays of holes. With air 

filling of the ITO structure, the number of absorbed photons is increased by 24.8%. Preliminary 

experimental results show that the power conversion efficiency (PCE) of this OPV cell can been 

improved by up to 14.0%. 

 

Organic PhotoVoltaic (OPV) cells have a number of advantages over inorganic ones such as lower costs, 

ease of fabrication and flexible shape. However, they have lower power conversion efficiency (PCE) due to short 

exciton diffusion length and poor carrier transport. This leads to a requirement for thin active layers which 

results in poor light absorption. Here we propose a method to improve the PCE of OPV cells by etching a 

periodic array of holes in the ITO electrode [1, 2]. This will lead to light scattering and trapping and impedance 

matching effects that we show lead to increased light concentration in the active layer and thus increased 

absorption.  

    

Figure 1. a) Schematic of ITO patterned OPV cell with optimized period p=450nm, aspect ratio r=0.8 and thickness t=200nm. b) 

Simulated absorption in the active layer for ITO patterned/unpatterned OPV cell vs wavelength. The patterned curves are optimized 

structure in a) and 1.2um period, 0.5 aspect ratio linear grating patterning, respectively. 

 A schematic of the ITO patterned OPV cell is shown in figure 1(a), where hole array period p, aspect ratio r 

and thickness t are optimized to be 450nm, 0.8 and 200nm, respectively. The divergence of the Poynting Vector 

is used to calculate the absorptance Pabs in the active layer [3] and from this the number of absorbed photons, Np 
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can be derived. The light absorption comparison shown in figure 1(b) shows that enhancement is found at all 

wavelengths. The optimized 𝑁𝑝 increases from 10.1x1016/𝑐𝑚 ∙ 𝑠 for a flat surface to 12.6x1016/𝑐𝑚 ∙ 𝑠 for 

the patterned case. There are a number of effects occurring simultaneously in this complex multilayer structure, 

including second order grating effects where light with wavelength equal to the period of the grating will be 

diffracted into the plane of the structure and impedance matching due to an effective medium being created in 

the ITO layer. The lossy nature of the multilayer structure means simple analysis of these effects is difficult and 

future work will seek to identify their contributions explicitly. Ultimately this is an optoelectronic optimization 

problem and this further complicates the modelling task, it is thus very important to support modelling studies 

with experimental work, preliminary results for this are outlined below. 

For the experimental work, the first ITO patterning test is based on a 1D linear grating with period 1.2um 

and aspect ratio 0.5 (simulated absorption curve vs wavelength shown in figure 1.b), this has been fabricated 

using photolithography and Inductively Coupled Plasma (ICP) etching. Smaller periods are required ultimately, 

but this was a first test to check the performance of cells fabricated on patterned ITO. A SEM image of the 

patterned ITO grating is shown in figure 2(a). PEDOT: PSS and P3HT: PC60BM are then coated on both the 

patterned and unpatterned ITO, followed by deposition of LiF and Aluminium. 

     

Figure 2. a) SEM image of 1D linear patterned with period p=1200nm, aspect ratio r=0.5 and thickness t=200nm. b) I-V curves and 

electrical parameters of OPV cells with patterned and unpatterned ITO electrode. 

I-V curves are then plotted in figure 2(b) and show four different illumination areas using AM1.5G 

100 𝑚𝑊/𝑐𝑚2 irradiation. The averaged PCE is 2.36% (with standard deviation of 0.226%), which is 14.0% 

increased compared to the unpatterned case. Some essential parameters are calculated based on the measured 

data and also shown inset in figure 2(b). The PCE is increased mainly due to the increase in the short circuit 

current (Jsc) which is closely related to an increase of absorbed photons since each photon will ideally generate 

an electron/hole pair. However, the Fill Factor (FF) drops significantly because of an increase in series 

resistance (𝑅𝑠) which we believe is mainly due to deep etching of the ITO layer. 

    We are now working to understand the effects of ITO patterning on hole transport and hence series 

resistance through the use of different large period grating patterns and etch depths. In future will be using 

electron beam, nanoimprint and finally low cost laser interference lithography to produce the optimized 2D 

grating structures predicted by our modelling work.  
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Abstract- The numerical pinning model for high-Tc superconductor (HTS) is explained with Maxwell 

stress. Stable levitation of a permanent magnet with YBCO tapes is obtained without shielding currents 

in experiments. Though present experiments are for large scale applications, basic theory comes from 

pinning of flxsoids in HTS. The pinning force is discussed with the critical currents of the YBCO tape 

by using the numerical pinning model. 

 

The YBCO tape high-Tc superconductor has high critical current density and strong pinning force [1]. Stable 

suspension of a field-cooled YBCO tape under a permanent magnet was obtained without shielding currents in 

experiments [2]. Author analyzed the motion of a YBCO thin film in microgravity experiments [3] by using the 

numerical pinning model. The model is based on the assumption that fluxoids are perfectly fixed at the surface 

pinning points for small change of external field. The Maxwell's stress dF which acts on small area dS, is 

defined as follows in Cartesian coordinates [4]: 
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For example, (1) is reduced to the following relations with By=0 for a small area dS on x axis in Fig. 1(a).  
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The angle between the Maxwell stress and the normal vector on the surface is divided into half by magnetic field 

line [4] as shown in Fig. 1 (a). This is a very important feature for the numerical pinning model. 

 

 

 (a) (b)  

Fig.1 Angle between Maxwell stress and normal vector is divided into half by magnetic field line. (b) When field line 

is bent by Δθ at surface pinning point, direction of Maxwell stress is also change by 2Δθ in the flux pinning model. 



When the external field is slightly changed, a local force F acts on a flxsoid. If the force is smaller than the 
maximum pinning force Fpmax, the flxsoid in the HTS does not move and there are no shielding currents. 

 0
J






t

SC   .pmaxif FF   (3) 

The field line in air is assumed to be bent by Δθ at the surface pinning point. From the half divided angle’s low, 

direction of the Maxwell stress is also change by 2Δθ as shown in Fig. 1 (b). This is the basic idea of the 

numerical pinning model [5]. Body force is produced from summation of total Maxwell stress over surface of the 

HTS. In the present analysis, the local force acting to fluxsoid is evaluated from difference of the Maxwell stress 

for small increase of the gap. When the local force is larger than the maximum pinning force in (3), macroscopic 

shielding currents are induced by the motion of the fluxoid. 

 Fig. 2 shows stable levitation of a permanent magnet with YBCO tapes, where radius and thickness of the 

permanent magnet are 7.5 mm and 1.5 mm, and its weight is 1.0 g. The YBCO tapes with width of 4.1 mm are 

set to circular with radius of 9.0 mm. One end of each tape is in the liquid N2 for conductive cooling. Since the 

thin magnet makes large gradient of the magnetic field at the edge part, fluxsoids are effectively pinned on the 

YBCO tapes for the levitation. The levitation is also obtained clearly not by shielding currents but by pinning of 

flxsoids. From numerical evaluation for flux pinning sheet of 0.1 mm×0.1 mm, pinning force is roughly 

evaluated as order of 10
-6

 N. More precise evaluation of the pinning force on a flxsoid is under calculation. 

Though present experiments are for large scale applications, the same theory will be applicable to 

micro-structural HTS. 

 

 
Fig.2. Radial type pinning levitation with conductive cooling, where one end of each tapes is in liquid N2. 

 

The author would like to thank Furukawa Electric Co., Ltd. and SuperPower Inc. for their supply of the 

YBCO tape samples. 
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Abstract-We show that the effective index method in its current form is not appropriate for the

calculation of slow light behavior in photonic crystal waveguides. It consistently underestimates the

group index of devices under investigation and consequently also predicts a wrong propagation

loss behavior.  Instead we demonstrate that  2D simulations performed using the bulk refractive

index, with appropriate renormalization of the results, yield a more accurate description of device

performance for the same simulation complexity.

The success of slow light in photonic crystal (PhC) slab waveguides has lead to an expansive literature on

the simulation of such structures. The most accurate simulation results - including performance metrics such as

group index, propagation loss and spectral features - are obtained with 3D simulations [1-4]. However, these

simulations are very computationally intensive. A widely used approach to overcome this limitation is the use of

2D simulations, using the effective index method to approximate the effect of the vertical slab heterostructure[5].

While this approach works well for simpler devices, such as ring resonators, we show that it is not suitable for

the precise estimation of PhC performance and we suggested an alternative 2D approximation, yielding more

accurate results as a replacement.   

Fig.1  shows  the  device  performance  of  a  typical  dispersion  and  loss  engineered  waveguide,  whose

experimental performance and 3D simulation was described in ref [4]. We compare three simulation approaches,

all implemented in the MIT photonic band solver [1,4]: a fully 3D simulation (solid red), a 2D simulation using

the  effective  index method (dotted  black)  and our  proposed 2D simulation using  the bulk  refractive index

(dashed blue).

Figure 1: Graphs of the a) group index and b) the propagation loss for the three simulation methods.

Surprisingly, the simulations employing the bulk refractive index provide a better estimation of the true (i.e.

3D) performance metrics for this waveguide. We chose the above metrics for the comparison of our simulation

methods, as they are intrinsic to the waveguide design, unlike the operating wavelength, which is dependent on

a) b)



           

the lattice period. Therefore the accuracy of a simulation should be assessed using these true device metrics. 

Having improved the accuracy of the 2D simulations, without increased computational complexity, we now

propose an alternative method for the modeling of the vertical device structure, when using the bulk refractive

index. The vertical structures strongest effect is on the operating wavelength, as the optical distance of a lattice

period is dependent on the slab mode index. Both the effective index and 3D simulations implicitly calculate the

correct optical length for a given period, while this effect has to be implemented explicitly, for the bulk index

calculation. The difference in optical path length is related to the difference of the effective slab mode index and

the material bulk refractive index. Therefore we propose the concept of an effective period. When recovering the

operating wavelength from bandstructure calculations an effective period has to be used, as follows:

eff eff

bulk

a n a

n
l

w w
= = , (1)

where a is the lattice period, ω is the frequency, and neff and nbulk are the effective slab modal and bulk refractive

index, respectively. Using this correction the bulk index calculation also yields a more accurate approximation of

the operating wavelength than the effective index method, as shown in fig 2.

Figure 2: Graph of the group index vs wavelength showing results for the 3D simulation (solid red line), the

effective index method (black dotted line) and the effective period method (blue dashed line).

While only a single device has been shown here, the results hold across different dispersion engineering

approaches and material systems. In conclusion we have shown that the effective index method is not a suitable

approximation for slow light waveguides, providing at best poor estimates of the device behaviour. Instead an

effective period approximation - a 2D simulation using the bulk refractive index, followed by a renormalization

of the operating wavelength – provides significantly more accurate simulation results, at no extra effort.
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Abstract— For analyzing cylindrical metallic nanoparticles, we present an efficient method
based on expanding the electromagnetic field in one-dimensional (1D) “vertical” modes and
solving related two-dimensional (2D) Helmholtz equations by boundary integral equations or
cylindrical wave expansions. The method effectively reduces the original three-dimensional (3D)
problems to 2D problems.

Efficient numerical methods are essential in the analysis, design and optimization of metallic
nanoparticles for practical applications. General numerical methods such as finite difference and
finite element methods are widely used, but it is often possible to develop more efficient methods by
taking advantage of the special geometries. Many metallic nanoparticles are cylindrical objects with
a finite height. In this paper, we present an efficient numerical method for analyzing cylindrical
metallic nanoparticles. The method is an extension of the vertical mode expansion method (VMEM)
developed in the study of light transmission through circular holes in metallic films [1], and it is
related to earlier works on photonic crystal slabs [2, 3, 4, 5].

Consider a 3D structure consisting of a number of cylindrical regions S0, S1, etc., where material
properties depend only on the “vertical” variable z in each region. For cylindrical nanoparticles
on a horizontal substrate, S0 corresponds to the region outside the particles, S1 corresponds to
the first particle, etc. In each region, the electromagnetic field can be expanded in vertical modes,

leading to expressions such as
∑

φ
(l,p)

j (z)V
(l,p)

j (x, y), where the superscript l refers to the region

Sl, the superscript p ∈ {e, h} indicates the polarization of the vertical mode, and the subscript

j ∈ {1, 2, 3, ...} is the index of the mode, φ
(l,p)

j is the jth eigenfunction of a 1D eigenvalue problem,

and V
(l,p)

j satisfies a Helmholtz equation (related to the corresponding eigenvalue) in Ωl (the 2D

cross section of Sl). Matching the tangential field components on the vertical boundaries of Sl

(l = 0, 1, ...), we obtain a linear system for all V
(l,p)

j (or their normal derivatives) on the boundary

of Ωl. In this process, we need to calculate the so-called Dirichlet-to-Neumann (DtN) operator

or its inverse Neumann-to-Dirichlet (NtD) operator for V
(l,p)

j satisfying an Helmholtz equation in
Ωl. These operators are approximated by matrices when the boundary of Ωl is discretized. If

the cylinders are circular, V
(l,p)

j can be expanded in cylindrical waves and the DtN operator can
be constructed from such an expansion. If the cylinders have arbitrary cross sections, we use a
boundary integral equation to find the NtD operator.
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Figure 1: Left: top view of a cylindrical particle with a C-shaped cross-section. Right: scattering cross-
section of a C-shaped particle for different horizontal angles of the incident electric field.



As a numerical example, we consider a C-shaped gold particle shown in Fig. 1(left), where
d = 100nm, and the height of the particle is 300nm. For this problem, we consider a normal
incident wave with the electric field in the xy plane. In Fig. 1(right), we show the normalized
scattering cross-section for a few cases with different angles between the incident electric field and
the x-axis. We also consider a pair of circular cylindrical gold nanoparticles, as shown in Fig. 2,

Figure 2: Right: two circular particles.

where the diameter is d = 150nm, the height is 17nm, and the gap g between the two cylinders
varies from 10nm to 200nm. The results for a normal incident wave with the incident electric field
parallel or perpendicular to the dimer axis are shown in Fig. 3 (left and right), respectively. It can
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Figure 3: Nomalized scattering cross-sections of a gold cylinder dimer for different gap g, with incient electric
field parallel (left) or perpendicular (right) to the dimer axis.

be seen that as the gap between the particles decreases, the resonance wavelength has a remarkable
for the parallel case, and it has a small blueshift for the perpendicular case.
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Abstract— We present an asymptotic method for studying the behaviour of electromagnetic
waves in 3D periodic structures. The efficacy of the method is demonstrated via comparison
with full numerical simulations, providing insight into effects associated with both propagating
and evanescent modes. We specialise to the case of photonic crystal fibers, for which our method
gives quantitative predictions about the nature of the decaying field outside the fiber core.

We are a group of applied mathematicians investigating the behaviour of waves in periodic
photonic structures. We do so via an asymptotic technique entitled high-frequency homogeniza-
tion (HFH), first published in 2010 [3], which is a recent extension of the methodology of classical
homogenization theories. In the context of wave propagation, asymptotic homogenization seeks
a continuous ‘effective medium’ description of a structure, which accurately captures its relevant
physical features on a scale larger than that of the repeating cell. In doing so, a possibly compli-
cated microstructure can be reduced to something far simpler, aiding computation and providing
insight that can ultimately be useful in the design of devices. Classical homogenization is limited
to the quasi-static (long wavelength) regime, and has proven indispensable in the field of metama-
terials. Unfortunately, the exotic optical properties of photonic crystals (PCs), including but not
limited to light confinement, self-collimation, ultra-refraction and omni- or uni-directional band
gaps, typically rely on higher-frequency dispersive bands, thus remaining elusive to such analysis.
Further to this, the band structures of photonic crystal fibers (PCFs) are inherently distinct from
the quasi-static regime due to the field variation along the axis of the fiber.

The philosophy of HFH is to focus attention on perturbations around the standing wave eigenfre-
quencies of a periodic structure. In doing so, we derive an effective PDE satisfied by a slowly-varying
scalar function modulating the electromagnetic fields E and H, governing the group behaviour of
waves in the structure. Crucially, the method does not require us to assume that the variation
of the field is small on the irreducible cell level, and thus allows us to move into the appropriate
domain for the analysis of PCs and PCFs. Further work in which the theory has been tested
against direct numerical calculations [1,2] shows that it is capable of accurately capturing a range
of physical phenomena, including dynamic anisotropy.

(a) (b)

Figure 1: Band-gap PCF defect mode in a large doubly-periodic array of air cylinders. We observe directive
leakage in the x- and y-directions, which is predicted both qualitatively and quantitively by HFH.



In this talk I discuss recent work on the application of HFH to the time-harmonic vector Maxwell
equations, and in particular how it gives insight into striking frequency-dependent phenomena asso-
ciated with PCs and PCFs. Results of the theory are compared with direct numerical calculations
via reconstruction of photonic band diagrams and demonstration of specific optical effects, with
particular attention on those associated with photonic crystal fibers.
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Figure 2: Photonic band diagram for a 3-dimensional PCF formed from a cubic array of perfectly-conducting
spheres in a dielectric background phase. Solid black curves are from FEM calculation, and red dashed curves
are asymptotic perturbations from HFH. Note that the Dirac-like point at R.
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Abstract— Due to the increased complexity of Metamaterials geometric structures, exacer-
bated by the increased interest in generating inhomogeneous and anisotropic metamaterials, di-
rect optimisation of these designs using conventional approaches often becomes impractical and
limited. In order to alleviate this issue, we propose an alternative optimisation approach which
exploits the Kriging methodology in conjunction with an adaptive sampling plan to simultane-
ously optimise multiple conflicting objectives.

1. DISCUSSION AND RESULTS

In order to vary the effective refractive index of an artificial metallic-dielectric structure from posi-
tive to negative, careful optimisation of it constituent geometry parameters must be undertaken to
ensure a specific electric and magnetic response to incident electromagnetic waves. Consequently,
the metallic-dielectric structures need to be optimised to give an electromagnetic response that
simultaneously balances n′ and n′′. In this study, we consider the application of our proposed
topology optimisation strategy to examine the range of optimal negative refractive indices that can
be achieved using the fishnet metamaterial structure, as shown in Figure 1(a) and experimentally
demonstrated in [1]. The objective of this optimisation will be to produce a set of non-dominated
Pareto sets that are well spaced on the Pareto front which will give us a clear indication of the opti-
mal trade-off between n′ and n′′ at 40GHz, that can be found over a range of 4 design variables [2].
The data is simulated in CST Microwave Studio which resulted in an average simulation time of
215 seconds. To produce the non-dominated designs, we used a 54-point Latin Hypercube and
16-point corner sampling plan, augmented with 170-point derived from the LOLA-Voronoi process.
The LOLA-Voronoi limits the number of data points in an optimal manner while maximising model
accuracy by balancing the trade off between exploring regions of design space not yet identified
with exploitation of regions which are highly dynamic. A further 60 points were then sampled
using the maximum Multi-Objective Expected Improvement (MOCEI) criteria. This process finds
the location of new points of interest iteratively by employing a maximum MOCEI criteria (per-
formed by a Hybrid Particle Swarm Optimisation algorithm (HPSO)). After each iteration, the
hyper-parameters are subsequently re-tuned. The tuning of the hyper-parameters is performed by
a sequential GA-SQP algorithm that combines the efficiency and robustness of the global search
Genetic Algorithm (GA) with the fast convergence of the Sequential Quadratic Programming al-
gorithm (SQP). After each new point is located and the models updated, we then sort and plot
the current set of non-dominated solutions to create the Pareto front plots (see [2,3] for further
details). Figure 1(b) shows the 29 non-dominated solutions and associated Pareto front found using
this infill strategy. It is clear that relative uniform spread of optimal trade-off designs have been
found over the entire n′ range [−1 + 1] indicating that the MOCEI has successfully balanced the
exploration and exploitation of the Pareto front. Included in this figure are the full range of solution
that fulfilled the constraint criteria but didn’t form the final Pareto front. In addition, the corre-
sponding design variable dimensions for the Pareto front are displayed in Figure 1(c), which provide
a designer invaluable insight into the complicated interactions of these magneto-electric designs.
The resulting retrieved effective medium properties from one of these Pareto sets, determined by
our optimisation strategy, can be examined in Figure 1(d). The advantage of the LOLA-Voronoi
is demonstrated in not just avoiding sampling sub-optimal regions, but one which can produce a
significant reduction in computational time as a consequence of requiring less maximum CEI global
searches in determining the new sample points. Compared with directly searching the objective
and constraint functions using a multi-objective search algorithm, the possible benefits are clearly
evident. Our strategy requiring just 360 simulations taking 21.3 hours, as apposed to typically
thousands of calls required with traditional approaches.



(a)

−1.5 −1 −0.5 0 0.5 1 1.5 2
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

real(n)

im
ag

(n
)

(b)

−1.5 −1 −0.5 0 0.5 1 1.5
0.6

0.8

1

1.2

1.4

1.6

1.8

2

2.2

real(n)

di
m

en
si

on
s 

(m
m

)

 

 
w
t
s

r

(c)

38 38.5 39 39.5 40 40.5 41 41.5 42

−2

−1

0

1

2

3

4

frequency (GHz)

re
fr

ac
tiv

e 
in

de
x 

n

 

 
real(n)
imag(n)

(d)

4 6 8 10 12 14 16 18 20

0.08

0.09

0.1

0.11

0.12

0.13

n (%)

R
M

S
E

\r
an

ge
(f

)

(e)

4 6 8 10 12 14 16 18 20

6

8

10

12

14

16

18

20

22

24

26

n (%)

to
ta

l t
im

e 
(h

rs
)

(f)

Figure 1: Schematic representation of the 2D isotropic fishnet metamaterial design (a), 2d Pareto front gener-
ated composed of a total of 29 non-dominated designs (b), corresponding design variables w,ts,r dimensions
for 2d Pareto front (c), refractive index simulation of optimum Pareto front design x∗ = [a,w, ts, r] =
[4.7, 1.79, 0.71, 2.15], n = −1.016 + 0.068i at 40GHz (d), Normalised RMSE for a Kriging predication as
the number of sampling plan points is increased (expressed as a percentage of the simulated test data) (e),
Total time required to simulate and create a Kriging meta-model as the number of sampling plan points is
increased (f).

In order to test the validity of the Kriging model predictions, we built a high resolution plot
using 2400 (584 Latin Hypercube, 16 Corner and 1800 LOLA-Voronoi sampling plan) 3d full-wave
simulations requiring a total of 112.9 hours (see [2]). Normalised root mean squared error (RMSE)
for our Kriging predications as the number of sampling plan points is increased, expressed as a
percentage of this high resolution data, are displayed in Figures 1(e). From these figure it is clear
that more than 240 point are required for a reasonable global model, with RMSE < 10% and
r2 = 0.96. These diagrams also indicate that there is little point increasing n beyond 360 points
as the surrogate model is saturated with data, and any further additions will not improve the
model globally. This saturation, coupled with the relative increase in computational expense, as
illustrated in Figure 1(f), sets a natural limit on the size of the model n.

2. CONCLUSIONS

In this work, we have presented an approach that overcomes the limitations of conventional ap-
proaches which directly search the objective functions using a multi objective search algorithm,
resulting in drastically reduced simulation times that might otherwise be impractical.
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Abstract-A series of bowtie antennas are designed for the purpose of extending the resonant 

wavelength in the near- and mid-infrared regime under the same antenna footprint size. The solid 

bowtie antenna is first modified to be a contour antenna and then changed into different contour 

shapes with extensive resonant paths to redshift the resonances while maintaining the gap 

enhancement factors at least comparable with that of the solid bowtie antenna. The resonant 

wavelength is extended from 1.34 to 3.36 micrometers. 

 

Properly designed plasmonic bowtie antennas (BAs) are known to produce “hot spots” in the antenna gap 

and have been extensively investigated in the visible and infrared wavelength range [1–3]. The dependence of 

the field enhancement and confinement in the gap and the resonant wavelength, λres, on various parameters of the 

BA geometry has been widely studied. It has been known that λres is proportional to the antenna length. Several 

designs have been proposed to redshift the resonance of the nano-antenna over a wide wavelength range while 

maintaining the antenna size the same. A simple one proposed by Sederberg et al. [4] is contour bowtie antennas 

(CBAs) involving air holes with the antenna response tuned by varying the contour thickness. Fig. 1(a) depicts 

the three-dimensional (3D) structure of an isolated gold BA under a plane-wave illumination from the air side 

and Fig. 1(b) shows the gold contour of the CBA. In this paper, we first propose a modified CBA (MCBA) 

structure, as shown in Fig. 1(c) to further red-shift the spectral response under the same CBA footprint size, and 

then design a new-type butterfly antenna, as shown in Fig. 1(d), to achieve an even larger red-shift.  

        

(a)                      (b)                         (c)                        (d) 

Figure 1 (a) The 3D structure of an isolated BA under a plane-wave illumination from the air side. (b) The schematic view of the BA. (b) 

That of the CBA. (c) That of the MCBA. (d) That of the butterfly antenna. 

 

With our in-house developed 3D finite-difference time-domain (FDTD) method [5], we first simulated and 

compared the spectra of the conventional solid BA, the CBA, and our proposed MCBA. Referring to Figs. 

1(a)–1(c), the gap area is 30 nm x 30 nm, the gold film thickness is d = 36 nm, the contour width is t = 30 nm, 



the relative permittivity of the silica substrate is 2.25, and the dielectric function of gold is described by the 

Drude model with ε∞ = 1, ωp = 11500 (THz), and γp = 92 (THz). As seen in Fig. 2(a) which show the analysis 

results of the gap field enhancement versus the wavelength for different antennas, the resonance of the solid BA 

occurs at λres = 1.34 μm, and its corresponding electric field enhancement in the gap is 22.5. For the CBA, λres 

redshifts to 2.22 μm and the field enhancement increases to 37.7. For the MCBA, a further redshift trend occurs 

with increasing θ. The resonance reaches to 2.66 μm as θ = 170°, and its corresponding field enhancement is 

31.4. Next, to further broaden the resonant spectral range under the same antenna footprint size, we tried to 

extend the resonant paths by utilizing the hollow spaces of the MCBA. Based on the design of the MCBA with θ 

= 170°, we tried to insert some pits to its hollow space along the x direction as shown in Fig. 1(d) (the butterfly 

antenna). The results for different lengths, lx = 60 nm, 80 nm, 100 nm, and 120 nm, are given in Fig. 1(a). As lx 

increases, λres shows a significant redshift trend and reaches to λres = 4.33 μm when lx = 120 nm, while its gap 

enhancement decreases accordingly. Figs. 2(b) and 2(c) show the |Ex| and |J| distributions along the x–y plane cut 

at z = d/2 for the antenna with lx = 60 nm at λres = 3.1 μm, where J is the conduction current density. In order to 

keep the gap enhancement at least at the same level of the BA, the lx = 80 nm sample with its gap enhancement 

of 21.6 might be the optimal case for the butterfly antenna design, and its corresponding λres reaches to 3.36 μm. 

        

(a)                             (b)                               (c) 

Figure 2 (a) Gap enhancement spectra for bufferfly-antenna samples with different pit lengths. (b) |Ex| and (c) |J| distributions for the 

butterfly antenna with lx = 60 nm at λres = 3.1 μm. 
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Abstract—We discuss the propagation of plane electromagnetic waves through a one-dimensional
periodic array of bilayers with metal inclusions. We show that the nonlocality of metal conduc-
tivity gives rise to the emergence of the collisionless Landau damping, which considerably alters
the photonic band structure of the array and its transmission within the THz and near-infrared
frequency range.

Landau damping is a fundamental phenomenon which is responsible for electromagnetic absorp-
tion in plasmas and conducting solids (see, e.g., Refs. [1, 2, 3]). It is caused by a direct absorption
of electromagnetic energy by conduction electrons with large mean-free-path, whose velocity v co-
incides with the phase velocity of the wave of frequency ω and wave vector km inside the electron
medium,

ω = kmv. (1)

In the past, the Landau damping has been studied in bulk spatially distributed systems. In the
present work, this phenomenon is shown to be also essential for the electromagnetic transport via
dielectric-metal optical micro- and nano-structures.

We examine the interaction of s-polarized (TE) wave with a superlattice consisting of N unit
cells. The unit cells are composed of two layers: nonmagnetic dielectric a -slab and nonmagnetic
metal b -slab having the constant thicknesses da and db, respectively. The size of every unit (a, b) cell
is d = da + db. The dielectric a -slabs are characterized by their permittivity εa, the corresponding
refractive index na =

√
εa, impedance Za = 1/na, wave number ka = nak and wave phase shift

φa = kada. The wave number of the incident electromagnetic wave k = ω/c.
The interaction of the electromagnetic field with metallic inclusions is described within the

Boltzman kinetic equation approach that allows to adequately take into account the nonlocal de-
pendence of the electrical current density on the electric field. The non-locality of metal conductivity
inevitably induces the Landau damping, which alters the system transmission.

Solution of the Maxwell equations inside the dielectric a -layers in the superlattice can be pre-
sented as a superposition of forward and backward traveling waves. The Maxwell equations inside
the metal b -layers reduce to an integro-differential equation because of the integral relation between
the electrical current density and the electric field. Such an integro-differential equation can be
solved in a closed form [4].

From the expressions for the electromagnetic field inside dielectric a and metal b slabs, we find
the transfer matrix describing the wave transfer through the whole unit (a, b) cell. The dispersion
relation for the Bloch wave number κ of the superlattice is defined by the trace of the unit-cell
transfer matrix (see, Ref. [5] for details).

Due to a large contrast between the impedances of the dielectric and the metal layers, the
dispersion equation has solutions for the Bloch wave number κ with |Re(κ)| < π/d and 0 < Im(κ) ≪
|Re(κ)| only in very narrow pass bands which are associated with the Fabry-Perot resonances arising
in the dielectric a-layers. These pass bands are situated in the vicinity of the resonance frequencies
ωj at which the condition φa = jaπ (ja = 1, 2, 3, . . .) is met.

The transmittance TN for the whole stack-structure containing N unit (a, b) cells, is expressed in
terms of the total transfer matrix which is the N -th power of the unit-cell transfer matrix. Figure 1
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Figure 1: Transmittance for superlattice with N = 9 unit cells in two lower pass bands.

exhibits the transmittance for an aluminum-vacuum superlattice including N = 9 unit cells. The
blue dash-dotted and red solid lines indicate the transmittance without and with the Landau
damping, respectively. The thickness of the dielectric a -layer is da = 448.7 δ and the thickness
of the metal b -layer is db = δ. Here δ = c/ωp is the minimal skin depth of the electromagnetic
field in the bulk metal, ωp is the plasma frequency of the conduction electrons. For simplicity,
the electronic plasma of the metal inclusions is assumed to be collisionless. The left and the right
panels of the figure depict the transmittance in the first and second lower bands, respectively, which
correspond to the first and the second of the Fabry-Perot resonances belonging to the dielectric
a -slabs. As seen, in the collisionless regime and without Landau damping, there occur the Fabry-
Perot resonances of another kind, specifically, the resonances associated with the total length Nd
of the bi-layer superlattice. The total number of such resonances in every pass band equals to

N − 1 = 8, and the resonant transmittance T
(res)
N = 1 when the Landau damping is ignored.

However, in reality, the Landau damping gives rise to a remarkable decrease in the amplitude of
the resonance peaks and to their broadening. For the example shown in Figure 1, the resonance
peaks become of the order of 102 times less in their magnitude.
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Abstract— Modal analysis is an essential tool since it straightly provides the lighting condi-
tions under which a plasmonic structure can “sing”. Modes appear as solutions of source free
Maxwell’s equations. For dispersive and dissipative structures, the associated spectral problem
is not standard, being generally non linear in frequency and not selfadjoint. We developed and
implemented two finite element formulations to tackle this non standard eigenvalue problem in
a 2D multi-domain closed cavity. Their numerical validity are checked against the analytical
solution.

1. INTRODUCTION TO SPECTRAL ANALYSIS OF MAXWELL’S OPERATOR

We start with Maxwell’s equations free of electromagnetic sources. The problem is considered in
the time-harmonic regime exp(−iωt) where ω is the frequency of the electromagnetic field. We will
restrict our studies to linear, homogeneous and isotropic materials. In this frame, the electric field
E(ω, x) is the solution of

∇× µ(ω, x)−1∇× E(ω, x) = ω2ε0µ0ε(ω, x)E(ω, x) , (1)

where ε is the relative permittivity of the different considered media, and µ the relative permeabil-
ity (ε0 and µ0 being respectively the vacuum permittivity and permeability). Without presence
of dispersion, the spectral analysis of the operators involve in Eq. 1 leads to a classical linear
eigenvalue problem (EVP) since the relative permeability and permittivity tensors do not depend
on ω. However, when dispersion occurs, this spectral analysis is much more difficult to perform.

2. RELATIVE PERMITTIVITY MODEL

Photonic structures based on plasmonic resonances classically involves metallic materials whose
dielectric permittivity ε dependency on the electromagnetic wave frequency ω can be approached
by a sum of Drude-Lorentz resonances. An accurate model for the optical range can be found
in [1] and consists in the combination of two contributions: The Drude resonance model and the
Drude-Lorentz resonance model:

εDL(ω) = ε∞ −
ω2
D

ω [ω + i γD]
−

∆ε ω2
L

ω2 + i γL ω − ω2
L

, (2)

where the physical meaning of the different parameters of Eq. 2 can be found in [1].
The dielectric permittivity model described in Eq. 2 is the starting point of our two different modal
analysis formulations. Note that the considered media in the present case are non-magnetic, hence
µ(ω, x) = Id, where Id is the identity tensor.

3. SPECTRAL ANALYSIS BASED ON POLYNOMIAL EVP

By injecting the relative permittivity model of Eq. 2 in Eq. 1, one obtains the following equation:

∇×∇× E = ω2ε0µ0

[
ε∞ −

ω2
D

ω [ω + i γD]
−

∆ε ω2
L

ω2 + i γL ω − ω2
L

]
IdE . (3)

This formulation leads to a polynomial EVP which is tractable, thanks to recent advances in
generalized polynomial eigenvalue solver [2], through a finite element formulation [3].



4. SPECTRAL ANALYSIS BASED ON THE RESONANCE FIELD FORMALISM

This spectral analysis is based on the auxiliary field formalism introduced by A. Tip in 1997 [4, 5].
By the introduction of additional fields, so called “auxiliary fields”, to the classical electromagnetic
fields, the classical Maxwell operator can be extended to a linear generalized one. However, we use
a slightly different formalism, denominated as “resonance formalism”, especially adapted to the
dispersive model described by Eq. 2. With these auxiliary fields and resonance formalism, we can
construct an extended standard (linear) EVP to consider dispersive and dissipative systems.

5. NUMERICAL VALIDATION ON A CLOSED DISPERSIVE CAVITY

The two previously described formulations were implemented [6] for 2D perfectly conducting multi-
domain cavities including Gold. Excellent agreement is shown between the complex eigenfrequencies
obtained with the different methods (see Fig 1. for an example in a particular case).
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Figure 1: Real part and imaginary part of the eigenfrequencies obtained analytically, with the polynomial
formulation and the auxiliary fields formulation for a 2D perfectly conducting closed cavity filled with Gold.

The proposed methods can be applied to more realistic configurations like open electromagnetic
systems thanks to the introduction of perfectly matched layers [7].
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Abstract- We show that a previously derived LCR model for a plasmonic waveguide can be 

generalized to a model for hyperbolic metamaterials (HMMs). An analysis of previous work and a 

generalization into a multilayer structure is presented. A comparison with simulations is provided. 

The physical significance and practical applications are discussed. 

 

In an attempt to simplify complex electromagnetic systems like metamaterials, such that practical devices 

can be more easily designed at high frequencies, one can incorporate scattering and coupling phenomena in 

terms of effective inductance, capacitance, and resistance. These quantities then permit an equivalent circuit 

model to be exploited to investigate system characteristics and performance. In a recent paper [1] the expression 

for the self-capacitance and self-inductance of an infinite sheet of metal is derived. By then utilizing traditional 

capacitance and inductance in addition to the corresponding self-capacitance and mutual inductance of metal 

sheets separated by dielectrics, it is possible to generate an LCR model for a hyperbolic metamaterial, i.e. a 

material having a hyperbolic equifrequency surface. 

As given in [1], the self-capacitance per unit length can be expressed as  

 
 (1) 

where W is the width, the prime denotes per unit length, and k is the wave vector of a surface plasmon in the 

material. This wave vector is given by the well known equation 

 

 

(2) 

The self-inductance per unit length however, must be broken into two separate parts. As we will be dealing with 

very thin metal sheets, there will be both classic Faraday inductance and kinetic inductance due to the spatial 

confinement of the electrons. These are given by 

 

 
(3-4) 

where  is the skin depth of the metal. For plane wave incidence on an electron plasma with sufficiently high 

frequency so as to neglect collisional effects, this is given by (ref. [1]) 

 

 
(5) 

Following this, the only remaining consideration for the elements in the LCR model is the cross plate 

capacitance and inductance. Since the plates have a charge distribution that oscillates spatially across the surface, 



as the distance between the plates increases, the plates see a net cancellation of the fields. Thus, the effective 

capacitance will drop off exponentially. This gives the cross plate capacitance as 

 

 
(6) 

Similarly, as the distance between plates causes the capacitance to go down, the inductance will rise 

exponentially with plate separation. This gives the cross plate Faraday inductance as 

 

 
(7) 

Now that all of the elements have been defined, all that remains is to organize them in such a manner as to 

properly represent the effect of an incident AC field for a multi-layer media. 

In an HMM, we assumed layer thicknesses are small on the scale of the wavelength and alternate layers can 

have positive and negative permittivity. Surface plasma waves are generated on the boundaries. These plasma 

waves create image charge distributions in neighboring conducting layers due to the small separation between 

sheets. These image charge distributions have a phase lag due to the interaction of the inductance and the 

capacitance. As the image charge distributions propagate through the layers, the lag increases. This effect gives a 

volume distribution of modes for any single frequency of generated plasma waves. One can physically interpret 

this as what gives rise to the hyperbolic density of states in a HMM. By treating the HMM as an LCR circuit, the 

density of states and the dispersion relation can be engineered to fit any desired parameters since such changes 

can be directly tied to alterations in the physical parameters of the structure. As the number of layers increases 

and hence the number of occupied modes increases, the transfer of energy into increasingly high k-modes occurs 

and this can also be understood using the LCR model. Finite feature sizes in the HMM will limit the maximum k 

vector by diffraction. We describe how this makes the LCR model a valuable tool in the design of HMM’s. 
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Abstract- We present in this work a comprehensive analytical model of a self-complementary connected array 

antenna. This circuit model is used to dimension and optimize the structure with a minimum computational burden. 

The final design involves a meta-surface on top of the radiating aperture, together with a substrate made from an 

artificial anisotropic dielectric. This multilayer achieves a reflection coefficient |S11|< -10dB over a 5:1 bandwidth 

ratio for incidences as high as 60° in both TE and TM polarizations. 

 

With the rapid development in telecommunication and radar technology, there is an increasing need to 

gather multiple functionalities in a same antenna while achieving mass and size reduction. Hence, multiband or 

broadband planar antennas with highest possible scanning capabilities and polarization purity are needed. In this 

context, and based on Wheeler’s principle [1], the concept of connected arrays has emerged [2], which allows 

the design of low-profile planar arrays with ultra-wide bandwidth. Being planar, such architectures also present 

the advantage of satisfying low cross-polarization levels, which is an important requirement for applications 

aimed to support dual polarization, and helps in limiting the electromagnetic signature. 

 

We present in Fig. 1 a solution which allows for a reflection coefficient |S11|< -10dB over a 5:1 bandwidth 

ratio for incidences as high as 60° in both TE and TM 

polarizations. Fig. 1(b) illustrates the unit cell of the 

self-complementary grid (the connected array) used as the 

radiating aperture (metallic parts are shown in black), 

which can provide two orthogonal polarizations (H-pol 

and V-pol in the figure). In the following, the array is 

modeled and analyzed at reflection for a plane wave 

impinging from the top of the multilayer in Fig. 1(a) with 

arbitrary incidence. We model the input ports of the 

antenna array by their equivalent impedance through 

resistors (arrows and grey squares in Fig. 1(b)). 

 

Using an equivalent circuit model of the self-complementary array of Fig. 1(b) [3], and interpreting the dielectric 

layers with a transmission lines model [4], as detailed in Fig. 2, we can conveniently model the whole structure 

using a transfer-matrix approach. The anisotropic substrate is formed by an array of thin metallic strips or wires 

(bed of nails) which can be represented by its equivalent surface impedance ����. Using a non-local approach 

 

(a) 

 

 

(b) 

Figure 1: Multi-layered array antenna (a)  

and unit cell of the connected array (b)  



[4], and after some developments, we end up with the following expression for this surface impedance (all 

details should be given in the final version of the paper): 

���� � ���	
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�����

�
tan ��� � ��

�

���
�

tanh ����       (1) 

 
Figure 2: Equivalent circuit model of the multi-layered structure introduced in Fig. 1(a) 

 

 With the help of this 

comprehensive circuit model, 

we can efficiently optimize the 

array of Fig. 1 (a). Fig. 3 shows 

the reflection coefficient (in dB) 

computed using the circuit 

model on the final structure in 

TE and TM polarization, as a 

function of frequency and 

incidence angle. We observe an 

ultra-wide bandwidth of nearly 

7:1 at normal incidence, and 

5:1 (3.8GHz to 19.0GHz) at 60° 

in both polarizations. 

 

A prototype has been realized and measurement results will be presented in the final version of the paper. 
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Abstract- Here, we design a THz metamaterial absorber with a polarization independent response. 

A model is suggested as its electric circuit analogous. By using a hybrid approach, the effective 

parameters of the model are uniquely determined. The proposed approach is based on calculation, 

fitting, and the physical mechanism of the absorption interpreted by the model. This model and the 

proposed approach is applicable for all metamaterial absorbers with arbitrary frequency selective 

surfaces (FSS). 

 

THz radiation, encompassing a range of spectrum between 0.1 up to 10 THz, has been of a great interest 

recently. This spectrum provides a rich scientific information regarding biomolecules. It can also transmit 

through a wide variety of non-conductive materials such as cloth, brick, and ceramic. These unique 

characteristics of THz radiation lighten potential applications in security, medical imaging, and material 

characterization. Unlike its scientifically rich nature, THz spectrum is still technologically underdeveloped. One 

of the major flaws of THz radiation is the lack of natural materials to effectively interact with THz radiation, 

thereby to be applicable in designing THz detectors and emitters. The aforementioned gap might be covered by 

using these emerging materials literally called metamaterials. Metamaterials are manmade structures designed to 

render a specific optical response at desired frequency spectrum. Among various structures by them, 

metamaterial perfect absorber is of significant importance making a hope to realize practical THz sensors and 

detectors [1]. A frequency selective surface (FSS) followed by a dielectric spacer and a metal backplane forms a 

metamaterial perfect absorber [2]. Because of the subwavelength nature of metamaterials and since their spectrum 

mimics Lorentzian line shape, their functionality resembles an equivalent circuit model. Creating a good 

correlation between the elements of a model and a metamaterial structure is helpful for better understanding and 

faster designing of optical devices. 

Here we design a THz metamaterial absorber with a polarization independent response. We develop an 

electric model for this absorber which can interpret the underlying physics of absorption process according to the 

destructive interference theory of metamaterial perfect absorbers [3]. Figure 1.a demonstrates a schematic 

representation of the designed structure with its electric model depicted in Fig. 1.b. The FSS and backplane of the 

absorber are made of copper, and polyimide has been used as the dielectric spacer between them. Finite element 

method with periodic boundary conditions was used to design the absorber where the incident beam shines the 

structure at normal angle. Table 1 summarizes the dimensions of the designed structure. The model demonstrates 

two resonance frequencies one stems from the FSS which majorly determines the resonance of the absorption and 

another comes from the cavity between FSS and backplane. If the polyimide thickness is chosen such that these 

two resonance frequencies matches, perfect (100%) absorption takes place, otherwise the absorption will be 



imperfect (< 100%). In the model, C and L represent the capacitance and inductance of FSS, while LP, CP are the 

mutual capacitance and inductance between FSS and backplane. Additionally, R demonstrates the resistance of 

FSS and metal backplane where the absorbed radiation is converted into oscillating electric current, and RP stands 

for the reflection (loss of absorption) when the absorption is imperfect (< 100%). To evaluate the values of the 

parameters we first calculate the inductance of the FSS by using  

                (1) 

Since FSS mainly determines the absorption resonance frequency, the capacitance C is calculated by using the 

resonance frequency of FSS. 

CP is calculated as the capacitance of the created microstrip waveguide between FSS and backplane. R is 

estimated by calculating the resistance of FSS and backplane and by considering skin depth effect, and ultimately 

RP and LP can be found by fitting the square magnitude of transfer function of the model (|VO/V i|
2) to the 

simulated absorption spectrum. The determined values of elements have been summarized in table 2 for three 

different thickness of polyimide where 14 µm results in perfect absorption but 11 and 17 µm give rise to imperfect 

absorption. Figure 1.c compares the fitted transmission spectrum of structure with polyimide thickness of 14 µm 

and 11 µm (imperfect absorption) while Fig. 1.d is a comparison of fitted spectrum for 14 µm and 17 µm 

polyimide thicknesses. As seen, there is a fairly good agreement between data and the model.  
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Figure 1. a. Schematic illustration of the designed THz metamaterial 

absorber. b. electric circuit equivalent model of the absorber, c. 

comparison of fitted absorption spectrum of absorber with 14 µm 

polyimde thickness (perfect case) with 11 µm (imperfect case) d. 

comparison of fitted absorption spectrum of absorber with 14 µm 

polyimde thickness (perfect case) with 17 µm (imperfect case) insets  

Table 1. Dimensions of the designed structure   

d(µm) di(µm) wr(µm) wp(µm) h1(µm) t(µm) sep(µm) 

90 20 4 19 120 0.4 11, 14, 17 

 

Table 2. Evaluated parameters of the absorbers by using the hybrid method 

Absorber 

sep1(µm) 

Peak 

Frequency(THz)

2πC 

(fF) 

2πCp 

(fF) 

R 

(Ω) 

Rp 

(Ω) 

2πL 

(pH) 

2πLp 

(pH) 

11 0.4740 6.47  18.08 16.6 15.4 683.00 250.00 

14 0.4760 6.47 16.69 20.0 70.0 683.00 264.50 

17 0.4755 6.47 15.72 16.6 0.4 683.00 297.60  
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Abstract- The modeling of a wideband single probe feed CP microstrip antenna is proposed for 

RFID application at 2.4 GHz. The antenna consists of a single probe feed meandered microstrip line 

unit and a corner truncated microstrip patch. The CP operation is realized by adjusting the truncated 

corners, the meandered microstrip line and the thickness of air-layer. The measured results agree 

with simulated results, which show that the wideband impedance bandwidth defined by VSWR less 

than 2.0 is 470MHz (2240–2710 MHz, 19.6%), the axial ratio bandwidth less than 3 dB is 

enhanced to 240 MHz (2330 - 2570 MHz, 10%). The proposed antenna has the attractive features 

of simple configuration, light weight, and easy fabrication.  

 

As is well known, the truncated corners of a square patch generate two orthogonal modes, which excites CP 

radiation of the microstrip patch antenna. Therefore, for a CP antenna operating at 2450 MHz, the top radiation 

patch of the proposed antenna is designed to be a square patch with side length 35mm and the length of 

truncation 18 mm, the side length of the metal plate is 100mm. The geometry of the proposed antenna is shown 

in Fig.1, the antenna consists of a top radiation patch, a metal plate, a SMA connector, a feedpin and a short pin, 

and two FR4 substrates.  

The probe-fed S-shape copper meandered microstrip line is horizontally placed between the top radiation 

patch and the metal plate, the width of the meandered line is 3 mm. The top radiation patch and the S-shape 

meandered line are printed on the upper side of the FR4 substrate with permittivity 4.4, thickness 1.016m, and 

loss tangent 0.02. One end of the meandered line connects with the top radiation patch by a probe with diameter 

1.27 mm, while the other end connects to a SMA connector. The middle FR4 substrate with a dimension of 

50mm × 30mm is suspended above the metal plate at a height of 8 mm, and the top FR4 substrate with a 

dimension of 55mm × 55mm is suspended above the rectangular strip at spacing of 8 mm. Air layer is used in 

this configuration to realize wide bandwidth.The two stubs, loaded at the non-radiating edges of the radiating 

patch, can reduce the resonant frequency of the 3 dB axial ratio. 

By properly adjusting the position of the feed point and the width of the meandered S-shape line, the input 

impedance can be controlled to realize good impedance matching. Besides, the large inductance introduced by 

the long probe in the thick air-layer substrate can be compensated by the electromagnetic coupling between the 

top radiation patch and the probe-feed middle meandered S-shape line. In general, this technique to broaden the 

impedance bandwidth is similar to that of the design with the proximity coupled strip feed [11], they can be seen 

as impedance matching networks. 



          

(a) Top view                                                 (b) Side view 

Fig. 1. (a) Top view and (b) side view of the proposed antenna 

 

The S11 parameter of the proposed antenna is shown in Fig. 3, an impedance bandwidth (S11 < 2 ) of 2240 

MHz - 2710 MHz or 19.6% is obtained, with a minimum S11 of about -44 dB at the center frequency 2450 MHz. 

As shown in Fig. 4, the 3 dB axial ratio bandwidth is about 240 MHz from 2330 to 2570 MHz or 10%, with a 

minimum axial ratio of 0.24 dB close to the center frequency 2450 MHz. We can see that the impedance 

matching frequency band overlaps the AR frequency band.The right-handed CP gain of the proposed antenna is 

given in Fig.5, it is indicated that the gain of the proposed antenna is higher than 6 dB from 2120 MHz to 2510 

MHz. The use of thick air-layer and coupling S-shape line leads to a maximum gain of 6.7 dB at 2350 MHz. The 

radiation pattern of the antenna is given in Fig. 6. The cross-polarization level (LHCP) is lower than the 

co-polarization level (RHCP) by more than 15 dB at the broadside direction.  

 

        

Fig. 3. The S11 parameter of the proposed CP antenna              Fig. 4. The axial ratio of the proposed CP antenna 

 



            

          

Fig. 5. The right-handed CP gain of the proposed antenna          Fig. 6. The radiation pattern of the proposed antenna 
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Abstract 
Perovskite solar cell have attracted great attention in recent 

years due to the beneficial features in terms of low 

production cost, ease of fabrication and fast growing 

efficiencies. This paper aims to build a model to simulate 

doping of multiple sized and regularly spaced plasmonic 

particles in the perovskite layer for improving optical 

absorption capabilities of whole solar cell system, and an 

optimized parameter combination was identified in this 

process, which could produce 55.8% absorption 

enhancement due to strong absorption capability of doping 

particles for infrared light and regarding coupling resonance 

under the certain wavelength light.   

 

1. Introduction 
The conversion of light into electricity is known as the 

photovoltaic effect, and the first solid state organo-metal 

halide perovskite solar cell that utilised this effect were 

invented in 2009 and with power conversion efficiency (PCE) 

of only 3.8% [1]. After 5 years development this figure has 

been increased by more than 5 times and maximised to 20.1%    

reported by Seok, et al., from the Korea Research Institute of 

Chemical Technology (KRICT) in 2014 and confirmed by 

the U.S. National Renewable Energy Laboratory (NREL) [2]. 

Perovskite’s high absorption coefficient and long charge 

carrier diffusion length efficiently function for charge 

transport in the solar cell devices, and recent PCE 

improvement is achieved mainly by increase of efficiency of 

photon-electric conversion via delicate design of device to 

enhance material performance [3] or rise of concentration 

and crystallinity of perovskite using more advanced 

production techniques [4]. However, its PCEs still cannot 

compete with the other photovoltaic devices, such as 

crystalline silicon (PCE, 25%), and gallium arsenide (PCE, 

28.8%) solar cells [5], so far. It is known that perovskite 

plays the electron donor with scaffoldings in the photon-

electric conversion [6], is also an outstanding absorber for 

the visible light range in the solar spectrum [7], nevertheless 

high transparency of perovskite for the light in the infrared 

range makes it not gain energy in full band of solar spectrum, 

which causes low PCE compared with the other technologies 

[8]. For this reason, improvement of infrared absorption 

capability of perovskite ought to be an effective method to 

increase the PCE of whole solar cell system.  

 

Meanwhile, plasmonic nanoparticles are particles whose 

electron density can couple with electromagnetic radiation of 

wavelengths that are far larger than the particle, which 

exhibit interesting scattering, absorbance, and coupling 

properties based on their geometries and relative positions 

[9-11]. Ko, et al., Atwater, et al., and Chang et al., reported 

that plasmonic nanoparticles added in the active layer can 

effectively boost of light trapping and improve the optical 

absorption of thin film solar cell [12-14]. Also Liu, et al., 

attempted to use numerical simulation to optimise the design 

of planar perovskite solar cell and investigate the role of each 

component, and concluded that PCEs have a great 

dependence of the thickness and defect density of perovskite 

layer [8]. However, there has been no report about numerical 

modelling of regularly arranged plasmonic nanoparticle 

array doped in perovskite layer of solar cell for increase of 

optical absorption despite a number of publications about 

doping in the acceptor layer [15-17].  

 

In this paper, a numerical model is developed to simulate 

silver particle arrays doped in the perovskite layer of thin 

film solar cell, a schematic of simulated doping effect is 

shown in figure 1 a and b. A commercial finite integral 

technique (FIT) software package - CST Microwave Studio 

(CST) was used in the study. The FIT method has been 

applied to solving problems in near-field optics previously. 

This method, proposed by Weiland, provides a universal 

spatial discretization scheme, applicable to various 

electromagnetic problems, ranging from static field 

calculations to high-frequency applications in time or 

frequency domain [18]. Unlike most numerical methods, the 

basic idea of FIT used by CST is to apply the Maxwell’s 

equation in integral form rather than the differential ones to 

a set of staggered grids, which always provides more 

flexibilities to the model [19]. Here the absorptions of 

perovskite active layer are investigated by calculation of 

integral power flow on the certain interfaces in a wide 

wavelength range from 280 nm to 2000 nm by using CST, 

and regarding difference of integral power flow is considered 

to be absorbed by material. Total absorption flux, Aphoton, 

which is the ratio between the number of absorbed photons 

and the number of all solar photons in unit area and time [20], 

is selected as a factor to evaluate the capability of optical 

absorption of model, and related data for three particle sizes 

(20 nm diameter, 80 nm diameter and 140 nm diameter) and 

5 spacing (2 nm, 10 nm, 20 nm, 30 nm and 40 nm) are 

summarised and compared to a reference, Aphoton-ref, of no 

doping model for quantification of enhancement.     

 

2. Simulation process 
2.1 Geometry, materials and boundary conditions 

A model of perovskite solar cell made by vapour deposition 

is created in this study by using CST. Typical perovskite 

solar cell has 5 functional layers, respectively glass cover, 

transparent conducting film (anode), n-type compact layer, 

perovskite absorber layer, p-type HTM layer and cathode 

[21-23]. Our model keeps the same layout, and tetrahedral 

meshing for frequency domain solver is employed for more 

precise calculation in this case. Materials selected for each 

layer are based on the established literature [24] and listed in 

Table 1 with layer’s thicknesses. Regarding optical 



properties (refractive index, n and extinction coefficient, k) 

of materials are from the data in previous publications [25-

30].  

 

Table 1: Material selection and thickness for each layer [24] 

Layer name Material Thickness 

(nm) 

Glass cover 
Soda lime 

glass 
40 

Transparent conducting 

film (anode) 

Indium tin 

oxide (ITO) 
40 

n-type compact layer TiO2 10 

Perovskite absorber layer CH3NH3PbI3 400 

p-type HTM layer P3HT 40 

Cathode Silver (Ag) 40 

 

These 5 layers of materials are stacked and form a sandwich-

like structure, also plasmonic particle is assumed to be a 

single sphere in the model and placed in the centre of 

perovskite layer, as shown in Figure 1 a. Current model 

attempts to simulate a design of a number of regular spaced 

particles arrays doped in the perovskite layer of the solar cell, 

as shown in figure 1 b, which is achieved through periodic 

boundary setting in CST. As shown in figure 1 a, the 

boundary conditions along x and y axis is set to be ‘periodic’, 

which means the computing boundaries at x and y direction 

will be simulated as that contact to the identical structure 

with current model and extend this repeatable pattern to the 

infinite space for approaching to the design of many regular 

particle arrays in the perovskite layer. The short dot lined 

area shown in figure 1 b is an example to illustrate the spatial 

position of the model. Due to duplication of current model at 

the boundaries under periodic boundary conditions, 

computing spacing, a, is double of the distance from the 

particle to the boundary in current model. This horizontal 

spacing would be kept same on the four directions, ±x and 

±y. Also, boundary condition of Z direction is defined as 

‘open (add space)’ and background medium in the space is 

set to air due to the fact that solar cell absorbs solar 

electromagnetic wave from top in the normal atmosphere. As 

the result, it is seen that simulated electromagnetic wave 

(solar light) propagates towards - z direction, and directions 

of electric and magnetic field are -x and -y respectively in 

the figure 1 a. Also a reference model without silver particle 

in perovskite layer is built under the same conditions, which 

provides the reference data for further calculation. 

 

 
 

 

 
Figure 1: (a) Model of sandwiched perovskite solar cell (b) 

Diagram of simulated design of multiple particle arrays 

doped in perovskite layer 

 

2.2 Calculation of optical absorption  

Energy absorption and photovoltaic effect are finished in the 

active layer of solar cell, which are made up by compact TiO2 

layer, perovskite layer and P3HT layer in this model, as 

shown in figure 1 a. As the target to improve of optical 

absorption capability, following calculation are focusing on 

the active layer only. Our calculated wavelength range is 

from 280 nm to 2000 nm, which covers the highest energy 

band of solar spectrum. Area integral of power flow on the 

interfaces of active layers is calculated by CST with respect 

to wavelength, λ, and difference of integral power flow 

between input interface, Pinput, and output interface,  Poutput, 

marked as ‘input’ and ‘output’ respectively in figure 1 a, is 

considered as the absorbed amount of active layer. Total 

absorption, A(λ), of active layer is obtained by that absorbed 

amount divides amount of all incident solar light, P0, which 

is given by equation (1) [20]: 

        ���� � ���	
���
�	
�
��                                                                   (1) 

 

Incident power for modelling area is given by Maxwell’s 

equation (2): 

           �� � � ∙ � ∙ �� ∙ �                                                                       (2) 

where c is light speed, n is refractive index of air, ε0 is 

permittivity of free space, and b is the size of modelling area 

along z direction.   

 

For standard solar spectrum (AM1.5), S(λ), is a curve to 

characterise the change of solar power flux at various 

wavelengths (unit W/m2/nm),  it can be transferred to solar 

photon flux density, ϕs(λ), to define as the number of photons 

in unit time and volume (/m2/s) using equation (3) [20]: 

           ����� � ���� ∙ �
��                                                                     (3) 

where h is the plank constant. Combining total absorption, 

A(λ), and solar photon flux density, ϕs(λ), a factor called total 

absorption flux, Aphoton, is given by equation (4)  

        ������� �  !���"#���$�
 "#���$�                                                              (4) 

It is a ratio of two integral area, can evaluate the final 

absorption of certain layers in complete wavelength band. 

Larger factor means solar cell can store more photons from 



solar in unit area and time. Also, Aphoton-ref   is total absorption 

flux for the no doping model, which is calculated first as 

reference. Aphotons for doping models with multiple parameter 

combinations would be compared with it. Final percentage 

of absorption enhancement, Penhancement, of plasmonic particle 

doping is given by equation (5) [20], 

    �%��&��%'%�� � ( !	)��
!	)��*+,- − 10 ∗ 100%                   (5) 

 

3. Results 
3.1 Total absorption, A(λ) 

Figure 2 a, b and c respectively show the total absorptions, 

A(λ) for three individual sizes of particle (diameter l = 20 nm, 

80 nm and 140 nm) arrayed with 5 spacing (a = 2 nm, 10 nm, 

20 nm, 30 nm and 40 nm). Computing wavelength range is 

from 280 nm to 2000 nm. While reference curve representing 

no doping structure is included in figure 2 and marked by 

short dot curve. As reference its curve characterises a great 

drop from 780 nm to 800 nm wavelength no matter how high 

A(λ) achieved in the ultraviolet and visible light range, which 

maximises to 0.95 at 510 nm wavelength, however is down  

to nearly 0 after 800 nm in the calculated wavelength range. 

The wavelength beyond 800 nm is divided into two zones 

(zone 1 and 2), and shape difference between reference and 

doping curves are separately characterised in these two zones, 

whose forming mechanism are analysed in the discussion 

part of paper. 

 

From figure 2 a, it can be seen that for doping particle sized 

20 nm diameter the profiles of curves for 5 different spacing 

are similar to that for reference before 780 nm wavelength, 

however their peaks around 770 nm are lower than that for 

reference except 2 nm spacing curve. Nevertheless, all 

doping curves do not decrease as low as reference after 780 

nm wavelength though processing sharp decrease too. 

Slowly down gradient occurs around 790 nm wavelength for 

each one in the zone 1 ranged 780 - 1020 nm, and then create 

peaks in the zone 2 ranged 1020 - 1280 nm. It is found that 

2 nm spacing has higher total absorption, A(λ), than the other 

curves in the zone 1 and 2, because its slowly down gradient 

starts from A(λ) 0.32 at 790 nm wavelength, is much higher 

than the 0.17 for 10 nm spacing, 0.08 for 20 nm spacing, 0.05 

for 30 nm spacing, and 0.03 for 40 nm spacing at the same 

wavelength in the zone 1, and peaks to 0.60 at 1165 nm 

wavelength in the zone 2. Also, for models of doping of 20   

Figure 2: Total absorption, A(λ), for (a) 20 nm diameter 

particle (b) 80 nm diameter particle (c) 140 nm diameter 

particle with multiple spaceings, a (d) Total absorption flux, 

Aphoton, for parameter combinations 

 

nm diameter particles there is a rule characterised that 

heights of peaks would increase with the decline of spacing 

in the zone 2, meanwhile peak positions move to the longer 

wavelength for the shorter spacing models.  

 

The curves representing the model of doping of 80 nm 

diameter particles are illustrated in figure 2 b.  The order of 

curves appears shape difference in a range of 655 - 780 nm 

wavelength, which behaves several peaks higher than A(λ) 

0.70 for the doping curves, but there is a trough for the 



reference in the same wavelength range. Then 2 nm spacing 

curve has an outstanding crest to 0.77 at 876 nm wavelength 

compared with the down trends of the other curves in the 

zone 1 ranged 780 - 1030 nm wavelength in figure 2 b. In the 

zone 2 of 1020 - 1405 nm wavelength, generally the rule 

found in figure 2 a still applies to the curves of doping of 80 

nm diameter particles, except the peak for 2 nm spacing is 

not higher than that for the other curves.   

 

A(λ) for 140 nm diameter particle is shown in Figure 2 c. 

Compared with the curves of particle sized 20 nm and 80 nm 

diameter, model of doping of 140 nm diameter particle 

provides relatively high average of A(λ), and zone 1 and 2 are 

re-sectioned to 780 - 1155 nm and 1155 – 1405 nm 

wavelength respectively. Before 780 nm wavelength all 

curves of doping 140 nm diameter particles have a trough 

around 625 nm wavelength. Being different from the other 

particle sizes, their peaks could be seen in both zone 1 and 

zone 2. In zone 1, positions of peaks move forward to longer 

wavelength with the decline of particle spacing, and larger 

height is provided by smaller spacing as well as 2 nm spacing 

curve peaks to 0.92 at 1032 nm wavelength. Moreover peak 

of 2 nm spacing is not the highest in zone 2, which is smaller 

than the other curves, only to 0.22 at 1310 nm wavelength.   

 

3.2 Total absorption flux, Aphoton 

Photon flux density of solar spectrum is calculated based on 

the standard solar spectrum AM1.5 extracted from 

established literature [31-33]. The factor, total absorption 

flux, Aphoton, is the ratio between the number of absorbed 

photons and the number of photons irradiating to solar cell 

in unit area and time in fact. Due to the divergence of power 

distribution of solar spectrum along the wavelength, Aphoton 

can effectively reflect optical absorption rate of solar cell 

layers at every single wavelength. Aphoton values for each 

parameter combination and their no doping reference are 

shown in figure 2 d. As reference, Aphoton for no doping model 

approximates to 0.3478, which is marked as a short dot line 

in figure 2 d. With the same spacing larger size particle is 

found to provide higher Aphoton, while smaller spacing 

benefits further improvement of Aphoton for the same sized 

particle. Therefore, in current model highest Aphoton is 

processed by 140 nm diameter particle with 2 nm spacing, 

and achieves to 0.5503 whose enhancement is 58.2%.   

 

4. Discussion 
4.1 Reference curve 

It is well known that perovskite is an excellent absorber for 

the visible light in the solar spectrum [7], even over 0.9 

absorption is observed in ‘green light’ wavelength range as 

shown in figure 2. The same wavelength range is also the 

band of solar spectrum AM1.5 providing highest energy. 

Hence strong absorption of visible light is considered as the 

main strength of the perovskite material in the solar cell. The 

wavelength range of sharp decline of A(λ) reference (780 - 

800 nm) is overlapping to that for dramatic change of optical 

properties of perovskite material - CH3NH3PbI3 whose 

extinction coefficient, k, is nearly 0 after 780 nm [27]. 

Theoretically extinction coefficient is a factor indicates the 

amount of attenuation loss when the electromagnetic wave 

propagates through the material [34]. For this reason, 

perovskite with k ≈ 0 can be considered as a ‘transparent’ 

material for the infrared beyond 780 nm wavelength, which 

means that it is impossible to absorb solar energy in that 

wavelength range, and causes sharp decline of reference in 

780 - 800 nm wavelength range, as shown in figure 2.  

 

4.2 Enhancement zone 1 
Zone 1 is a relatively high energy wavelength range in the 

solar spectrum AM1.5. As mentioned in 4.1 perovskite 

material - CH3NH3PbI3 cannot absorb this part of energy due 

to extinction coefficient k ≈ 0. For this reason, absorption 

observed in zone 1 in figure 2 should be archived by doping 

particles. Meanwhile Mie theory is able to analytically 

calculate absorption peak and its position along the spectrum 

of single isolated silver particle in the perovskite medium, 

which is useful to explain simulation result of current model 

in the zone 1. In Mie theory position of absorption peak 

follows a rule that moving to the longer wavelength with the 

growth of particle size, and absorption caused by larger 

particle is higher than that for small particle due to less 

scattering. Two individual particles with short spacing would 

become coupled, and perform like a single larger sized 

particle in term of absorption and scattering under the certain 

frequency electromagnetic wave. Simultaneously this double 

particle coupling effect would be weakened if spacing is 

larger [35]. In this case, absorption peaks for three sizes of 

single silver particle are around 700 nm. Shorter spacing 

make the absorption peak of same sized particle move to 

longer wavelength direction due to double particle coupling 

effect, which explains why short spacing peaks are higher 

than that for the other spacing and close to the long 

wavelength. Because high absorption wavelength range of 

perovskite is below 780 nm and connected to zone 1, particle 

absorption peaks are easy to overlap with it, only larger sized 

particle can effectively ‘push’ A(λ) curves out of strong 

absorption range of perovskite to the zone 1. For small sized 

or large spaced particles, enhancement caused by their 

existing is not as high as that large sized or small spaced did, 

however still overcomes the sharp drop of absorption in the 

zone 1.   

 

4.3 Enhancement zone 2 

It is well known that plasmonic particles can couple with 

electromagnetic radiation of wavelengths that are far larger 

than the particle due to the nature of the dielectric-metal 

interface between the medium and the particles [9]. With 

proper spacing between particles, magnitude of 

electromagnetic field from solar could be enlarged in the area 

around particles, and regarding light flow streaming through 

and surrounding particles will overlap with each other in the 

particular areas, which form several coupling enhancement 

points. The field magnitude at these positions is far higher 

than that for the normal absorption in the medium [36]. Also, 

the power flow of near field for 80 nm diameter particle 

models with 2 nm and 10 nm spacing are simulated to be 

irradiated by 875 nm wavelength electromagnetic wave, as 

shown in figure 3 a and b. A(λ) for these two positions are 

indicated in figure 2 b, and exhibit huge contrast that peak 

and down gradient for spacing 2  nm and 10 nm respectively. 



There are two different resonance modes illustrated in figure 

3, both of them exist in the system, but respective amplitudes 

are depending on the size and spacing of particles. The first 

one is quadruple mode, which is the main status for 5 nm 

spacing model, as shown in figure 3 a. The power flow 

entries and leaves the particle at 4 poles, marked as red 

circles in figure 3 a, but there is no strong enhancement area 

between particles. All high magnitude area is in the upper 

part of particle. Contrarily for 2 nm spacing gap mode plays 

the main role in the plasmonics. The coupling resonance 

effectively enhances the magnitude of power flow in the gap 

area between two particles, which is shown as red circled 

arrows in figure 3 b. Resonance of particles is an important 

plasmonic phenomenon. It is indicated that particles resonate 

under a certain frequency of electromagnetic wave, and their 

own resonance would occur at a lower frequency than the 

initial electromagnetic wave. This mechanism explains the 

phenomenon that many peaks appear in the zone 2 and upper 

hand is easier to gain by gap mode with shorter spacing for 

same sized particle. Also, when multiple particles are short 

spaced, coupling effect is not only working on the particles 

next to each other. Coulomb’s force among particles would 

influence their resonance [37], which causes the fact that the 

peaks for 2 nm spacing curve in figure 2 b and c are lower 

than that for the other spacing curves. 

 

Figure 3: Power flow diagram for 40 nm diameter particle 

irradiated by 875 nm electromagnetic wave with (a) 10 nm 

spacing (b) 2 nm spacing 

 

5. Conclusion 
We have explored foundational optics behind perovskite 

solar cell doped silver plasmonic particles by using FIT 

software. A factor, total absorption flux, Aphonton, is calculated 

in this model to estimate the efficiency of absorption for 

multiple parameter combinations. It is found that silver 

particles can help to absorb solar energy in the infrared light 

range, which effectively boost the optical absorption of solar 

cell. Also, this enhancement relates to the particles’ size and 

spacing, larger size and smaller spacing is believed to benefit 

the performance of solar cell. 58.2% enhancement obtained 

through doping of 140 nm diameter particle array with 2 nm 

spacing is reported in this paper, and strong absorption in the 

high refractive index medium of plasmonic particles and 

their resonance under certain wavelength are considered as 

the main reasons for this effect.   
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Abstract 
Hyperbolic metamaterials (HMMs) are known to 
theoretically possess an unbounded range of wave vectors 
to which radiation can couple due to the hyperbolic shape of 
the HMM isofrequency surface. Thus, in practice, there 
exists a large range of modes that can be excited by thermal 
fluctuations that can then reradiate by coupling to high 
spatial frequency features. Herein we show direct 
observation of enhanced thermal emission in an alternating 
gallium doped zinc oxide (GZO) and zinc oxide 
(GZO/ZnO) multilayer HMM by utilizing a FLIR IR 
camera. This observation is supported by numerical 
simulations performed in CST MWS using index of 
refraction and extinction coefficient parameters obtained 
from an IR VASE.  

1. Introduction 
Recently interest has grown in HMMs leading to new 
insights into the underlying physics governing 
subwavelength structures whose electromagnetic properties 
are well described by the effective medium approximation 
(EMA) [1]. The principal appeal of HMMs is that they do 
not rely on the use of narrow band resonances as did the 
initial realization of metamaterials (split ring resonators 
etc.). HMMs typically exhibit much broader ranges of 
operation and seem to hold more promise as a platform for 
truly engineering electromagnetic response in a material [2]. 
Currently HMMs are divided into two types (I and II) whose 
namesakes are attributed to the number of negative 
components in their respective uniaxial permittivity tensors.  
Type I HMMs are cylinders or posts of a metal-like 
substance (negative permittivity) embedded in some positive 
permittivity structure.  Type II HMMs consist of alternating 
layers of negative and positive permittivity materials such as 
alternating layers of metal and dielectric. It has been shown 
in the literature [3] that dielectric media offer more promise 
for low loss HMM device applications. As such we focus on 
the use of doped/un-doped semiconductor layers for type II 
HMMs. Semiconductor-based HMMs are particularly 
appealing for use in the mid-IR range for applications that 
depend on modifying thermal radiation [4]. 

 

1.1. K-space Dispersion of HMMs and EMT 

The significant electromagnetic properties of HMMs can be 
easily visualized by using k-space isofrequency contours 
(IFCs). For the case of a uniaxial medium, which is 
sufficient for our purposes, the k-space IFC is determined by 
the permittivity tensor components. 

 (1) 

For the case of dielectrics equation (1) leads to an ellipse in 
3D space. In the event that we change the permittivity 
component parallel to the surface to normal we then obtain a 
single sheet hyperbola. The use of a single IFC to describe 
the k-space properties of a multi component metamaterial 
has been well established as valid in the literature [5] as long 
as the metamaterial is sufficiently well into the 
subwavelength regime. Once this condition is satisfied we 
can safely invoke effective medium theory to determine the 
transverse permittivity component by averaging the 
permittivity components as a function of their fill fraction 
[6]. 

1.2. IFC Dynamics 

There are two cases of equation (1) which must be 
considered to understand how the IFC relates to the 
electromagnetic properties of the HMM in the effective 
medium regime. In the first case (Figure 1 below) we see an 
effective permittivity greater than unity in the direction 
normal to the HMM's surface. In this case the HMM is 
theoretically a perfect reflector as there are no modes which 
satisfy conservation of momentum transverse to the 
boundary which is a well-known requirement for 
propagation of electromagnetic waves. 
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Figure 1: HMM IFC compared to isotropic medium into 
which the HMM cannot radiate. 
 
The second case is shown in Figure 2 below where the 
normal component of the permittivity is less than unity 
which creates an intersection between the IFC of the 
isotropic medium and the HMM. In this case there are 
specific angles for each frequency that satisfy transverse 
momentum continuity at the boundary and allow for 
propagation. These regions are characterized by directional 
absorptivity or emissivity and enable novel applications that 
are reported elsewhere [7]. This condition is important to 
note because it demonstrates the importance of anisotropy of 
the constituent materials in generating interesting behavior 
in the HMM. If one extends this case to a normal 
permittivity component that is very near zero the curvature 
of the hyperbola becomes extremely broad such that the IFC 
begins to resemble a cylinder. When this happens a wave 
vector requires an enormous amount of momentum in the 
surface normal direction to satisfy the transverse continuity 
condition to radiate.   
  

 
 
Figure 2: HMM IFC shown intersecting with isotropic 
medium's IFC allowing for directional propagation into or 
out of the HMM. 
 

2. HMM Fabrication and Characterization 
Herein we provide brief details of the type II HMM 
fabrication as well as a reference to a more in depth analysis. 
Thereafter we analyze the as-grown properties of the 
GZO/ZnO HMM. 

2.1. Fabrication Details 

A type II HMM was fabricated by means of molecular 
beam epitaxy (MBE) using electron beam evaporation of 
ultra high purity metallic zinc (99.99999%) and RF oxygen 
plasma on c-plane sapphire (.02° off m-plane). The 
substrate was thermally cleaned in ultra-high vacuum (~1E-
9 torr) for 20 minutes at 800°C. The substrate temperature 
was then lowered to 600°C for growth of the HMM 
structure. Gallium flux was provided by a Knudsen cell at 
950°C with the chamber's base pressure kept constant at  
1E-4 torr. A Maxtek crystal thickness oscillator was used to 
monitor the evaporated zinc flux while the gallium flux was 
initiated and terminated at 100nm thickness intervals 8 
times to create a 1.6µm thick HMM comprised of gallium 
doped and (ideally) un-doped ZnO. At the end of growth 
process the HMM was annealed at 800°C for 20 minutes. 
Detailed characterization has been provided elsewhere [8].  

2.2. Dispersion Simulation 

Having obtained the index of refraction and extinction 
coefficients from a J.A. Woollam IR VASE we turn our 
attention towards simulating the transmission through 
subwavelength gratings coupled to the fabricated HMM 
using CST µ-Wave Studio. The intent is to show that there 
are regions in the electromagnetic wave frequency vs grating 
spatial frequency plot that exhibit high transmission thus 
ideally enabling the out-coupling of high wave vector modes 
associated with states which would otherwise be non-
radiative since normally radiative modes are limited by the 
conservation of momentum. The grating period was swept 
from 50 nm to 10 µm with a duty cycle kept constant at 
50%. For the purposes of simulation PECs were used for the 
grating material however recent results using gold as a 
grating material show nearly identical behavior. The ratio of 
free space wave vector to grating wave vector is given 
below. 

  (2) 

Where Λ is the spatial period of the grating and n is an 
integer. 

kx = k0 ±
2πn
Λ
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Figure 3: Transmission as a function of the transverse wave 
vector to free space wave vector ratio and frequency.  
 

2.3. Thermal Image 

The realized HMM structure was then affixed to a Peltier 
heating setup using the same c-plane sapphire the HMM was 
grown on as a background to transfer heat from the Peltier 
heater to the HMM. In this manner any ambiguity as to the 
contribution of the substrate can be addressed.  
 

 
 
Figure 4: FLIR IR image of the heated HMM sample (small 
square on left) next to a heated homogenized GZO/ZnO 
sample (small square on right) on top of a c-plane sapphire 
background heated by a Peltier heater. 
 
A temperature contrast between the HMM and its 
background can clearly be observed. It is believed that this 
effect is a result of the HMM supporting more 
electromagnetic modes due to its higher photonic density of 
states (PDOS). Due to structural imperfections in the HMM 
which result from impurities, the lattice mismatch between 
ZnO and sapphire, and other miscellaneous factors that 
there exist mechanisms for these high wave vector modes to 
couple into free space. While further study is required to be 

certain that the HMM is indeed out-coupling evanescent 
modes due to structural defects etc., it is worth noting that 
the sample which appears next to the HMM has the same 
composition but does not exhibit the hotter-than-
background effect. An attempt was made to produce a 100-
layer HMM of the same composition. However, due to the 
diffusivity of gallium in ZnO at high temperatures the 
resultant thin film is simply a gallium/zinc oxide ceramic. 
The absorptivity and emissivity of the imperfections 
believed to be responsible for evanescent out-coupling will 
be reported in a future work. 

3. Discussion 
From the measured physical properties of the fabricated 
HMM it is clear that the HMM possesses the potential to 
support evanescent modes as propagating waves. The 
remaining challenge is to create an impedance match 
between the HMM and subwavelength features or otherwise 
pattern the HMM so that the normally non-radiative modes 
are allowed to propagate out of the HMM. We believe that 
we have shown evidence that naturally occurring defects 
can partially satisfy this role and plan to verify an 
enhancement in the power spectral density of the HMM's 
emission over that of a perfect black body in the part of the 
electromagnetic spectrum where the multilayer stack 
functions as a HMM. 

4. Conclusions 
We have shown that multilayer thin film HMMs can be 
fabricated in order to enable thermal emission exceeding 
that of the constituent materials from which they are made. 
We conclude that this apparent enhancement in thermal 
emission is a direct result of the sub-unity index in the 
HMM which we have previously reported [8] as well as 
surface roughness between the multiple layers which 
enhances scattering of modes which are normally non-
radiative. 
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Abstract
We present a Krylov model-order reduction approach to ef-
ficiently compute the spontaneous decay (SD) rate of ar-
bitrarily shaped 3D nanosized resonators. We exploit the
symmetry of Maxwell’s equations to efficiently construct
so-called reduced-order models that approximate the SD
rate of a quantum emitter embedded in a resonating nanos-
tructure. The models allow for frequency sweeps, meaning
that a single model provides SD rate approximations over
an entire spectral interval of interest. Field approximations
and dominant quasinormal modes can be determined at low
cost as well.

1. Introduction
The spontaneous decay (SD) rate of a quantum emitter de-
pends on its environment and can be modified by an elec-
tromagnetic resonance. This so-called Purcell effect [1] is
a basic effect in quantum electrodynamics and it is well
known that in the so-called weak-coupling regime, the SD
rate can be computed classically and does not require a
quantum mechanical treatment. Specifically, for electric-
dipole transitions that take place at r = r0, the SD rate γ
normalized with respect to the decay rate γ0 in a reference
medium can be computed as

γ/γ0 = P/P0, (1)

where
P =

ω

2
Im[p∗ ·E(r0)] (2)

is the power radiated by an electric-dipole of the form
Ĵext = −iωpδ(r − r0) and P0 is the radiated power in the
reference medium (see [2]).

To determine the SD rate, the electric field at the lo-
cation of the quantum emitter is required over a spectral
interval of interest. For emitters located in the vicinity of
dispersive nanostructures, we therefore have to solve the
Maxwell equations

−∇× Ĥ− iωD̂ = −Ĵext (3)

and

∇× Ê− iωµ0Ĥ = 0, (4)

where D̂ = εÊ+ P̃ with ε = ε0ε∞ and ε∞ is the instanta-
neous (high-frequency) relative permittivity. For dispersive
Drude or Lorentz materials, P̃ satisfies the constitutive re-
lation

−ω2P̃− iωβ2P̃+ β1P̃ = β0Ê, (5)

where the coefficients βi are determined by the type of
dispersive material that is considered. In particular, for
a Drude material we have β0 = ε0ω

2
p , β1 = 0, and

β2 = γp, where ωp is the volume plasma frequency and
γp the collision frequency, while for a Lorentz material we
have β0 = ε0(εs − ε∞)ω2

0 , β1 = ω2
0 , and β2 = 2δ, where

εs is the static relative permittivity, ω0 the resonant plasma
frequency, and δ the damping constant.

Introducing now the auxiliary field variable Û = iωP̃,
Maxwell’s equations (3) and (4) and the constitutive rela-
tion (5) can be combined and written in first-order form as

(D + S − iωM)F = Q′, (6)

where D contains the curl operators, S andM are medium
matrices, and F and Q′ are the field and source vectors,
respectively. To determine the projection of the electric
field strength onto the dipole moment p at the location of
the quantum emitter, we need to solve the above first-order
Maxwell system and extract the electric field strength com-
ponents at the emitter location from the field vectorF . This
can be realized in a very efficient manner for arbitrary three-
dimensional geometries using a Krylov subspace model-
order reduction method.

2. Krylov Model Order Reduction
To efficiently construct Krylov subspace SD rate approx-
imants, we first discretize Eq. (6) in space on a standard
second-order finite-difference grid (Yee grid [3]) and apply
the optimal complex-scaling method proposed in [4] and
extended in [5] to simulate the extension to infinity. Af-
ter these two steps we arrive at the large-scale semidiscrete
Maxwell system

(D+ S− iωM) fcs = q′, (7)

where D, S, M, fcs, and q′ are the discretized counterparts of
D, S,M,F , andQ′, respectively, and the subscript “cs” in-
dicates that complex-scaling has been applied. The order n



Figure 1: A quantum emitter located above a cylindrical
golden nanorod. The diameter of the rod is 30 nm and its
length is 100 nm. The emitter is located 10 nm above the
upper surface of the rod. The background medium has an
index of refraction of n = 1.5 and a Drude model is used
as a constitutive relation for gold.

of the discretized system is typically very large and can eas-
ily run into the millions especially for three-dimensional
problems.

The Maxwell system of Eq. (7) cannot be used directly
to determine the electromagnetic field, since causality is
lost due to the application of the complex-scaling method
(see [4] – [6]). However, if we introduce the so-called sys-
tem matrix as A = M−1(D + S), then stable time-domain
or conjugate-symmetric frequency-domain field approxi-
mations can be constructed via a stability-correction proce-
dure as described in [4]. In particular, for an electric-dipole
moment vector of the form p = p(ω)n, where n is a unit
vector, the frequency-domain field can be computed via

f(ω) = iωp(ω) [r(A, ω) + r(A∗, ω)]M−1q, (8)

where q is a finite-difference approximation of nδ(r − r0)
and

r(z, ω) =
η(z)

z − iω
(9)

with η(z) the complex Heaviside unit step function given
by

η(z) =

{
1 for Re(z) > 0,
0 for Re(z) < 0.

(10)

Direct evaluation of Eq. (8) is not feasible, however, since
the order of the system matrix A is simply too large. Fortu-
nately, it can be shown that the system matrix satisfies the
symmetry relation

〈Ax, y〉 = 〈x,Ay〉 for all x, y ∈ Cn, (11)
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Figure 2: Normalized spontaneous decay rate of the quan-
tum emitter shown in Figure 1. Dashed line: reduced-order
model of order m = 4500. Solid line: normalized SD rate
computed via the method proposed in [9].

where 〈·, ·〉 is a bilinear form given by 〈x, y〉 = yTWMx
with WM complex-symmetric and W a step size matrix
containing the step sizes of the computational grid (see
[7]). This property allows us to carry out a Lanczos-type
reduction algorithm [7, 8] to efficiently compute frequency-
domain field approximations and the corresponding SD
rate. Specifically, with the source vector M−1q as a start-
ing vector, we obtain after m � n steps of the Lanczos
algorithm the sequence of vectors v1, v2, ...,vm that form a
basis of the Krylov subspace

Km = span
{
M−1q,AM−1q, ...,Am−1M−1q

}
. (12)

These m steps can be summarized as

AVm = VmHm + pm+1e
T
m, (13)

where Vm is a tall n-by-m matrix having the basis vec-
tors vi as its columns, Hm is an m-by-m tridiagonal matrix
containing the Lanczos recurrence coefficients, pm+1 is a
residual vector, and em is the mth column of the m-by-m
identity matrix Im. We note that our final expression for the
SD-Rate approximation is independent of Vm. Therefore,
only three basis vectors need to fit inside the memory of
the computational architecture due to the 3-term Lanczos
recurrence.

With the so-called Lanczos decomposition of Eq. (13)
at our disposal, the reduced-order model for the frequency-
domain electromagnetic field now follows as

fm(ω) = iωp(ω)‖M−1q‖
[
Vmr(Hm, ω)+V∗mr(H

∗
m, ω)

]
e1,

(14)
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Figure 3: Eigenvalues of the reduced-order Lanczos ma-
trix H4500 (crosses) and the wavelength interval of interest
(solid line). Essentially one quasinormal mode contributes
to the spontaneous decay rate (mode corresponding to the
encircled eigenvalue).

where ‖M−1q‖ is the Euclidean norm of the (scaled) source
vector M−1q. With the help of this reduced-order model for
the fields, the reduced-order model for the radiated power
is obtained as

Pm(ω) = PaRe
{
eT1 [r(Hm, ω) + r(H∗m, ω)]e1

}
, (15)

with

Pa =
ω2|p(ω)|2α

2
(16)

and α = qTM−1Wq. We observe that no basis vectors vi
are required to evaluate this reduced-order model. More-
over, a single Krylov decomposition (13) gives SD rate ap-
proximations for all frequencies (or wavelengths) of inter-
est, that is, the method allows for frequency sweeps even
in case of dispersive media. Moreover, reduced-order field
approximations can be computed using Eq. (14) and domi-
nant quasinormal modes can be extracted from the Lanczos
decomposition as well (see Section 3).

3. Simulations
In this section we demonstrate the effectiveness of the pro-
posed reduced-order modeling technique by computing the
SD rate of a quantum emitter located in the vicinity of dis-
persive nanorods. In our first example, the emitter is posi-
tioned above a cylindrical golden nanorod, while in the sec-
ond example the emitter is sandwiched between two rectan-
gular golden nanorods which are positioned symmetrically
above and below the quantum emitter. We compute the SD
rate of the quantum emitter in both scenarios and determine
excited dominant quasinormal modes in each configuration
as well.

3.1. Golden nanorod

As a first example, we consider a configuration similar to
the one presented in [9], which consists of an electric dipole
located in the vicinity of a golden nanorod (see Figure 1).
The rod has a diameter of 30 nm and a length of 100 nm
and the dipole is located 10 nm above the upper surface

Figure 4: Magnitude of the x-component of the electric
field strength of the dominant quasinormal mode as excited
by the quantum emitter of Figure 1.

Figure 5: Magnitude of the y-component of the electric
field strength of the dominant quasinormal mode as excited
by the quantum emitter of Figure 1.

of the rod. The background medium is homogeneous and
is characterized by a refractive index of n = 1.5, while a
Drude model with a plasma frequency ωp = 1.26 ·1016 s−1

and a collision frequency γp = 1.41 · 1014 s−1 is used as a
constitutive relation for the golden nanorod. We are inter-
ested in the SD rate of the quantum emitter on a wavelength
interval ranging from 0.7 µm to 1.2 µm. Discretizing the
first-order Maxwell system of Eq. (6) such that the electro-
magnetic field and the geometry are well resolved for all
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Figure 6: A quantum emitter located within a gap between
two golden rectangular nanorods. The side lengths of the
rods are given by 28 × 28 × 100 nm and the gap is 22 nm
wide. A Drude model is used as a constitutive relation for
gold and the background medium is homogeneous with an
index of refraction of n = 1.5.

wavelengths of interest, we obtain a semidiscrete Maxwell
system as given by Eq. (7) with approximately 8.7 million
unknowns. Given this large order, it is clear that direct eval-
uation of Eq. (8) is simply not feasible. We therefore con-
struct the reduced-order model for the radiated power as
given by Eq. (15) via the Lanczos reduction algorithm. For
this particular example, it turns out that a model of order
m = 4500 is sufficient to accurately describe the SD rate
of the quantum emitter over the entire wavelength interval
of interest. Since the order of the original system is approx-
imately 8.7 million, the order of the reduced-order model
is about 1930 times smaller than the original system. Also
note that the system matrix A is sparse, and the Lanczos
algorithm is therefore very efficient, since the algorithm is
based on a three-term recurrence relation and the system
matrix is only needed to compute a single matrix-vector
multiplication at every iteration.

Now taking the homogeneous background medium as a
reference medium to compute P0 (see Eq. (1)), we obtain
a normalized decay rate shown in Figure 2 (dashed curve).
Also shown is the normalized SD rate as computed in [9]
(solid line). Clearly, both SD curves essentially overlap on
the wavelength interval of interest.

In addition to reduced-order models for the SD rate, we
can also determine the dominant quasinormal modes from
the Lanczos decomposition of Eq. (13) at no additional
costs. Specifically, if we let (θm, ym) be an eigenpair of
matrix Hm then postmultiplication of the Lanczos decom-

Figure 7: Reduced-order model of order m = 8500 for the
normalized spontaneous decay rate of the quantum emitter
shown in Figure 6.

Figure 8: Eigenvalues of the reduced-order Lanczos ma-
trix H8500 (crosses) and the wavelength interval of interest
(solid line).

position by the eigenvector ym leads to

Azm = θmzm + pm+1e
T
mym, (17)

where zm = Vmym. Equation (17) shows that (θm, zm)
is an approximate eigenpair of the system matrix A pro-
vided |eTmym| ‖pm+1‖ is small. This latter condition can
be checked by direct computation (note that eTmym is the
last (mth) component of the eigenvector ym) and quasinor-
mal modes that dominate the SD rate response can easily
be identified in this way. As an illustration, Figure 3 shows
all eigenvalues of the reduced Lanczos matrix H4500 in the
complex λ-plane. The reduced-order model of Eq. (15)
takes the contribution of all these eigenvalues into account,
but only one eigenvalue (encircled in Figure 3) essentially
contributes to the SD rate response. The mode that corre-
sponds to this eigenvalue has converged and in Figure 4 we
show the magnitude of the x-component of the electric field
strength of this dominant quasinormal mode for the quan-
tum emitter configuration of Figure 1, while Figure 5 shows
the y-component of the electric field strength. Finally, we
remark that in exact arithmetic only those modes that are
exited by the emitter can be captured by the Lanczos algo-
rithm, since the (scaled) source vector M−1q is used as a
starting vector. These are the modes of interest, of course,
since possible other quasinormal modes are simply not ex-
cited.
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Figure 9: SD rate of the quantum emitter in the configura-
tion of Figure 6. Solid line: total reduced-order model of
Figure 7. Dashed line: SD rate computed using only the
quasinormal modes corresponding to eigenvalues 1 – 4 (see
Figure 8).

3.2. Golden nano gap antenna

As a second example, we consider a quantum emitter sym-
metrically located in a gap between two rectangular golden
nanorods (see Figure 6). The side lengths of each rod are
given by 28 × 28 × 100 nm and the gap is 22 nm wide.
We use the same Drude model as in the previous example
as a constitutive relation for gold. The rods and emitter are
embedded in a homogeneous background medium with a
refractive index of n = 1.5.

Discretizing the first-order Maxwell system in space
such that the electromagnetic field is well resolved for
wavelengths running from 0.5 µm to 1.4 µm, a semidiscrete
Maxwell system with approximately 7.2 million unknowns
is obtained. Using the Lanczos algorithm, we construct
reduced-order models of increasing order until convergence
is reached. For this example, a reduced-order model of or-
der m = 8500 is sufficient to accurately describe the SD
rate on the wavelength interval of interest (see Figure 7).
Again, the SD rate is computed by taking all eigenvalues of
the reduced Lanczos matrix H8500 into account. However,
only a small number of eigenvalues actually contribute to
the SD rate in this configuration. To make this explicit,
we first show all eigenvalues of H8500 in Figure 8 (crosses)
along with the wavelength interval of interest (solid line).
The normalized SD rate based on the total reduced-order
model (solid line) and the SD rate which takes only the four
quasinormal modes that correspond to the eigenvalues 1 –
4 (dashed line) into account are shown in Figure 9. We ob-
serve that a small number of quasinormal modes is already
sufficient to properly capture the SD rate response of the
quantum emitter over the wavelength interval of interest.

4. Conclusions

We have presented a novel model-order reduction method
to efficiently compute the spontaneous decay rate of arbi-
trarily shaped 3D nanosized resonators. By exploiting the
symmetry of Maxwell equations in conjunction with a gen-
eral second order-dispersion relation, so-called reduced-
order models for the spontaneous decay rate can be con-

Figure 10: Magnitude of the x-component of the electric
field strength of the quasinormal mode corresponding to
eigenvalue 1 of Figure 8.

Figure 11: Magnitude of the y-component of the electric
field strength of the quasinormal mode corresponding to
eigenvalue 1 of Figure 8.

structed very efficiently via a Lanczos-type reduction algo-
rithm. The use of this algorithm allows us to construct a
single low-order model that is accurate on an entire spectral
interval of interest and frequency sweeps can be performed
at negligible cost given the low order of the reduced-order
models.

Large reduction factors can be achieved for general 3D
resonators, since electromagnetic field responses in res-
onating structures are largely dominated by a small num-
ber of quasinormal modes. Moreover, discretizing 3D res-
onating nanostructures in space generally leads to heavily
oversampled semidiscrete Maxwell systems, since detailed
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Figure 12: Magnitude of the x-component of the electric
field strength of the quasinormal mode corresponding to
eigenvalue 4 of Figure 8.

Figure 13: Magnitude of the y-component of the electric
field strength of the quasinormal mode corresponding to
eigenvalue 4 of Figure 8.

subwavelength geometric features of the resonating struc-
ture need to be captured.

The small number of modes contributing to the electro-
magnetic response, suggests the possibility of solving this
problem using rational Krylov subspaces. Rational Krylov
subspaces generally show superior convergence for systems
with only a few contributing eigenvalues. Therefore, future
work will include the design of a rational Krylov subspace
algorithm to compute the electromagnetic response of 3D
resonators.

Finally, we like to note that the developed approach can

easily be extended to multipole dispersive media in order to
simulate more complex dispersive materials. For instance a
single resonator can be simulated with a dispersion relation
given by the sum of a Drude and a Lorentz model.
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Abstract 

The coupling efficiency between continuous and periodic 
segmented waveguides using segmented taper has been 
successfully and efficiently designed and optimized by 
using the genetic algorithms (GA) in conjunction with the 
finite element method (FEM-2D). The coupling efficiency 
of the optimized structure as a function of the operating 
wavelength has been also analyzed between 1.5μm and 
1.6μm.  

1. Introduction 

The waveguide coupler (taper) is a generic optical 
waveguide which shape varies along its length along the 
propagation direction (distance from the output of input 
waveguide to the input of output waveguide). For large 
length tapers, light from the input waveguide can be 
coupled without power loss into the output one [1-2], i.e. 
the adiabatic regime of a waveguide coupler. The power 
loss will increases by decreasing the coupler length [1]. An 
alternative for achieving great coupling efficiency between 
a continuous and a periodic segmented waveguide is the use 
of a segmented waveguide based taper between them [2-5]. 
In our design, we optimize the coupling efficiency between 
a straight continuous waveguide (CWG) and a straight 
periodic segmented waveguide (PSW) through one PSW 
with variable length segments. The geometry of the PSW 
used as a basis for the segmented taper, is shown in Fig. 1, 
where Λ is the period of segments a is the length of the 
segment with higher refractive index (n1), w is the width of 
the segment. We consider a segmented optical waveguide 
compound of silicon and silica with alternating refractive 
indices n1=3.476 and n2=1.444, respectively, with n=1.444 
cladding with silica and width w used are 0.27 and 0.3μm. 
The segments have a width and a fixed period Λ=w also 
varies 0.27 and 0.3μm. The taper region was divided into 15 
segments and the efficiency or power coupling is calculated 
using the finite element method (FEM-2D) [4].  
The device to be optimized is shown in Fig. 1, with its 
respective optical and geometrical parameters that are the 
input variables of the developed algorithm in association 
with the FEM-2D, which calculates the fields and power of 
the resulting structures. Because of the symmetry along the 
y direction, only the half of the geometry is discretized. 

The individuals are used in GA are composed by an array 
containing the silicon segments lengths {a1, a2,. . . , a15}. 
Each segment length has been coded using 8 bits and they 
can take values in the interval [0.03μm, 0.24μm] for the 
w=0.27μm and [0.03μm, 0.27μm] for the w=0.3μm, 
respectively. 
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Figure 1: Computational domain of the taper configuration.

The taper region consists of 15 segments in order to obtain a 
small footprint taper. As comparison, previous reported 
tapers considered 33 to 200 segments [4]. The efficiency or 
power coupling is calculated using the finite element 
method [5-8]. The operating wavelength is λ=1.55μm. 
To show the validity and usefulness of the application of 
genetic algorithms, the evolution and the shape of the best 
configurations are presented. 

2. Genetic Algorithm (GA) 

Genetic Algorithms (GAs) are computational methods to 
search that mimic the mechanisms of natural evolution and 
genetics. In GAs, a population of possible solutions to the 
problem in question evolves according to probabilistic 
operators designed from biological metaphors, so that there 
is a tendency that, on average, individuals represent  
increasingly better solutions as the process evolution 
continues [9]. 
The GA, shown in Fig. 2, have been chosen for the 
optimization because it have been previously used for 
solving electromagnetic problems [4], [10-13]. The 
proposed evolutionary algorithm technique has the 
following stages: a) Initialization: half of the initial 
population is randomly generated and the other half is 
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obtained by taking the two’s complement.  Each individual 
is represented as a binary sequence of 120 bits (8 bits × 15 
length segments). The initial population size used for the 
initial, ranges from 10 to 100 individuals; b) Selection: 
selection used is the roulette wheel; c) Crossover: 
individuals selected are cross using the uniform crossover, 
where a random binary mask is generated, which will 
indicate which parts of the individuals parents will be used 
in the offspring individuals; d) Mutation: affects only one 
gene chosen randomly in each chromosome; e) Elitism: it is 
of great importance that the best chromosome remains in 
the next generation to avoid a possible reduction of the 
fitness of its new chromosomes affecting the process of 
convergence. The two worst chromosomes of the actual 
generation are substituted by two best of the previous 
generation; f) Updating: actualization of the next generation 
of chromosomes; h) Ending: We consider 200 generations 
as stop criterion in all cases.  
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Figure 2: The flowcharts of the adopted of Genetic 
Algorithm. 

3. Numerical Results 

In order to validate the proposed approach, the taper shown 
in Fig. 1, has been analyzed and optimized. The data used, 
in the GA algorithm, for each variable of the segmented 
taper are: operating wavelength λ=1.55μm;  segment 
lengths ai, [0.03μm, 0.24μm] for the w=0.27μm and 
[0.03μm, 0.27μm] for the w=0.3μm, respectively; segment 
refractive index and waveguide n1=3.476; cladding 
refractive index n2=1.444; and the stop criterion is 200 
generations. The incident field considered here is the 
fundamental mode of the input continuous waveguide with 
a width of 0.27 and 0.3μm, respectively, with a electric field 
polarized along the x direction, the input and output powers 
(Pin and Pout) are computed by integrating the z component 
of the Poynting vector (Sz) [6-8] and the PML’s widths are 
4 μm and 3.975 μm at the left and the right sides, 
respectively, and 1 μm in the y direction. The taper starts at 
z = 0. The resulting mesh has about 47,811 elements and 
96,906 nodes and the convergence has been ensured for 
these numbers. The coupling efficiency has been obtained 
as the ratio Pout /Pin. 

The evolution of the fitness of the best individuals found by 
GA, with Λ=w=0.3μm, varying the population size as a 
function of the number of generations is shown in Fig. 3 
while the fitness values of each individual as a function of 
the generations for the best  configuration (20 
chromosomes), is shown in Fig. 4. 
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Figure 3: Evolution of the coupling efficiency of the 
best individuals for GA, with different populations. 
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Figure 4: Evolution of the coupling efficiency of the 
coupling efficiency and its distribution for the best 
configuration  of GA (20 individuals). 

 
Table 1: The percentage of Coupling Efficiency in terms of 

Population Size for the GA at λ =1.55μm. 
Population 

Size 
Coupling 

Efficiency (%) 
CE 96.00 
10 96.00 
20 97.80 
30 95.84 
40 93.40 
50 93.00 
100 92.00 
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In Table 1, the values can be observed the coupling 
efficiency by the end of 200 generations of the AG specific 
amount for each chromosome in the population. 
It can be observed in Fig. 5 the optimum configuration of 
the taper found with Λ=w=0.3μm by GA with 20 
chromosome in the population size. Fig. 6 presents the 
spatial distribution of the field intensity obtained in this 
structure. 

CWG PSW

taper 4.5 mz 0z 

2a 3a 4a 5a 6a 7a 8a 9a 10a 11a 15a14a13a12a1a

SiO2

Si

Figure 5: The optimal segmented taper’s shape found by 
GA with 20 individuals and their values of a = [0.2653; 
0.2278; 0.1969; 0.1838; 0.1622; 0.1697; 0.1659; 0.1603; 
0.1500; 0.1425;0.1509; 0.1003; 0.1659; 0.1528; 0.1509]. 
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Figure 6: Spatial distribution of the field intensity for 
the best taper configuration found by GA with 20 
individuals, with Λ=w=0.3μm. 

 
Now that, we found a configuration of the GA with 20 
individuals, which more has adapted to the problem, we 
applied this GA configuration on the same problem, but 
with Λ=w=0.27μm. The evolution of the fitness of the best 
individuals found, with Λ=w=0.27μm, is shown in Fig. 7.  
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Figure 7: Evolution of the coupling efficiency of the best 
individuals for GA, with different populations and its 
distribution for the best configuration (20 individuals) 
with Λ=w=0.27μm. 
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Figure 8: The optimal segmented taper’s shape found by 
GA with 20 individuals and their values of a = [0.0328; 
0.0347; 0.0600; 0.0750; 0.1331; 0.075; 0.1528; 0.1200; 
0.1641; 0.1603; 0.1144; 0.1331; 0.1575; 0.1491; 0.1462]. 
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Figure 9: The Spatial distribution of the field intensity for 
the best taper configuration found by GA with 20 
individuals, with Λ=w=0.27μm. 

 
After optimizing the segmented taper, using bio-inspired 
algorithm (GA) for the wavelength of operation λ=1.55 μm. 
They were tested to operate at different wavelengths λ [1.50 
μm; 1.60 μm] in order to check the behavior of each device 
with the variation of λ. In Fig. 10, we shown the coupling 
efficiency as a function of the wavelength for the device 
optimized by GA at wavelength λ=1.55μm with 
Λ=w=0.27μm and Λ=w=0.3μm, respectively. 
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Figure 10: Coupling efficiency as a function of wavelength 
for devices optimized by GA with different period 
(Λ=w=0.27μm and Λ=w=0.3μm). 
 
 
A variation on the coupling efficiency of about 10% can be 
observed, but they are still high (above 85%). This result 
can be expected since we stop our optimization simulations 
with 200 generations. 
We can observe a high coupling efficiency for the device 
found by GA for several wavelengths. Previous reported 
tapers show lower coupling efficiency of 81.4% [3] while 
tapers found in this study using the GA show coupling 
efficiency above 90%. 
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The optimization of 2D tapers, composed of silicon and 
silica, using the finite element method in conjunction with 
optimization algorithms GA with Λ=w=0.27μm and 
Λ=w=0.3μm, respectively, were presented. The structures 
obtained by the developed algorithms can be used to design 
efficient and low loss devices, considering different 
materials, increasing the number of segments and different 
wavelengths.  
An Intel® Core™ i7-3820 3.60 GHZ 10 MB Cache, 48 GB 
of RAM running Windows® has been used in all 
simulations. The computing time was 09 hours for 200 
generations with 20 individuals. 

4. Conclusions 

In conclusion, the optimization of segmented tapers 
composed by silicon and silica, using the finite element 
method in conjunction with the optimization by the 
proposed genetic algorithm is presented. We found coupling 
efficiency above 90% for specific wavelengths. 
Additionally, the developed models here can be used for 
waveguide couplers design considering different materials, 
number of sections, variation of the period and 3D 
simulations. 
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Abstract 

The absorption and the reflection properties of multilayered 
plasmonic structures with subwavelength sizes are analyzed 
in details by using an efficient frequency domain finite 
element method. The multilayered structures are composed 
by several layers of metallic nanoparticles of Silver and 
Gold embedded in dielectric such as amorphous silicon. 
Peaks of reflection or absorption larger than 80% were 
obtained and their performance over the near infrared can 
be improved by adequately tuning their geometrical 
parameters and thickness of the layers.  

1. Introduction 

Developing Multilayer subwavelength periodical 
devices for integrated optoelectronic applications have 
increase in the last years, because there is a necessity to 
reducing the dimension and when, in the same structure, 
metal is used with dielectric this characteristic may be 
achieved [1,2].  The use metals in its structure is justified 
because they can reduce the optical devices sizes, in this 
way the integration between optical and electronic devices 
can be compatible with current fabrication process 
technology. Thus, metal has been used because in 
frequency, that corresponding to the visible, metallic 
structures has a behavior of a mirror, but for another 
frequencies this same structures may be used like absorber 
[1]. With this peculiar characteristic, multilayer metallic 
grating [2,3], compose of SiO2 (Silica), Si (Silicon) or a-Si 
Amorphous Silicon [4] may be used in energy application 
namely solar cells [5-7]. The free-electron like behavior of 
metals like gold (Au), silver (Ag) and aluminum (Al), that 
may explain the natural character of reflectors, in the 
frequencies close to visible, may be turned into absorbers of 
electromagnetic radiation by induced collective excitation 
of oscillating electrons named plasmons in nanometer sized 
trenches etched on metal surface [8]. 

 

2. Method 

Using numerical solvers of the Maxwell’s equations, we 
collect data for the proposed geometries. The model relies 
on the definition of reflections and transmission scattering 
coefficients, used to explain the surface plasmon generation 
on slit apertures. In view of this, an absorption, Coefficient 

2 2
/t incE E  is defined to exhibit the response of the unity 

cell under different illuminations and geometric parameters 

changes [8] . Here the factor 
2

incE is the electric field 

intensity of the incident plane wave and 
2

tE  is the electric 

field transverse to the groove’s mouth.  
In [2] an array of dielectric a-Si and ITO strips embedded in 
a Gold and Silver layers with a similar geometry of the 
architectures were our starting point, just using Si and Gold. 
The refractive index of the metal, were used the Drude 
model [9] presented in equation 1, 

2 2/ ( i )Au p         (1) 

 where p  is the plasmon frequency,   the collision 

frequency and   take for the high frequency limit 

dielectric permittivity.   
To obtain data to the absorption coefficients, were used 
finite element method based code developed by [10,11]. 
 

3. Simulated Data and Discussion  

The focus of this research relies on the design of multilayer 
structures, with nanoparticles metallic and dielectric layers  
of nanometer dimensions, to assure extraordinarily electric 
field enhancement, essential feature to change the usually, 
highly reflective behavior of metals, in the visible and 
infrared regions, into blackbody like devices. For the 
analyzed structures, we have proposed different types of 
multilayer absorbers that consists of mixed structures with 
nanoparticles of metal, with different shapes, square and 
circle, embedded in dielectric Silicon (Si), n=3,476, 
substrate, shown in Figures 1,2,3 and 4. In all simulations, 
was used like a simulation parameter l for the square 
nanoparticle, Rs for the circle and the P for the period fixed 
in 300nm. These different arrays, that eventually present 
small construct problems, can be design to strongly absorb 
light of a specific polarization with peaks close to 100% and 
can reflect radiation when illuminated with light wiht the 
other polarization.  These devices reveals to be absorbers, 
with the capability of select their peak of absorption by 
varying the geometric parameters associated with every 
geometry proposed. All the absorptions characteristics were 
numerically investigated from 700 nm to 2300 nm in these 
tunable metallic-dielectric nanometer arrangements. 
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Figure 1: The unitary cell to absorber with Square Gold 

Nanoparticle. 
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Figure 2: The unitary cell to absorber with two Squares Gold 

Nanoparticles. 
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Figure 3: The unitary cell to absorber with Circular Gold 

Nanoparticle. 
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Figure 4: The unitary cell to absorber with two Circulars 
Gold Nanoparticles. 

  
For devices with square elements the variation of l was in 
the interval 10-70nm, with steps of 10nm. First, it was 
analyzed a structure with one square nanoparticle were the 
period was fixed in 300nm and the results are presented in 
Figure 5. In Figure 6 we present the results for a structure 
containing two square nanoparticles of gold. 
It may be observed, that when two particles are used, there is 
an increase in all peaks of absorption and a red shift, in this 
way, it is possible, by choosing the correct construction 
parameters, to obtain a suitable device according with the 
application. To try understand how the parameters could 
affect the structure, it was introduced a variation of the 
period. Three values were considered and the results for one 
and two elements, can observed in the Figure 7 and 8, 
respectively. 

 
 

Figure 5: Absorption spectra for the absorber with one 
square nanoparticle of gold considering l as the varying 

parameter. 
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Figure 6: Absorption spectra for the absorber with two 

square nanoparticles of gold considering l as the varying 
parameter. 

 
Figure 7: Absorption spectra for the absorber with one 

square nanoparticle of gold considering P as the varying 
parameter. 

 
Figure 8: Absorption spectra for the absorber with two 

square nanoparticles of gold considering P as the varying 
parameter. 

For the structures composed by circular nanoparticles, Rs 

was varied between 10 – 70nm with steps of 10nm with P 
equals 300nm. The results are presented in the Figure 9 and 
Figure 10 for the case of one and two nanoparticles 
structures, respectively. Already to P like a variation 
parameter, the results can be observed in figure 11 and 12 to 
one and two elements, respectively.  

 
Figure 9: Absorption spectra for the absorber with one 

circular nanoparticle of gold considering Rs as the varying 
parameter. 

 
 

Figure 10: Absorption spectra for the absorber with two 
circular nanoparticles of gold considering Rs as the varying 

parameter.. 
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Figure 11: Absorption spectra for the absorber with one 

circular nanoparticles of gold considering P as the varying 
parameter. 

 
Figure 12: Absorption spectra for the absorber with two 

circular nanoparticles of gold considering P as the varying 
parameter. 

 

4. Conclusions 

In this paper, several configurations of nanoabsorbers have 
been numerically analyzed by an efficient finite element 
method, covering the interval from 700nm to 2300nm. The 
devices shown a strong dependence with their constructive 
parameters and they can be tuned by changing their values 
in a proper manner. One possible suggesting of application 
may be polarizers, polarization detector or in research in 
energy i.e., solar cells (photovoltaic conversion). 
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Abstract
An efficient technique for the polarizability matrix extrac-
tion of non-planar chiral particles is introduced in this pa-
per. Assuming that their size is electrically-small, the par-
ticles are modeled via electric and magnetic dipoles. The
induced dipole moments are derived from the surface S-
parameter response of three normal wave incidences by
means of equivalent surface models. Then, these dipole mo-
ments are inserted in the initial convention and the desired
polarizabilities are finally acquired through a linear system
formed by the measured or simulated scattering parame-
ters. To validate the novel method, the polarizabilities, so
retrieved, are involved in RCS calculations for diverse inci-
dences and are successfully compared with simulated ones.

1. Introduction
First-principle homogenization techniques have recently
gained significant attention in the metamaterial community
due to their accuracy and theoretical robustness. Their goal
is to analytically calculate the effective constitutive param-
eters of bulk metamaterial media [1–3] from the properties
of the composing scatterers. Such an approach considers
the radiation behavior of each scatterer as well as the inter-
action between scatterers on the 2D/3D grid, thus eradicat-
ing artifacts of other homogenization techniques, associated
with weak spatial dispersion and non-locality [4].

Most first-principle homogenization schemes exploit
the single metamaterial scatterer polarizabilities, hence sig-
nificant effort has been devoted to their rigorous retrieval.
For some common structures, polarizabilities can be ana-
lytically derived via either approximate surface current dis-
tributions [5] or antenna models [6]. However, these tech-
niques mostly apply for certain shapes and produce quasi-
static results. Alternatively, generalized extraction meth-
ods based on the electromagnetic response of the scatter-
ers have been lately proposed. In particular, apart from
far-field data [7], S-paramaters (simulated or measured)
constitute a popular candidate. To this objective, for the
anisotropic scatterers, a dynamic retrieval technique has
been presented in [8], offering closed-form expressions for
two particle polarizabilities up to the homogenisation limit
(i.e. for electrically-small metamaterial scatterers), directly
from their reflection and transmission coefficients. Further
extensions have studied simple bianisotropic metamaterials
through scattering parameters, raising the number of the ex-
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Figure 1: The helix chiral particle. (a) Geometry with r =
3mm, h = 1mm, g = 0.3mm, a wire radius of 0.05mm,
and the largest dimension given by 2s = 2

√
r2 + h2. (b)

Its equivalent dipole moments and their respective positions
for the equivalent surface model.

tracted polarizabilities to four [9].
In this paper, a systematic extraction methodology for

non-planar structures with larger polarizability matrices,
such as the helix chiral particle, is developed. First, the
scatterer is assumed electrically-small, so that it can be de-
scribed by an electric and magnetic dipole around its shape
center. Next, the particles are placed in a 2D array, per-
pendicularly illuminated by plane wanes, and the induced
dipole moments are expressed in terms of the particle’s po-
larizabilities as well as the local field at the its shape cen-
ter. Eventually, a linear system is constructed and the de-
sired polarizabilities are expressed as a function of the in-
duced dipole moments. The latter can be calculated from
simulated or measured S-parameters via equivalent surface
models. A key asset of the new algorithm is its ability to
precisely extract the polarizability matrix of a scatterer for
up to 9 elements through S-parameters and its application to
the demanding helix chiral particle. Moreover, herein and
unlike other extraction schemes, interaction coefficients for
the 2D array are not calculated, yet extracted for simplicity.
The featured method is certified via RCS computations for
different incident waves using the extracted polarizabilities,
successfully compared to various simulated outcomes.

2. Theoretical methodology
2.1. Polarizabilities of the helix particle

2.1.1. Derivation of dipole moments from the incident field

Let us consider the chiral particle of Fig. 1(a) and assume
moderate electrical sizes, so that |k|h < 0.3 and |k|r <
1, with k = ω

√
εµ the wavenumber in the background

medium. Thus, the particle can be deemed significantly
small and represented by a set of electric and magnetic
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Figure 2: Array of metamaterial scatterers (d = 10mm).

dipoles around its shape center, as depicted in Fig. 1(b).
Note that, due to the non-planar geometry of the scatterer,
not all dipole moments are located at the shape center (same
position), in contrast to other techniques [7–9]. Placing the
scatterer on an infinite 2D array, as in Fig. 2, the induced
electric, p, and magnetic, m, dipole moments are related to
the polarizabilities of the chiral particle and the local fields
at its center by

px

c−1mx

py

pz

=

αxx
ee αxx

em αxy
ee 0

αxx
me αxx

mm αxy
me 0

αyx
ee αyx

em αyy
ee 0

0 0 0 αzz
ee

{f inc+f scat
}

(1a)

f scat=


ε0E

scat
x

c−1Hscat
x

ε0E
scat
y

ε0E
scat
z

=


Cxx
ee px

Cxx
mmc

−1mx

Cyy
ee py

Czz
ee pz

 , (1b)

where αee, αem, αmm, and αme are the scatterer’s
electric-electric, electric-magnetic, magnetic-magnetic and
magnetic-electric polarizabilities, respectively. Vector f inc

represents the incident field and f scat the scattered one
from all the other particles of the array, while the result of
their summation is the local field. Furthermore, parame-
ters Cee and Cmm are the electric-electric and magnetic-
magnetic interaction coefficients. For the normally incident
plane waves and the square array of Fig. 2, it follows that
Cxx

mm = Cyy
ee = Czz

ee = C0, according to the properties of
dyadic Green functions [10]. Moreover, if the radius of the
helix particle, r, is significantly smaller than the unit cell
size, d, namely r < 0.1d, it can be safely presumed that
Cxx

ee ≈ C0. This interaction coefficient C0 may be analyti-
cally calculated through dyadic Green functions. However,
in this paper, we introduce a procedure for the extraction of
C0 from S-parameters, that will be subsequently analyzed.

Considering that in (1), αzz
ee is isolated and can be sep-

arately extracted, the retrieval of the other nine elements of
matrix [α] will, also, require nine independent equations.
These will be acquired by plugging into (1) different inci-
dent plane waves. Thus, if i = 1, 2 and j = A,B indicate
the direction and the polarization of the incident wave, re-
spectively, then f inci,j =

[
ε0E

inc
x c−1H inc

x ε0E
inc
y ε0E

inc
z

]T
and f incA,1 = f incA,2 = ε0[1 0 0 0]T , f incB,1 = ε0[0 −1 1 0]T ,
f incB,2 = ε0[0 1 1 0]T , in accordance to the normally incident

plane waves of Fig. 2, for normalized field values. Based on
these notions, substitution of f inci,j in (1) yields

pAx =αxx
ee
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A
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)
+αxx

emC0c
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x +α
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where the ∓ sign on the right-hand side of (3) becomes
“−” for the i = 1 incident field and “+” for the i = 2
one. Equations (2) and (3) constitute three linear systems of
equations, each with three different unknowns, thus being
sufficient for the calculation of the desired polarizabilities.
Designating as FA

11 = ε0+C0p
A
x , FA

12 = C0c
−1mA

x , FA
13 =

C0p
A
y , FB

(i+1)1 = C0p
B
x,i, F

B
(i+1)2 = ∓ε0+C0c

−1mB
x,i, and

FB
(i+1)2 = ε0 +C0p

B
y,i, the polarizabilities of the helix par-

ticle can be retrieved as a function of the induced dipole
moments through (4) (top of the next page). This new set
of equations can efficiently calculate the nine unknown po-
larizabilities of (1), provided that the induced electric and
magnetic dipole for each incidence are known. The latter
may be derived from the response of the 2D array of Fig. 2,
for each incidence, in the form of S-parameters or reflec-
tion/transmission coefficients, as explained below.

2.1.2. Calculation of S-parameters from dipole moments

In order to calculate the required dipole moments, the 2D
array of dipoles in Fig. 2 is replaced by a set of equivalent
radiating surfaces. Assuming planar arrays of px, mx, and
py , the replacement involves equivalent surfaces with the
respective electric and magnetic surface currents Jsx, Ksx,
and Jsy . In this context, if we follow the averaging process
of [9], these surface currents can be expressed in terms of
the respective dipole moments as

Jsx=jω
px
d2

x̂, Ksx=−jωµ0
mx

d2
x̂, Jsy=jω

py
d2

ŷ. (5)

Moreover, the appropriate surface current boundary condi-
tions for the currents of (5) lead to the scattered fields from
each equivalent surface, as in Fig. 3. Accumulating the
scattered field contribution of each surface current, the total
scattered field of a 2D array with chiral helix particles can
be obtained as a function of the dipole moments, namely

Esurf = Esurf
x x̂ + Esurf

y ŷ, (6a)
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Figure 3: Equivalent surface currents and their respective scattered fields, derived from (5) and (6), respectively. The origin of
the Cartesian coordinate system is located at the shape center, while the “+” or “-” sign denotes that wave propagation occurs
along the positive or negative z-axis, correspondingly.

Esurf
x = −jωη0

2d2
pxe

−jk(|z|∓r), (6b)

Esurf
y = −jωη0

2d2
[
−sgn(z)c−1mx + py

]
e−jk|z|, (6c)

with η0 the vacuum characteristic impendance and sgn(z)
the sign function. Note that throughout this paper, and in
contrast to other polarizability extraction techniques [7, 9],
the ejkr term is multiplied to the Esurf

x component of (6a),
to compensate for the px displacement from the shape cen-
ter, where the local field is considered as the excitation point
of the particle in (1). The ∓ sign in (6b) becomes “−” or
“+” for a wave propagating along the negative or positive
z-axis, respectively, as in Fig. 3. This process is analogous
to the far-field calculation of an antenna array, where the
distance of each element from the antenna source is repre-
sented by a phase-shift at the element’s individual feed.

Let us, now, presume a two-port system with port 1 at
the negative part of z-axis in Fig. 2 and port 2 at the posi-
tive one. Both ports are equally distanced from the particle,
while l is the phase reference plane distance of each port
from the particle shape center [9]. Then, if the distance of
px from the reference plane of port 1, lx = l − r, is set
as the distance covered by the incident TE wave, the in-
duced dipole moments can be evaluated via the respective
(acquired) S-parameters, employing the scattered field from
the equivalent surface in (6) and the analysis of [9], as

pAx =
j2d2

ωη0
SA,co
11 ej2k(l−r), (7a)

c−1mA
x =

jd2

ωη0

(
SA,cr
11 − SA,cr

21

)
ejk(2l−r), (7b)

pAy =
jd2

ωη0

(
SA,cr
11 + SA,cr

21

)
ejk(2l−r), (7c)

pBx,1 =
j2d2

ωη0
SB,cr
11 ejk(2l−r), (8a)

c−1mB
x,1 =

jd2

ωη0

(
1 + SA,co

11 − SA,co
21

)
ej2kl, (8b)

pBy,1 = − jd2

ωη0

(
1− SA,co

11 + SA,co
21

)
ej2kl, (8c)

pBx,2 =
j2d2

ωη0
SB,cr
22 ejk(2l+r), (9a)

c−1mB
x,2 = − jd2

ωη0

(
1 + SB,co

22 − SB,co
12

)
ej2kl, (9b)

pBy,2 = − jd2

ωη0

(
1− SB,co

22 + SB,co
12

)
ej2kl, (9c)

where superscripts “co” and “cr” signify the co- and cross-
polarization of the scattered wave with regard to the in-
cident one (Fig. 2). Finally, substitution of (7)-(9) into
(4), leads to the desired polarizabilities. The last non-
resonant polarizability azzee may be retrieved simply by piv-
oting the helix chiral particle for 90◦ and replacing x- with
z-axis, in order to have a particle with an anisotropic be-
havior for waves propagating perpendicularly to the plane
of the particle loop. Then, azzee can be computed through
anisotropic polarizability extraction techniques [8]. It
should be stressed that the proposed algorithm can also
be profitably implemented for metamaterial scatterers with
fewer polarizabilities than those of the helix chiral particle.
Hence, under this perspective, it can be viewed as a gener-
alization of the retrieval schemes discussed in [8] and [9].

2.2. Extraction of the C0 interaction coefficient

As already stated, interaction coefficient C0 can be cal-
culated by employing rapidly converging series of dyadic
Green functions. Herein, nonetheless, we propose a simple
technique for its computation, which circumvents the cum-
bersome issues of series convergence and Green functions.
To this goal, assume that a random anisotropic particle is
multiply arranged as in the setup of Fig. 2 and illuminated
by an incident wave f incA,1. Starting from the polarizability
extraction formulas of [8] for anisotropic scatterers (mod-
eled with two dipoles, px andmy , at their shape center) and
setting C0 as our unknown, we arrive at

C0 = (px − αxx
ee ε0) /(pxα

xx
ee ). (10)

Evidently, if px and αxx
ee are known, C0 can be directly

extracted from (10) for every frequency. Observe that the
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0.25mm, g1 = 0.25mm, and a unit cell of d = 10mm.

value of px for an anisotropic scatterer may be derived from
the S-parameters of the 2D array in Fig. 2, as

px = − jd2

ωη0
(1− Sco11 + Sco21) e

j2kl, (11)

On the other hand, αxx
ee can be analytically acquired for sim-

ple geometries. In this paper, we use the closed-form for-
mula for the electric polarizability of a magneto-dielectric
sphere [11]. Therefore, for vaccuum as our host medium

αxx
ee = 3V

G(ϕ) εs − ε0
G(ϕ) εs + 2ε0

, (12a)

G(ϕ) =
2 (sinϕ− ϕ cosϕ)

(ϕ2 − 1) sinϕ− ϕ cosϕ
, (12b)

with εs and µs the electric permittivity and magnetic per-
meability of the sphere, V = 4πr30/3 its volume, r0 its
radius, and ϕ = ωr0

√
εsµs. Then, plugging (11) and (12)

into (10), provides C0 for a given 2D grid.
For our analysis, we select a dielectric sphere with

r0 = 1.5mm, εs = 10ε0, and µs = µ0. Then, for the
sake of verification, the extracted interaction coefficient,
C0, extr, is compared with itsC0, calc counterpart, calculated
through fast-convergence series from a popular anisotropic
particle. So, using a square 2D grid like the one of Fig. 2,
with d = 10mm, the extracted interaction coefficient is
applied for the polarizability retrieval of the bianisotropic
split-ring resonator (BC-SRR), shown in the inlet sketch of
Fig. 4. The latter presents the real parts of the subsequent
output retrieved through C0, extr and C0, calc, revealing a
promising agreement. In particular, only minor resonance
frequency shifts are observed, that is ∼ 0.53% for the first
magnetic resonance and ∼1.7% for the second electric one.
So, in the following, we employ C0, extr for our polarizabil-
ity matrix retrievals, to further prove its robustness.

3. Results and validation
Having established the featured method, we, now, apply it
to the helix chiral particle of Fig. 1(a) and provide the out-

comes in Fig. 5. The required S-parameter input is numeri-
cally obtained by means of the CST MWSTM computational
package [12]. It is emphasized that all results are in full
qualitative accordance with previous analytical methods [6]
and satisfy the Onsager-Casimir symmetries, αem = −αT

me

and αee = α
T
ee, unlike existing approaches for non-planar

particles. This is attributed to the incorporation of the px
phase shift in (7)-(9). Moreover, αyy

ee at low frequencies is
equal to the non-resonant αzz

ee , as previously reported [5,6].
To validate the polarizabilities of Fig. 5, we will use

them to analytically compute the particle’s RCS for a given
incident wave and then compared it with its numerically
computed counterpart, acquired through the CST MWSTM.
Specifically, if the far field response of an electrically-small
particle can be described in terms of electric and magnetic
dipole moments, its generated RCS is given by [13]

σ =
k4

4πε20

∣∣(n̂ × p)× n̂ − (n̂ × c−1m)
∣∣2 , (13)

with n̂ = cosθ x̂ − sinθ sinφ ŷ + sinθ sinφ ẑ the unit vector
toward the direction of observation, as in Fig. 6. The re-
quired dipole moments p and m are obtained via (1), con-
sidering an isolated scatterer, i.e. f scat = 0.

In this way, all possible incidence angles along the four
plane waves of Fig. 6 may be analyzed, by employing nor-
malized fields, fTM,1

inc = ε0 [sinψA 0 0 cosψA]
T , fTE,1

inc =

ε0 [0 − sinψA 1 0]
T , fTM,2

inc = ε0 [0 − 1 sinψB cosψB]
T ,

and fTE,2
inc = ε0 [1 0 0 0]

T . Nevertheless, herein, we focus
only on the fTM,1

inc and fTM,2
inc cases, since they are sufficient

for the excitation of all elements of the polarizability matrix
in (1). Also, five different angles of incidence, i.e. 90◦, 60◦,
45◦, 30◦, and 0◦ are investigated for ψA and ψB. Compar-
ative plots of the calculated and simulated RCS are illus-
trated Fig. 7 for the TM, 1 incidence and in Fig. 8 for the
TM, 2 incidence. Results for the low frequency f = 4GHz
scenario (electrical length of 2s/λ = 0.0843), displayed in
Figs 7a and 8a exhibit a very promising match for the quasi-
static response of the particle. Moving to the spectrum
around the scatterer’s resonance, the outcomes are shown
in Figs 7(b) and 8(b), for f = 6GHz (2s/λ = 0.1265),
and Figs 7(c) and 8(c), for f = 7GHz (2s/λ = 0.1476),
respectively. Again, the agreement between the computed
and simulated RCS is very satisfactory, with only some mi-
nor deviations due to the sensitivity of polarizability values
around the resonance for small frequency shifts. Finally,
Figs 7(d) and 8(d) display the RCS results in the vicinity of
the homogenization limit of λ/5 − λ/4, for f = 10 GHz
(2s/λ = 0.2108), with similar high levels of coincidence.

Overall, the prior evaluation process substantiates the
efficiency of the novel method and offers modeling guide-
lines for helix particles or the multi-pole treatment of meta-
material structures, in general. As shown, the dipole ap-
proximation can lead to very accurate representations of the
helix chiral particle, at least for electrical lengths around the
λ/5 limit. Furthermore, the RCS calculated from the ex-
tracted polarizability matrix succeed in following the varia-
tion of the actual RCS, both in value and pattern, for every
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Figure 5: Polarizabilities (real: (a), (c) and imaginary: (b), (d) part) of the chiral helix particle via the proposed method.
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Figure 6: RCS calculation setup. The particle under test is
placed at the axes origin O and is illuminated by two TM
and two TE modes with respect to the x-, y-, and z-axis.

incident wave polarization and angle of incidence. This ex-
cellent agreement enables the reliable use of the extracted
C0, instead of the calculated one in relevant setups. Note,
however, that the dipole approximation may not be suffi-
cient when moderate particle dimensions are not taken into
account, namely large wire lengths h. In such cases, as for
electrical lengths beyond λ/4, the addition of quadrapoles
in the multi-pole model is possibly required.

4. Conclusions

A consistent and rigorous algorithm for the dynamic re-
trieval of the polarizability matrix of non-planar chiral helix
particles has been developed in this paper. Initially, the he-

lix particle is assumed that, under certain dimensions, can
be replaced with a set of electric and magnetic dipole mo-
ments, which are, afterwards, placed on a 2D square array,
illuminated by normally incident plane waves. Then, the in-
duced dipole moments of the scatterer in the array are ana-
lytically derived as a function of the polarizability matrix in
order to form three linear systems with the unknown polar-
izabilities. By expressing these dipole moments in terms of
the simulated or measured S-parameters, the polarizability
matrix is promptly obtained. In addition, a new technique
for the trustworthy derivation of the interaction coefficient
for a 2D array has been presented. Finally, the extracted po-
larizabilities have been extensively and successfully certi-
fied through comparisons of the resulting RCS patterns with
those obtained from numerical simulations, for frequencies
up to the homogenization limit.

For future work, the retrieved polarizabilities of the
present paper, could be implemented as input in various
homogenization methods, to characterize metasurfaces or
bulk metamaterial structures, consisting of helix particles.
Moreover, the featured technique may be expanded for
metamaterial scatterers with even larger polarizability ma-
trices, provided that more linearly independent equations
that includie their elements can be acquired.
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Abstract-Dielectric materials with tunable permittivity are highly desired in wireless 

communication, radar technology and intellectual technology. However, the tunability of the 

dielectric properties in microwave and higher frequency range is a great challenge for conventional 

materials. Here, we demonstrate a giant magnetodielectric effect at GHz region in a metamaterial 

based on ferrite unit cells. The effect is derived from a coupling of ferromagnetic resonance and 

Mie resonance in ferrite unit cells. Both simulated and experimental results show that the effective 

permittivity of the metamaterial can be tuned by the applied magnetic field, and a giant 

magnetodielectric effect, [ε'(H) - ε'(0)]/ε'(0) = 15000 % at 11.284 GHz, has been obtained. This 

mechanism supports a great potential of constructing microwave dielectrics with large tunable 

range and tailoring space via a metamaterial route. 

provide. 

 

With the increasing development in wireless communication and radar technology, microwave dielectrics 

with tunable permittivity are highly desired as key materials in phase shifters, switches, reconfigurable antenna, 

and other tunable devices[1]. However, it is a great challenge to obtain dielectric materials with large tunability 

in microwave and higher frequency. Electrical tunable ferroelectric dielectrics, such as barium strontium titanate 

(BST), are well studied candidate for this purpose[2]. However, main limitations for this mechanism are low 

tunability scale and high driven power, only thin film were available for potential application. Metamaterials are 

a class of artificial materials in which subwavelength features, rather than the constituent materials, control the 

macroscopic electromagnetic properties8, which opens a way to design material with more freedom. Recently, 

Mie resonance-based metamaterials with unusual electromagnetic properties have been theoretically and 

experimentally studied[3,4]. The permittivity of dielectric metamaterial was only dependent on electromagnetic 

parameters (ε and μ) and geometry of dielectric unit cell and their lattice arrangement.  

Here, we demonstrate a giant MD effect at GHz region in a dielectric metamaterials based on the coupling of 

Mie resonance and ferromagnetic resonance of ferrite. In the metamaterial, ferrite rods are used as the unit cells 

to generate Mie resonance, as shown in Fig. 1. By interacting with the magnetic field of an electromagnetic wave, 

the ferromagnetic resonance can take place in the ferrite with applied magnetic field. The effective permeability 

for the ferrite under an applied magnetic field is changed, which induced a large modulation of the permittivity 

of the metamaterials. The numerical and experimental result are as shown in Fig.2, It is shown that the magnetic 

field dramatically changed the effective permeability of the metamaterial. This giant magnetodielectric effect 

makes the metamaterial suitable for applications in some key device in wireless communication and radar 

technology. 



 

Figure 1. Schematic diagram of metamaterial based on ferrite showing the electric Mie-type resonance 

affected by ferromagnetic resonance. 

 

                      (a)                                        (b) 

 Figure 2. Simulated(a) and experimental(b) results of effective permittivity vs magnetic field  
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Abstract- We present a meta-surface, consisting of a periodic array of linear nano-antennas, 

directly implemented onto the top surface of a mid-infrared quantum cascade (QC) laser. In 

reflectivity, the meta-surface exhibits relatively narrow resonances, due to a collective diffractive 

response. Once implemented onto the QC laser, mimicking a 2nd-order distributed feedback laser 

resonator, frequency selectivity is achieved with only 1.5% of the laser surface covered by metal. 

The laser-antenna coupled-mode presents an anomalous effective index dispersion, thus 

demonstrating that the resonators array acts as a meta-surface in a surface emitting laser source. 

 

Periodic metamaterials arrays of nano-antennas can produce narrow spectral resonances if the dipolar 

interactions among the antennas are in phase [1]. This happens just before the opening of a diffractive channel, 

which results in radiation damping [2]. In this work we present a study of a meta-surface consisting of a periodic 

array of linear nano-antennas on a semiconductor layer, for operation at mid-infrared wavelengths (5 m <<10 

um). Judicious choice of the distance between the antennas permits to maximize their phased interaction. We 

experimentally show that we can obtain relatively sharp resonances in far-field reflection spectra, with a Q-factor 

of 3 for an un-phased, up to Q=12 when the phase-matching condition leads to a collective response of the 

antenna ensemble (as shown in Figure 1). The effect of the asymmetry of the antenna grating periodicity is also 

studied, demonstrating that the effect is due to a collective diffractive response, as confirmed by our Finite 

Element Method numerical modeling. We then propose and give the initial experimental demonstration of a 

novel device, where the meta-surface, which acts in this case as a second order distributed feedback laser cavity 

[3], is implemented on top of a mid-IR quantum cascade laser (Figure 2). Laser single mode operation is 

obtained thanks to the periodicity. Importantly, however, the transverse-magnetic (TM) radiation of the QC laser 

mode couples with each nano-resonator via its fringing field, provided that the antenna resonance matches the 

operational wavelength of the laser. Calculations show that by varying the antenna length we can tailor the 

laser-antenna coupling, thus tuning – in perspective – the laser threshold. The effect has been investigated using 

Finite-Elements electromagnetic simulations. We are able to elucidate that, for a given periodic distance between 

the antennas, two main antenna modes couple to the TM polarized laser mode. A second order, spatially 

symmetric dark mode, which is weakly coupled to the laser, and the fundamental, spatially anti-symmetric 

resonant mode, which is instead strongly coupled. These modes are excited by the symmetric/anti-symmetric 

2nd order DFB modes, respectively. In particular, the strongly coupled fundamental mode presents an 

anomalous effective index dispersion around the antenna resonance frequency (as per the Finite-Element 

simulations), thus proving that the meta-surface indeed acts as an effective medium.  
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Figure 1 Experimental reflectivity spectra of nano-antenna arrays, for 

different periodicities along the x and y directions of the array (Px and 

Py), on an insulating GaAs substrate. The reflection of bulk GaAs is 

30%. Note: an increase in reflectivity, and not a reduction, is 

observed at the antenna resonance frequency.  The insets show 

electronic microscope images (SEM) of a fabricated sample. 
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Figure 2 a) SEM image of the fabricated QCL 

device with an implemented meta-surface. b) 

FEM simulations of cross sections of the electric 

field z-component fundamental TM symmetric 

mode of the laser ridge and how the mode 

couples with the resonant antenna. 
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Figure 3 a) Simulated eigenfrequencies for the two fundamental laser modes: the one weakly coupled to the dark antenna mode 

and the strongly coupled to the bright antenna mode. The x-scale is the antenna length, which is equivalent to a frequency scale. 

b) Associated losses of the two laser modes. An anomalous effective index dispersion, in correspondence with an absorption 

maximum, is observed around the antenna resonance frequency.  
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Abstract-We introduce a novel approach for terahertz compressive imaging with a single-pixel 

camera. Instead of actively switching sensing matrix, we utilize the source frequency (0.8-1.6 THz) 

as an index for various measurement masks. Using a systematic approach to engineer ultra-sharp Fano 

resonances, we are able to design an efficient passive metamaterial aperture for near perfect 

reconstruction. Such a device architecture could provide a new path for cost-effective THz imaging.  

 

Optical imaging has witnessed a substantial growth and rapid technological advance in past a few years, 

thanks to the development of efficient and compact CCD/CMOS image sensor arrays in the visible range. In 

contrast, imaging at longer wavelengths such as in the terahertz (THz) range remains a challenge due to the 

difficulty or unfeasibility to manufacture high density detector arrays. Recently new mathematical approaches 

such as compressive sensing (CS) have emerged, which paved the way for a new paradigm of information 

acquisition and provided the possibility for single-pixel cameras. However, in most of the previous 

demonstrations, active mask switching is time consuming and the lack of efficient spatial light modulators 

(SLMs) in the THz range makes it even more difficult to perform measurements. Here, we propose a new 

approach to engineer the imaging aperture with a frequency index instead of actively switching of spatially 

modulated masks.              

As shown in Eq. (1), both the sensing matrix   and measurement Y  are frequency dependent, with X

as the scene to be sampled. Metamaterials, which can be arbitrarily engineered, are excellent candidates for

       ( ) ( )Y X                                         (1) 

narrow band responses. Firstly, a systematic study of metamaterials with sharp Fano resonances are performed to 

choose the structure fit in the THz band. The high-Q Fano resonances originate from the coupling of 

‘super-radiant’ mode and ‘sub-radiant’ mode in symmetry breaking THz metamaterials. Unit cells with a variety 

of parameters are randomly distributed on the aperture plane. Numerical simulations were performed to verify 

the capability of this passive compressive imaging structure. As shown in Fig. 1, original scenes are sampled 

passively with our metamaterials imager in a broadband THz spectrum. With an efficient CS algorithm, original 

scenes can be effectively reconstructed with only a few measurements and in a short period of time using passive 

compressive imaging. 



 

Figure 1. Demonstration of passive compressive imaging with a metamaterial imager. With a CS algorithm, the 

original scenes could be reconstructed well in comparison to that of simple back projection. 

 

   In summary, our metamaterials structure can easily be manufactured with mature micro-fabrication 

techniques such as photo-lithography. State-of-art THz time domain spectroscopy (THz-TDS) provides a perfect 

platform for broadband imaging through passive CS. This structure may serve as a building block for future 

broadband THz imaging applications. 
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Abstract- This paper presents simulation results of two different metamaterial-based 

antireflection coatings operating at millimeter waves. The first design minimizes the reflection from 

a thin acrylic slab and the second design minimizes the reflection from human skin. These designs 

achieve a reduction in the reflected power by 16% and 39%, respectively, at 60 GHz. The results 

open up the possibility of enhanced medical diagnostics using radio waves by reducing the EM 

impedance mismatch between the human skin and the surrounding environment.  

 

Many non-invasive biomedical applications are based on the interaction or propagation of electromagnetic 

(EM) radiation through the human body. However, the skin significantly reflects incident radio waves due to its 

high value of relative permittivity and conductivity compared to air (or most 

common immersion liquids). The design and fabrication of a metamaterial 

capable of solving this impedance mismatch problem can lead to multiple 

applications of metamaterials in the biomedical field. Blood glucose sensors, 

microwave imaging and radiometry, as well as microwave hyperthermia, are 

some examples of such applications. 

 This paper presents the design and the simulation results of an extreme 

subwavelength (/30) antireflection coating operating at 60 GHz. Previous work 

in the literature has shown metamaterial-based antireflection coatings working at 

THz frequencies for semiconductor materials [1, 2] and for acoustic ultrasound 

applications [3]. However, none of them was designed to work in the V-band and 

in contact with biological tissues. 

To demonstrate the EM antireflection coating concept, a preliminary 

simulation study was performed by optimizing a metamaterial geometry to work 

in contact with a conventional dielectric material (acrylic slab) at millimeter 

frequencies around 60 GHz. Subsequently, a second design was produced and 

simulated, optimized to work in contact with human skin. 

For both designs, an infinite periodic structure along the xy plane was 

modeled using the square unit cell geometry shown in Figure 1. It consisted of a 

Jerusalem cross and a regular cross made out of perfect electric conductor 

material, both of them separated by an Ultralam 3850 substrate and covered on 

either side with a thin layer made of the same material. While the dimensions of 

(b) 

(a) 

 

 

Figure 1: (a) Schematic design of 

the square unit cell simulated 

structure. (b) Exploded view of the 

unit cell. The common dimensions 

for both designs are: 

W1 = 0.58 mm, W2 = 

W4 = 25 m and W3 = 100 m. 

For the metamaterial optimized to 

work in contact with acrylic, 

L1 = 0.8 mm. For the metamaterial 

in contact with the skin, 

L1 = 0.71 mm. 
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both crosses were different for each metamaterial design, the total thickness 

of the metamaterial structure was 150 m. A thickness of 0.58 mm was 

chosen for the material slab (skin or acrylic), which is the typical thickness 

of human skin. 

To study the performance of each design, a series of numerical 

simulations were performed using a normally incident plane wave 

excitation (see Figure 1). Realistic material losses were added for the 

Ultralam substrate ( = 3.14, tan = 0.0045 at 60 GHz), the acrylic ( = 2.53, 

tan = 0.0118 at 60 GHz) and the skin ( = 7.98, tan = 1.366 at 60 GHz) 

[4]. From these simulations the power reflected in port 1, the power 

transmitted through port 2 and the power dissipated in the dielectric 

materials were obtained. 

Figure 2 presents the power comparison between two different 

simulations: a simulation consisting of a bare slab of material (acrylic or 

skin) and one where the metamaterial is placed in front of the slab. For the 

acrylic design, Figure 2(a), the addition of the metamaterial produces a 

decrease from 16% to 0.08% in the reflected power and an increase from 

1.4% to 3.6% in the dissipated power at 60 GHz. For the skin design, Figure 

2(b), the addition of the metamaterial produces a decrease from 39% to 0.16% 

in the reflected power and an increase from 56% to 94% in the dissipated 

power at 60 GHz.  

Regarding the transmitted power, it is significantly enhanced after the 

addition of the metamaterial in both cases. In the acrylic case, the 

transmission increases from 82% to 96 %, while in the skin, it increases 

from 4.5% to 6.3%. The main reason that a perfect transmission is not 

achieved is the presence of loss in the structure. To verify this idea, a 

lossless structure was simulated in the acrylic case (not shown here). The 

transmission was then boosted to 99.98% instead of just 96%. Thus, the 

strong losses present in the skin tissue limit the overall enhancement in transmitted power in Figure 2(b). 
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Figure 2: Power reflected in port 1, power 

transmitted in port 2 and power dissipated 

against frequency for the two different 

designs. (a) Metamaterial in contact with the 

acrylic design. Solid lines correspond to the 

setup from Figure 1 and dashed lines 

correspond to a setup consisting of an acrylic 

slab only. (b) Metamaterial in contact with the 

skin design. Solid lines correspond to the 

setup from Figure 1 and dashed lines 

correspond to a setup consisting of a skin slab 

only. 

(a) Acrylic 

(b) Skin 
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Abstract: We demonstrated enhancement of the quantum efficiency (QE) of a thin InAsSb 

photodetector using a 1D plasmonic surface grating.  The relation between grating period and 

enhancement wavelength is clearly shown as resonant dips in the measured grating reflectance and 

as peaks in the QE spectra.  The QE and reflectance data are well matched to numerical 

simulations.  From these results, we estimate a grating coupling efficiency of 34%. 

 

Plasmonic gratings have been used previously to enhance the quantum efficiency (QE) of several types of 

optoelectronic devices, including quantum well[1–3] and quantum dot[4, 5] infrared photodetectors (QWIPs and 

QDIPs), as well as organic[6] and inorganic solar cells.[7] When the absorption in a given device structure is 

low, the enhancement compared to a device without a grating can be quite large.[4, 5]  For example, quantum 

selection rules weaken the interaction of QWIP and QDIP materials with normal-incidence light, whereas the 

TM-polarized surface plasmon polariton (SPP) mode is strongly absorbed.  Quantum efficiencies as high as 71% 

were achieved by a QWIP design that coordinated the pixel mesa and plasmonic grating dimensions to create 

constructive interference of the incident light.  However, the structure’s high sensitivity to processing and 

material parameters caused the QE to vary from 15% to 71%.[2]   

Here we demonstrate coupling of normally incident light to SPP modes of 1D gratings using two device 

configurations.  We first measured the resonant extinction of the grating reflectance through a semi-transparent 

GaSb substrate.  We then fabricated identical gratings on a photodetector with a thin bulk InAsSb absorber and 

observed corresponding resonant increases in the quantum efficiency from coupling into SPP modes. 

The reflectance structures were used in combination with numerical simulations using COMSOL 

Multiphysics to optimize the grating parameters (duty cycle, cross-sectional profile, period, and height).  Since 

the gratings fabricated here are 1D lines, coupling to the SPP mode should only occur for incident light polarized 

perpendicular to the grating lines.  Figure 1 compares the measured (solid) and calculated (dotted) reflectance 

from perpendicularly polarized incident light for a set of gold coated germanium gratings with 50% duty cycle 

and periods of 825, 975, 1050 and 1250 nm.  The reflectance for each grating was referenced to a mirror device 

without a grating underlying the metallization.  The resonance wavelengths match well to the simulation in terms 

of wavelength, but the strength of the resonance is not fully reproduced.   

A nearly identical set of gratings was fabricated on a midwave infrared (MWIR) photodetector wafer with a 

layer structure as shown in Figure 2.  Figure 3 shows the QE spectra for light with polarization perpendicular to 

the 1D gratings, which exhibit strong resonances occurring at the wavelengths expected from the numerical 



 

 

simulations.  On the other hand, no resonances were observed for light with parallel polarization (not shown), for 

devices without underlying Ge gratings, or for devices with a grating period of 1250 nm whose resonance is 

beyond the bandgap of the photodetector.  The highest QE of 29% occurred for the 900-nm period, while the 

largest enhancement of nearly 40% occurred near the band-edge, effectively extending the cutoff wavelength.  

From the enhancement results, the coupling efficiency between the incident light and the SPP modes is estimated 

to be 34%, which is similar to the value estimated from the reflectance results.  

 

 
 

 

We have demonstrated coupling of normal incident light with a germanium and gold grating in both 

reflectance and QE measurements.  The resonance shifts with wavelength as expected from simulations.  The 

demonstrated peak QE of 29% can be improved to at least 40% by eliminating the absorbing contact layer and 

by using a 2D grating, which will not have a polarization dependence.  Further increases in QE will result from 

improving the coupling between the incident light and SPP mode. 

The authors gratefully acknowledge the Office of Naval Research for support of this work.  C.T.E. 

acknowledges support from the NRC NRL Postdoctoral Fellowship Program. 
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Figure 1: Measured (solid) and simulated 
(dotted) reflectance of 1D grating on GaSb 
substrate.  The grating is composed of 40-
nm Ge below 50/2000Å Ti/Au metallization. 
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Figure 2: (a) Schematic of detector 
structure with a germanium (blue) and gold 
(orange) plasmonic grating.  

Figure 3: Quantum efficiency for 
perpendicularly polarized illumination.  A 
clear enhancement occurs for each grating 
period. 
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Abstract-We demonstrate computationally the localized surface plasmon resonance (LSPR) of 

gold/titanium nitride, core/shell nanostructures with varying shell thicknesses and show their 

similarity compared to pure gold structures of similar size. We suggest that owing to titanium 

nitrides well documented performance as a diffusion barrier in Ultra Large Scale Integration (ULSI) 

and the demonstrated plasmonic properties of our core/shell structures that it is a prime candidate as 

a thermal solution for heat assisted magnetic recording (HAMR) near field transducers (NFTs). 

 

 

 

Heat assisted magnetic recording (HAMR) is dependent on the focusing of optical radiation to sub 

diffraction-limited regions on a hard disk drive (HDD) in order to heat individual bits above Curie temperature, 

and hence reduce their coercivity during the write process. This presents multiple physical challenges, one of 

which is preventing deformation of the near field transducer (NFT) with prolonged operation [1]. Current gold 

NFTs suffer a thermal build-up with repeated thermal cycling which results in deformation of the NFT geometry 

and protrusion towards the HDD medium [1, 2]. The consequence of which is not only cessation of recording but 

also damage to the HDD itself [1, 3]. Some way to control NFT deformation is therefore essential. 

Titanium nitride is used extensively in ultra large scale integration (ULSI) as an effective diffusion barrier 

between noble metals and their substrates [4]. It also exhibits interesting gold-like optical behaviour over visible 

frequencies [5]. Combined with its increased melting point compared to gold, these properties make it a prime 

candidate for use in a core/shell structure where gold mobility must be restricted while limiting interference with 

the golds resonant response. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Extinction spectra for 

gold spheres of radius r=60nm, 

70nm and a gold 60nm core, 

10nm TiN shell structure. The 

core/shell resonance occurs at 

the same wavelength as a solid 

gold sphere of similar size. 



 A computational study of gold/titanium nitride, core/shell structures was carried out for simple gold 

nanoparticles with varying shell layer thicknesses. The preliminary results (Fig 1) involving gold spheres show 

that, although weakened and spectrally broadened, the original gold resonance is still definitively expressed with 

the addition of a titanium nitride shell layer. Assuming this behavior is also observed in more complex structures, 

such as rods and ellipsoids, the use of titanium nitride shell layers could be a viable thermal solution for HAMR 

NFTs. 
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Abstract-The flexible metamaterials have promised to greatly expand our ability to realize a wide 

range of novel applications including new methods of sensing and cloaking. Although a few work 

related to the flexible metamaterials with THz frequency selective surfaces already have been 

reported, their ability as a thin film absorber needs to be verified in the real world application. Thus, 

we performed a new experiment for the robust flexible THz frequency perfect absorber, which was 

fabricated as a combination of multilayer polyimides and multilayer frequency selective surfaces, 

which works for dual-band absorption, on various 3D printed conformed surfaces.  
 

The Terahertz (THz) spectral region remains a scientifically rich but yet technologically underdeveloped 

research area. An unfortunate hurdle is the difficulty to efficiently generate, detect, and control the propagation 

of radiation at THz frequencies. An emerging class of materials, consisting of an effective medium made of 

arrays of subwavelength elements carefully engineered to exhibit a desired electromagnetic response, known as 

metamaterials, shows great promise for improving our ability to utilize THz frequency radiation [1]. In particular, 

flexible metamaterials offer many benefits, including the ability to be conformed on non-uniform surfaces while 

maintaining a high degree of functionality, which makes them suitable for a wide variety of sensing applications 

such as cloaking [2].  

In this work, we intended to have a robust and flexible perfect absorbent metamaterials that works for 

semi-realistic rough (conformal) surface at THz frequency. To do that, we have fabricated a frequency selective 

surfaces (FSS) unit cells consisted of two different sized, nonconcentric, out of plane copper rings using standard 

photolithography, and achieved different resonant frequencies depending on the position of the rings Detailed of 

the simulation, fabrication and measurement has been reported in our previous work [3]. Those are separated by 

a dielectric spacer on a 50µm thick polyimide film on top of a conduction ground plane as shown in the Fig. 1 (a), 

(b), (c). Inset for Fig. 1.shows actual thin and flexible devices fabricated. To describe the semi-rough surface, we 

have attached this device on top of three-dimensional conformal surface by using specially designed holder to 

use vacuum force. To realize the micro-scale 3D conformal structure, 3D printing technology was used to design 

and create hemisphere and cylindrical features, on which the flexible THz metamaterials were conformed to, 

thereby creating 3D metamaterials structures as shown in the Fig. 2. Characterization of the flexible absorbers 

was accomplished through terahertz time domain spectroscopy to determine the change in operation of the 

device during its deformation. The absorbers exhibited strong absorption at the targeted resonance frequency 

both when planar and non-planar surfaces, while showing some tenability after deformation. The design and 

fabrication method is applicable for any desired frequency. Our finding promises applications in 

electromagnetically shielding of devices or objects and can be utilized to design Radar Absorbent Materials 

(RAM). 



Simulation showed that our device with non-concentric rings exhibits sensitivity in polarization dependent and lateral 

distance dependent resonant absorption frequencies in THz region as shown in Fig. 3. More details of E-field interactions 

between the rings (front and back) are also shown in Fig. 3. We observed that the absorbance at one of the resonance 

frequencies (generated from smaller ring) depends strongly on the center-to-center distance between the FSS copper rings 

when the incident electric field polarization was parallel (90°) to the long axis of the unit cell structure. The peak absorption 

of the fabricated devices exhibited an absorbance of 85% to 90 % approximately at 0.755 THz. Fig. 2(a) shows our uniquely 

designed vacuum holder for the experiments which can conform the flexible device onto a surface made of an array of 

cylindrical and hemisphere relief structures as illustrated in Fig. 2(b). The inset shows the more details of the surfaces with 

conformity. Fig. 4 shows the measured absorbance from this flexible absorber structure both before and after deformation of 

the device with center-to-center spacing of 6µm (“flat surface” and “3D conformal” respectively). It is clear that the main 

absorbance clearly maintains a high level of functionality at 0° polarization, matching well with simulation results even 

under deformation. For 90° polarization, actually polarization sensitivity has not resolved which might actually due to the 

bending of the surface. More detailed results will be presented and our result will be beneficial for practical cloaking 

application as well as providing a degree of tenability in the flexible metamaterials absorber.  
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Fig.1. Diagrams of the (a) top view of the FSS layer consisting of two
nonconcentric rings with labeled incident field polarizations, (b) side view,
and (c) center-to-center displacement ring geometries of the flexible absorber
unit cell. (d) Fabricated bulk of 6um latitude unit cells.
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Fig.3. Simulated absorbance for (a) 0°and (b) 90°of E-field. Inset shows the Electric Field distribution between
front and back ring.
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Abstract- The bulk glassy based on V2O5 oxide have been prepared 

by a melting technique. Herein the photoconductivity measurement of 

prepared material as a function of intensity of light and temperature and 

Raman of the glass was occurred. The photoconductivity value of prepared 

glasses largest than compared with other glasses systems reported in the 

literature. Increase and decay of photocurrent at different temperatures and 

intensities obtain that photocurrent increase monotonically to the steady state 

value.  

 

The summary: The prepared of novel oxide glasses are much attention because they might find 

application in solar cells and solid state electrochemical devices such as batteries or sensors. The 

photosensitivity value (ratio between the photocurrent to dark current value) is an important parameter 

in photoconductivity measurements; it limits the possible use of the material in photoconductive 

devices [1- 3]. The intensity dependence of the steady state photoconductivity has also been studied 

with respect to the nature of recombination processes. Our experimental result shows that the novel 

vanadate glassy material had a high photocurrent in the microampere range at small voltages leads to 

increases the generation of free charge carrier with increasing the illumination intensity. This means 

that this glass can be used in fabrication of solar cell devices.  
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Abstract- This paper deals with the application of a single layer of graphene as a high impedance surface for 

reducing backward heating problem caused by surface current generated along the outer conductor of a 

microwave coaxial slot antenna. By having a graphene layer wrapped on the outer conductor of the coaxial 

antenna we show that one can suppress the surface current along the antenna. Furthermore we show that by 

tuning the conductivity/impedance of the graphene via its chemical potential, we can control the total amount of 

power deposited in the tissue and then the desired ablation zone size. 

 

The most widely used cancer treatment techniques are surgery, chemotherapy and radiotherapy. However, 

these techniques have some drawbacks and limitations. For example, only 25% of patients are candidates for 

surgery, and the radiotherapy can treat only 1-2 cm of the targeted area. Regarding the chemotherapy, it has 

many physical and non-physical side effects that affect the life of patients. Over the last decade, the microwave 

ablation technique has attracted greater attention due its ability to heat much larger lesion size in a shorter 

treatment time. Microwave ablation treatment is performed using a tiny interstitial antenna which allows 

radiating the electromagnetic energy into the tissue through an aperture positioned at its end. The most common 

applicator is of coaxial type classified as dipole, monopole or slot antenna. Although these antennas have great 

advantages such as high power deposition near the aperture in a shorter treatment time, they have drawbacks that 

prevent them to be considered as an alternative to the RF ablation which has been used extensively so far. Indeed, 

the electromagnetic power is not only deposited near the aperture (or slot) but also along the interstitial antenna 

toward the feeding. This phenomenon is mainly due to surface currents that are travelling along the outer 

conductor of the coaxial antenna leading to the overheating of the healthy region adjacent to the coaxial line [1].  

Several works have been done to reduce the backward heating problem and increase the radiation properties of 

the antenna. In [2] authors have proposed to use cap-choke or sleeve to prevent the propagation of the surface 

current. The results obtained are promising but surface currents are not completely suppressed and the 

overheating problem is not entirely eliminated. 

In this work we propose to use graphene, a new promising material that allowed its discoverers to win the 

Nobel Prize in 2010. Since, graphene has attracted tremendous interest due its unique properties.  Indeed, many 

extraordinary electrical, optical and mechanical properties of graphene make it a potential candidate for 

numerous applications [3]. 

The graphene layer surface conductivity is modeled using the Kubo’s formalism. For microwave frequencies, 

this conductivity can be approximated using Drude-like form corresponding to the intra-band contribution [4]. 



  

where  τ = 10
-13

 s is the relaxation time, T is the temperature, μc is the chemical potential, kB is the 

Boltzmann constant, ħ is the reduced Planck’s constant and -e is the charge of an electron. The conductivity can 

be tuned via the chemical potential which can be controlled by an electrostatic bias or by dopping. In this 

application, the graphene layer is modeled as surface impedance where the impedance is given by Z=1/σ.  

  

     
Figure 1 : A cut of the coaxial antenna with graphene layer (left), SAR distrbition in liver tissue without 

Graphene (center), SAR distrbition in liver tissue with Graphene (right) 

The antenna with the graphene layer on the surface of its outer conductor is computed using Ansys-HFSS the 

commercial full wave software. The dimensions of the antenna are those of the semi-rigid coaxial cable UT-85. 

The surrounding medium is considered to be the liver tissue with a dielectric constant of 43.03 and an electrical 

conductivity of 1.63 S/m. As can be seen in figure 1, in contrast to the ordinary antenna (center), the SAR 

distribution of the antenna with graphene layer (μc = 2eV) is mostly localized at the tip (where the slot is 

positionned) of the antenna. This is due to the fact that, graphene layer acts as a high impedance surface that 

prevents the propagation of surface waves on the outer conductor.                                  
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Abstract

This paper investigates the performance of metamaterial re-
fractive surface(MRS), where its properties and geometri-
cal configuration are optimized to operate in the frequency
range from 1 GHz to 15 GHz. Indeed, the performance
of the considered MRS is studied for different parameters,
such as periodicity, substrate type and MRS width.
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reflective index

1. Introduction

In recent years, the study of metamaterials attract the grow-
ing interest of several scientific and technical communities.
Metamaterials are artificial materials engineered to have
properties that have not yet been found in nature [1][2]. The
most important properties of the metamaterials are the neg-
ative permittivity (ε) and permeability (µ), due to this mar-
velous properties, it is used for implementation of some ap-
plications, such as the enhancement performance of patch
antennas [3], and directional couplers [4].
Several classifications have emerged since the synthesis of
such a medium; middle left hand [5], medium negative re-
fractive index (media with negative refractive index) [2],
”backward-wave” means medium where the wave moves
back [6], double negative materials [7] and metamaterial.
Metamaterials are periodic structures formed by symmetri-
cal cells. There are several types of metamaterials such as
split ring resonator (SRR), high impedance surfaces (HIS)
and the right-left handed materials (CRLH)[8].
In this paper we study the metamaterial reflective surface
(MRS) by presenting its structure, properties and utility. A
structure comprising two-dimensional periodic uniformly
distributed planar elements is identified as a meta-surface
structure that prohibits the passing of the signal in some
frequency. The main mechanical advantages of a MRS over
other three-dimensional material structures are ease of fab-
rication and a smaller required volume.
The paper is organized as follows: section (2) includes
the design and configuration. In Section (3), several
simulations have been done to show the performance of
the considered MRS in different scenarios by varying the
gap(periodicity), the g(width ) and dielectric permittivity of
the substrate, section (4) includes conclusions and the more
relevant references.

2. Design and configuration
In this section we present the design of the MRS. The MRS
cell size is 10 * 12 mm2 and it is disposed on a dielec-
tric substrate of permittivity εr = 4.4 and the height h=1.6
and the detailed configuration is shown in figure 1 and its
parameters are presented as follows:

• wline = 9
• lline = 11
• l = 3 mm
• w = 4 mm
• g = 0.5 mm

Figure 1: The layout of the MRS on FR4-epoxy

The basic idea in designing the MRS is to stimulate reso-
nant oscillations in the reflector inclusion. The current in-
duced in the conducting elements at the specific frequency
cancels the incident wave from one to the other to propagate
through the set of elements. The permeability (µ) and per-
mittivity (ε) with respect to the frequency, as shown in Fig-
ure 3(a), have been extracted using the Nicholson Ross Weir
(NRW) algorithm[9][10]. The refractive index of MRS is
shown in Figure 3(b). The basic idea of the refractive index
was understood from Snell’s law refraction. However, the
refractive index of the proposed MRS is calculated using
the number commonly used equation [11]:

n =
√
ε ∗ µ (1)

Nicholson Ross Weir method has been used to calculate
the material properties from transmission and reflection co-
efficients. The NRW approach begins by introducing the



composite terms [10].
The NRW approach begins by introducing the composite
terms:

V 1 = S21 + S11 (2)

V 1 = S21− S11 (3)

Then, calculate permittivity and permeability by

µr =
2

jk0d

1− V 2

1 + V 2
(4)

εr =
2

jk0d

1− V 1

1 + V 1
(5)

Thus, the impedance can be calculated as follows:

Z =

√
µ

ε
(6)

Where,

• S11: The reflection coefficients.
• S21: The transmission coefficients.
• d: Thickness.
• k0 = 2π

λ0

3. Simulation Results
In this section, we are interested in the simulation of the
proposed MRS using Ansoft HFSS software that imple-
ments finite-element in frequency domain [12].

In figures 2 and 3, the coefficients of reflection and
transmission is presented in dB and degree. Frequency
analysis of S parameters (reflection-transmission coeffi-
cients) shows the existence of a resonance which is due to
the capacitive effect created by the geometry of the struc-
ture, so we have a simple LC resonator with a resonance
frequency that depends on the inductance and the capaci-
tance of the structure equivalent ω = 1√

LC
. Resonance is

situated near the frequency 10.5 GHz.

Figure 2: The coefficients of reflection and transmission of
the MRS in dB

Figure 3: The coefficients of reflection and transmission of
the MRS in degree

Figure 4: The permeability and the permittivity

Figure 5: The effective reflexion index

Graph in figures 4 and 5 are obtained from the equa-
tion 7 , 8 and 9, shows that the proposed Metamaterial
Structure. We observe a negative reflexion index with
simultaneously negative values of Re(εeff ), Re(µeff ) in
the band [0.5GHz, 10.2 GHz], Thus the imaginary part is
negative in the band [0.5 GHz, 10.85 GHz] and the other
band [11.5 GHz, 15.5 GHz]. These results proves the
proposed Structure is metamaterial.
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Figure 6: The reflection coefficient with the variation of the
periodicity

Figure 7: The transmission coefficient with the variation of
the periodicity

Figure 8: The reflection coefficient with the variation of the
width of the MRS

The illustrated results are shown for different values
of gap (periodicity), the width and dielectric permittivity.
First, figures 6 and 7 show the influence of variation of
the MRS periodicity(gap) over the the resonance frequency,
we note that if we decreases the value of the gap, the fre-
quency of resonance increases. Second, concerning the
change in MRS width witch presented on figures 8 and 9,
the values g = 0.25mm and g = 0.5mm is good because

Figure 9: The transmission coefficient with the variation of
the width of the MRS

Figure 10: The reflection coefficient with the variation of
the dielectric permittivity

Figure 11: The transmission coefficient with the variation
of the dielectric permittivity

it gives a good resonance frequency 10.5GHz comparing
with g = 0.75mm and g = 1mm. Finally, In the figures
10 and 11, there is not much difference between the curves
of the 3 different values of εr, but we note that the value
εr = 2.2 is the best because it provides good resonance.
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It is obvious that one can easily get the minimization
or maximizing the desired offset frequency by adjusting the
periodicity or MRS width or also by changing the material
of the substrate used.

4. Conclusions
In this work, we presented a new metamaterial structure ,
which is MRS. Such a geometry allowed us to highlight
a range of frequencies where the structure behaves as a
medium with negative refractive index.
Therefore, this paper presents the characteristics and the
properties of investigated MRS. The influence of the pe-
riodicity, the substrate type and the MRS width on the per-
formance of the MRS are studied. Simulation results show
the efficiency of the MRS and encourage its application in
several RF domain.
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Abstract
In this paper we firstly present a wide band forked antenna.
It can be useful for on-body applications because of its
small size. Then, the metamaterial reflective surface(MRS),
which is very efficient as a filter, is used in many simu-
lations to optimize the antenna’s performance. Finally, a
comparative study between different configurations of the
fork antenna with MRS is presented.
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1. Introduction
In the modern wireless communication systems, antennas
capable of operating at broad frequency band range are in-
creasingly demanded. Various antenna design which en-
able antennas with low profile, light weight, enhanced dual
or wideband frequency capabilities have been developed
and presented in the literature [1][2]. Coplanar antennas
for wireless communication have been discussed by many
authors due to their attractive features such as low radia-
tion loss, less dispersion, wide bandwidth, simple unipolar
structure and easy integration with active devices. Recently
various antenna designs for wideband applications are re-
ported in the literature [3][4].
Printed slot antennas fed by a coplanar waveguide (CPW)
have many advantages over microstrip antennas. Besides
small size, light weight, low cost, good performance, ease
of fabrication and installation, and low profile, they exhibit
wider bandwidth, lower dispersion and lower radiation loss
than microstrip antennas besides the ease of being shunted
with active and passive elements required for matching and
gain improvement [5].
In this paper, First, we study the metamaterial reflective sur-
face (MRS) by presenting its structure, properties and ben-
efits. Thus, we use the Nicholson Rows Weir to extract the
effective permeability µeff ,the effective permittivity εeff
and the refractive index neff [6]. Furthermore, we present
an antenna which finds applications in the range of modern
wireless communication gadgets.This is a coplanar antenna
disposed on a dielectric substrate and having the shape of
two fingers fork. The antenna dimensions are optimized
using HFSS software. The parameters which affect the an-
tenna characteristics are also studied and discussed.
There are numerous and well-known methods to increase
the bandwidth of antennas, including increase of the sub-
strate thickness, the use of a low dielectric substrate, the

use of various impedance matching and feeding techniques,
the use of multiple resonators. Indeed, MRS have been of
great interest for the design of negative permeability and
left-handed (LH) materials [7][8]. In this paper, we aim to
integrate an MRS network beside or behind the fingers of
the antenna and a comparative study of the prototypes is
performed. First, a network of MRS is integrated next to
the antenna fingers. After that, it is integrated in the 2 side
of the antenna fingers is shown in the second design. finally,
In the third design it is placed under the antenna fingers.
The paper is organized as follows: section (2) includes the
design and configuration. In Section (3), several simula-
tions have been done to show the performance of the con-
sidered antenna in different parameters such the reflexion
coefficient, the transmission coefficient, the gain and radi-
ation patterns of this antenna, section (4) includes conclu-
sions and the more relevant references.

2. Design and configuration
The geometry of the coplanar antenna with two fingers and
its parameters are shown in figure 1.The antenna is studied
for 1.6 mm substrate with εr = 4.4.
Two rectangular slots are cut out from the patch near the
feeding microstrip line for impedance matching. The patch
is fed by a coplanar line with 50 Ω input impedance. The
length (lfeed) and width (wfeed) of the feeding line are re-
spectively 39.38 mm and 1.44 mm. The parameters of the
antenna are the fork length (lfork), the fork width (wfork),
junction length (llink) and junction width (wlink) are re-
spectively 42 mm, 1.451 mm, 2.9 mm and 47.04 mm.
For the parametric study, the ground width (wground) ,the
ground length (lground) and the gap between the ground and
the coplanar feed line or between the ground and the junc-
tion line (g) are chosen to be 38.78 mm, 43 mm, and 0.5
mm, respectively, and only one parameter is changed at a
time during the analysis.
The MRS cell size is 10 * 12 mm2 and it is disposed on a
dielectric substrate of permittivity εr = 4.4 and the height
h=1.6 and the detailed configuration is shown in figure 2.
The parameters of the MRS are:

• wline = 9
• lline = 11
• l = 3 mm
• w = 4 mm
• g = 0.5 mm



Figure 1: The layout of the antenna on FR4-epoxy

Figure 2: The layout of the MRS on FR4-epoxy

The basic idea in designing the MRS is to stimulate reso-
nant oscillations in the reflector inclusion. The current in-
duced in the conducting elements at the specific frequency
cancels the incident wave from one to the other to propagate
through the set of elements.

3. Simulation Results
In this section, after the presentation of the design of the
coplanar fork antenna and the proposed MRS, the first step
is the using of the Nicholson Ross Weir (NRW) algorithm
[9][10] to extract the effective parameters of the MRS (the
permeability (µ) and permittivity (ε) and the refractive
index).

The NRW approach begins by introducing the compos-
ite terms:

V 1 = S21 + S11 (1)

V 1 = S21 − S11 (2)

Then, calculate permittivity and permeability by:

µr =
2

jk0d

1 − V 2

1 + V 2
(3)

εr =
2

jk0d

1 − V 1

1 + V 1
(4)

Figure 3: The design of the “antenna + MRS”

Figure 4: The design of the “antenna + 2MRS”

Thus, the impedance can be calculated as follows:

Z =

√
µ

ε
(5)

Where,

• S11: The reflection coefficients.
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Figure 5: The design of the “antenna + MRSunder”

• S21: The transmission coefficients.
• d: Thickness.
• k0 = 2π

λ0

After that, we vary the MRS network positions next or
under to the antenna and compared the obtained simulation
results. The simulation was carried out using HFSS that
implements finite-element in frequency domain[11]. The
antennas to study are as follows: first of all on place 8 MRS
next the outer side of the fork 2 of the antenna, and it is
called antenna + MRS (figure 3). Second, we added to this
structure, in 8 other MRS inner side of the fork of tea an-
tenna and it is called antenna + 2MRS (figure 4). In the fi-
nal design, we place under the antenna forks and it is called
antenna + MRSunder (figure 5). In these figures, the dis-
tance between the MRS and antenna forks, is equal to 0.5
mm. This value was taken after several simulation. In fig-
ures 6 , the coefficients of reflection and transmission of
the MRS is presented. Frequency analysis of S parameters
(reflection-transmission coefficients) shows the existence of
a resonance near the frequency 10.5 GHz. We use the
equation 7 , 8 and 9,we obtain the graph of effective pa-
rameters of the MRS, this curves are presented in figures 7
and 8. We remark a negative reflexion index with simulta-
neously negative values of Re(εeff ), Re(µeff ) in the band
[0.5GHz, 10.2 GHz], Thus the imaginary part is negative
in the band [0.5 GHz, 10.85 GHz] and the other band [11.5
GHz, 15.5 GHz].

The figure below shows the S11 of these antennas and
shows that the single antenna covers an band frequencies
ranging from 1.2 GHz -1.8 GHz S11 ≤-10dB. As the sec-
ond antenna (antenna + MRS), it has a bandwidth up of

Figure 6: The coefficients of reflection and transmission of
the MRS

Figure 7: The permeability and the permittivity of the MRS

Figure 8: The effective reflexion index of the MRS

1.1-1.7 for S11 ≤-10dB. Thus the third antenna (antenna
+ 2MRS) covers a band of frequencies ranging from 1.22
GHz -1.77 GHz S11 ≤-10dB. Finally, the last antenna (an-
tenna + MRSunder) has a band of frequencies ranging from
1.19-1.71 GHz for S11 ≤-10dB.
It is found that when the number of the MRS increases, the
position of the resonance peak is shifted to lower frequen-
cies. This type of metamaterial (MRS) plays an essential
role on the value of the cutoff frequency and the value of
the resonance peak.
The figure 10 present the variation of the gain as a func-
tion of the frequency. In the beginning we remark that the

3



Figure 9: The coefficient of reflection of the antenna

gain of the single antenna varied between 1.63 dB at 1.2
GHz to 3.58 dB at 1.8 GHz, while the gain of the antenna +
MRS varied between 1.20 dB at 1.1 GHz to 3.28 dB at 1.7
GHz. Furthermore, the variation of the gain of the antenna
+ 2MRS varied between 1.76 dB at 1.22 GHz to 3.98 dB
at 1.77 GHz. In the end, the gain of the antenna antenna +
MRSundervaried between 1.65 dB at 1.19 GHz to 3.33 dB
at 1.71 GHz.

Figure 10: The Gain of the antenna

In the figures below, the radiation patterns were plot-
ted in the two main plans: in Plan H (φ = π

2 ) and in the
plane E (φ = 0). The figure 11 shows the gain of the four
antennas in the plane E (θ = π

2 , φ = 0) at the frequency
1.6 GHz. The radiation pattern remains directive across the
frequency band. We can see that the radiation patterns of
the 3 antennas (antenna + MRS, antenna + 2MRS, antenna
+ MRSunder) are almost similar, but there is a lag between
these and the single antenna.

The figure 12 shows the gain of the four antennas in the
plane H (θ = π

2 , φ = π
2 ) at the frequency 1.6 GHz. As the E

plan, the radiation pattern is still directive in the frequency
band. We note that the radiation patterns of the 4 antennas
are almost similar.

Figure 11: Gain patterns in the E-plane when f = 1.6 GHz,

Figure 12: Gain patterns in the H-plane when f = 1.6 GHz

4. Conclusions
Four designs of a wideband antenna are presented in this
paper. It initially, presents the design of a coplanar an-
tenna.Furthermore, we modify the MRS network positions
next or under the antenna and we compare the simulation
results. Details of the antenna design and comparison of
simulated results are presented and discussed.
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Abstract 

This paper presents the analysis of monopole plasma 

antenna with 3 different gases. For this experiment, 3 

plasma antennas were fabricated using pyrex glass tubes 

and contain 3 different gases which are Neon, Argon and 

Hg-Ar with three different pressure which is 0.5 torr, 5 torr 

and 15 torr. For this experiment, cylindrical monopole 

plasma antennas were fabricated using glass pyrex with 

length 160mm, diameter 10mm and thickness 1mm. In this 

work, the Dielectric Barrier Discharge (DBD) method was 

used to produce the plasma.  

1. Introduction 

The term plasma is often referred to as the fourth state 

of matter. As the temperature increases, molecules become 

more energetic and transform in the sequence of solid to 

liquid to gas and plasma. Applications of plasma find wider 

use in our technology every day. From huge and 

sophisticated projects of fusion to material processing to 

simple lighting equipment, the plasma research is one of the 

most generously funded research topics. On many of the 

plasma applications, the plasma is generated, heated or 

manipulated by RF radiation [1]. The plasma is a state of 

matter in which charged particles such as electrons and atom 

nuclei have sufficiently high energy to move freely, rather 

than be bound in atoms as in ordinary matter. Some 

examples of plasma are the fluorescent lighting tubes, 

lightning, and ionosphere. 

Furthermore, due to the unique characteristic of plasma 

which can be a conductor, it can be combined with antenna 

concepts and hence, make plasma antennas. Plasma antenna 

is a type of radio antenna that represents the use of ionized 

gas as a conducting medium instead of metal conductors to 

either transmit or receiver the RF signal [2]. In this present 

study, the analysis of cylindrical monopole plasma antenna 

for electrode-less discharge tube by using CST microwave 

studio was carried out, as it has not been established yet. 

Experiments performed before have verified that monopole 

plasma antenna possessed many properties similar to 

monopole metallic antenna. When the tubes of plasma 

antenna were energized, they were turned into conductors, 

and could transmit and receive radio signals. When de-

energized, these revert to non-conducting elements and 

failed to reflect probing radio signals[3-4]. These make 

plasma antenna to have more unique properties compared to 

metallic elements, as they allow electrical rather than 

mechanical control. However, for plasma antenna to behave 

like a conducting element, some parameters, such as 

pressure of gases and type of gases, are necessary and need 

to be identified for antenna performances.  

Thus, in this paper presents the analysis for the 

characteristics of cylindrical monopole plasma antenna and 

three different gases with three different pressures which 

were argon gas, neon gas and Hg-Ar gas (a mixture of 

mercury vapor argon gas) that employed plasma as its 

radiating element. In this experiment for argon gas and neon 

gas, cylindrical monopole plasma antennas were fabricated 

using glass borosilicate (Pyrex) with a dielectric permittivity 

= 4.82 and a length of 160 mm, diameter of 10 mm and 

thickness of 1 mm.  . Meanwhile, commercial fluorescent 

tube was used for Hg-Ar experiment. The discharge tubes 

were filled with argon gas and neon gas at pressures of 0.5 

Torr, 5 Torr and 15 Torr. In this work, the Dielectric Barrier 

Discharge (DBD) method was used to produce the plasma. 

DBD is a method to generate plasma column by using 

electrode-less discharge tube. 

. 

2. Interaction of Plasma Medium with 

Electromagnetic Waves 

Since ions and electrons are the constituents of plasma 

medium, interaction of electromagnetic waves with the 

plasma medium can be formulated by starting from the 

behavior of a single charged particle under the effect of an 

electromagnetic wave. The plasma frequency is a one of 

plasma parameter is needed to design plasma antenna. 

Plasma frequency is a measure of the amount of ionization 

in the plasma.  The plasma frequency is given by[5]: 

    
















m

qn

e

ee
p




0

2 2

1

  

 

Where Ne is a electron density [m
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permittivity [F/m]. In order the plasma acts as a conductor 

the ωp>>ω[6]: 
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The conductivity of the plasma is depends on plasma 

frequency, ωp and collision frequency, vc [7]. When the ωp is 

large enough compared to the vc, the plasma medium is 

exhibits as a good conductor.   

3. Cylindrical Monopole Plasma Antenna 

Structure 

The electron densities of gases are obtained from the 

numerical calculation of GLOMAC software after getting 

the results of voltage drop and current flow from the 

measurements. A numerical model "GLOMAC" was 

developed by Lister et. al[8]. Glomac is a Fotran based 

program and a one dimensional numerical model, developed 

specially to model a positive column low-pressure mercury-

rare gas discharges. After get the electron density of gases, 

the plasma frequency and collision frequency are calculated 

by using equation (1) and (2). To simulate the performance 

of a plasma monopole antenna design, CST MWS software 

was used. Before the antenna is designed, the value of 

plasma properties, such as plasma frequency and collision 

frequency, were inserted first in drude dispersion model in 

CST software. The drude dispersion model describes simple 

characteristics of an electrically conducting collective of free 

positive and negative charge carriers, where thermic 

movement of electrons is neglected. 

Fig. 1. (a) and (b) show the dimensions and real 

prototype of the cylindrical discharge tube that was used in 

the experiments respectively. The tube was 160 mm in 

length, while the inner and the outer diameters were 9 mm 

and 10 mm respectively. The glass material was borosilicate 

(Pyrex) with a dielectric constant 4.82 and aluminum tape 

was used to fasten both opposite sides of discharge tube as 

an energy transfer medium. Besides, a coupling sleeve was 

positioned at the lower end of the tube and the Vector 

Network Analyzer was connected between the coupling 

sleeves and the discharge tube. Number of turns of coupling 

sleeve is four[9]. . Table 1 summary the parameters of a 

cylindrical monopole plasma antenna. 

 

 
(a) 

 
(b) 

Figure 1: (a) The schematic diagram of discharge tube (b) 

Discharge tube used in this experiment. 

 

 Table 1: The parameters of a monopole plasma antenna. 

Parameter Label Diameter(mm) 

Length of discharge 

tube 

LA 160 

Outer diameter of 

discharge tube 

DO 10 

Inner diameter if 

discharge tube 

DI 9 

Distance coupling 

sleeve at the bottom of 

discharge tube 

LB 10 

 

4. Results and Discussions 

This section discusses the relationship between plasma 

parameter and radio frequency waves. The effect of different 

pressures for same gas were investigated and analyzed.  The 

analysis is cover for reflection coefficient, gain, and 

radiation pattern 

4.1. Effects of Different Pressures 

4.1.1. Argon Gas 

 
Figure 2: The effect on reflection coefficient, S11 for 

different pressure for Argon gas 

 

In this case, the effect of different pressure for 

Argon gas on reflection coefficient,S11 has been 

investigated. As for cylindrical monopole plasma antenna at 

operating frequency 4.6 GHz, the reflection coefficient,S11 

for pressure 0.5 Torr is  -26.43 dB , 5 Torr is -28.15 dB and 

15  Torr  is -32.35. As depicted in Fig. 2., it clearly shows 

that the different pressure has significant effect on reflection 

coefficient,S11. It can be seen that the pattern for return loss 

shifted to the downward at the operating frequency of 4.6 

GHz when the pressure is increase. From numerical 

calculation of GLOMAC, the electron density,ne for 0.5 

Torr, 5 Torr and 15 Torr;  ne = 8.12x 10
17

 m
-3

,  ne = 7.54x 

10
18

 m
-3 

and ne = 1.23x 10
19

 m
-3

 respectively. 

  (2) 
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Figure 3: Comparison of different pressure for Argon 

gas radiation patterns in polar-plot  

The radiation pattern in polar plot for Argon gas at pressures 

0.5 Torr, 5 Torr and 15 Torr have been compared at 

operating frequency 4.6GHz. The radiation pattern is 

referred at E-plane (phi=90
o
). As clearly shown in Fig. 3, 

they are similar in shape. The results indicate that at main 

lobe direction, 0.5 Torr Argon have the highest gains as 

compared to the 5 Torr and 15 Torr. The gain for 0.5 Torr is 

equal to 4.638 dB while for 10 torr and 15 torr are 4.604dB 

and 4.458 dB respectively. Hence, this analysis proved that, 

when the pressure is increase, the gain wills decrease. It is 

due, when the pressure increase, the collision will increase 

as well. The collision frequency,νc  for 0.5 Torr is 1.59 x 10
9
 

1/s, 5 Torr = 2.113 x 10
10

 1/s and 15 Torr = 6.338 x 10
10

 1/s. 

From equation 2 the collision frequency, νc is inversely 

proportional to the plasma conductivity,σ. When collision 

frequency increase, the plasma conductivity,σ will decrease. 

The plasma conductivity,σ which was obtained from 

equation 2 showed that at pressure 0.5 Torr, σ = 14.99 S/m, 

5 Torr, σ = 10.07 S/m and 15 Torr, σ = 5.48 S/m. Hence, it 

can influence the value of gain antenna. 

 

4.1.2. Neon Gas 

 
Figure 4: The effect of reflection coefficient,S11 for 

Neon gas at different pressure 

 

Fig. 4 shows the comparison of simulated S11 for 

Neon gas at pressures 0.5 Torr, 5 Torr and 15 Torr at an 

operating frequency of 4.6 GHz. From Fig 4, the reflection 

coefficient,S11 at pressure 0.5 Torr is -25.32 dB, 5 Torr is -

27.41 dB and at 15 Torr is -32.34 dB. It clearly shows that 

the pattern of return loss is slightly similar to Argon gas, 

whereby the pressure increase as the resonant frequency 

shift to the downward. By using GLOMAC software, the 

value of electron density,ne at pressure 0.5 Torr is 4.04 x 

10
17

 m
-3

, 5 Torr is ne = 4.30 x 10
18

 m
-3

 and 15 Torr is ne = 

9.96 x 10
17

 m
-3

. 

 

Figure 5: Comparison of different pressure for Neon 

gas radiation patterns in polar-plot  

 Fig. 5 illustrates the simulated results of radiation 

pattern in polar plot at E-plane (phi=90°) for three different 

pressures for Neon gas at a frequency of 4.6 GHz. The 

results show that the radiation patterns of monopole plasma 

antenna using neon gas as a plasma medium look similar 

with each other.  The pattern gain for Neon gas is almost 

similar with the argon gas. It can also be noted from Fig 5, 

that antenna gain generated by 0.5 torr is 4.803dB higher 

than 5 Torr (4.717dB) and 15 Torr (4.550dB). Meanwhile, 

the collision frequency, νc at pressure 0.5 Torr  is νc = 6.87 x 

10
8
 1/s, 5 Torr is νc = 1.10 x 10

10
 1/s and 15 Torr νc = 3.474 

x 10
10

 1/s. By using equation 2, plasma behaves as a metal 

when plasma conductivity,σ for 0.5 Torr, 5 Torr and 15 Torr 

obtained are σ = 16.59 S/m, σ = 11.02 S/m and σ = 8.10 S/m 

respectively. Fig. 5 describe from simulation result, when 

increase the pressure, the gain will decrease. This because 

from equation 2, the plasma conductivity,σ  will decrease 

when collision frequency increase. Thus the gain of 

cylindrical monopole plasma antenna also decreases.  

4.1.3. Hg-Ar Gas 

 

Figure 6: The effect of reflection coefficient,S11 for 

different pressure for Hg-Ar gas 

Fig. 6 illustrates the comparison of simulated 

results for reflection coefficient, S11 when the pressure 

varied from 0.5 Torr until 15 Torr for Hg-Ar gas. From the 

graph it clearly shows that when the pressure is increased, 

the resonant frequency 4.5 GHz shifted to the downward. 

The value of reflection coefficient, S11 at pressure 0.5 Torr is 
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S11= -29.04 dB, 5 Torr is S11 = -31.19 dB and 15 Torr is S11= 

-37.20 dB. The electron density, ne obtained for 0.5 Torr is 

ne  = 1.13x 10
18

 m
-3

, 5 Torr =  is ne  = 7.92x 10
18

 m
-3

 and 15 

Torr is ne  = 1.61x 10
19

 m
-3 

. 

 

Figure 7: Comparison of different pressure for Hg-Ar 

gas radiation patterns in polar-plot  

As depicted in Fig 7, the radiation pattern for 

cylindrical monopole plasma antenna using Hg-Ar gas at 

three different pressures look similar to ideal monopole 

antenna. The radiation pattern also will change with the 

variation of pressure in monopole plasma antenna. From Fig 

7, the gain is increase when the pressure is decrease. The 

simulated peak gain yield at 0.5 Torr is 3.075dB while for 

10 Torr and 15 Torr are 2.662 dB and 15 Torr 2.171 dB 

respectively. Meanwhile, plasma conductivity,σ obtained 

from equation 3.38 shows that the value of σ = 13.57 S/m at 

pressure 0.5 Torr, σ = 9.58 S/m at pressure 5 Torr and σ = 

4.89 S/m at pressure 15 Torr, As mentioned before this, the 

plasma conductivity,σ is inversely proportional to the 

collision frequency. From of Hg-Ar  pressure, 0.5 Torr νc = 

2.35 x 10
9
 1/s, 5 Torr νc = 2.33 x 10

10
 1/s and 15 Torr νc = 

9.28 x 10
10

 1/s. When increase the pressure the collision 

frequency also increase and as a results the plasma 

conductivity will decrease. Hence, the performance of 

antenna in terms of gain will decrease.  

4.2. Comparison of Different Gases Performance  

 
(a) 

 
(b) 

 
(c) 

Figure 8: The effect of reflection coefficient,S11  for different 

gas at (a) 0.5 Torr (b) 10 Torr and (c) 15 Torr 

Fig. 8 shows the simulated reflection coefficient,S11 

for Argon gas, Neon gas and Hg-Ar at (a) 0.5 Torr, (b) 5 

Torr and (c) 15 Torr. From the Fig. 8 (a) when pressure is 

fix to 0.5 Torr the resonant frequency for fluorescent tube is 

slightly shifted to the right (4.5GHz) compared to Argon gas 

and Neon gas which is the resonant frequency for both are at 

4.6 GHz. Besides, the reflection coefficient,S11 is measured 

at 4.6 GHz for Argon gas and Neon gas at pressure 0.5 Torr 

are -26.43 dB and -25.32 dB respectively during simulation 

while for Hg-Ar at frequency 4.5 GHz is -29.04 dB. For 

pressure 5 Torr the reflection coefficient,S11 for Argon gas 

and Neon Gas at frequency 4.6 GHz are -28.15 dB and -

27.41 dB respectively. For Hg-Ar at resonant frequency 4.5 

GHz the of reflection coefficient,S11 is -31.19 dB. Moreover, 

when the operating frequency at 4.6 GHz for Argon gas and 

Neon gas at pressure 15 Torr the reflection coefficient,S11 

are -32.35 dB and -32.34 dB respectively while for Hg-Ar 

the reflection coefficient,S11 is -37.20 dB at 4.5 GHz. 

   The reflection coefficient,S11 for Argon gas and Neon gas 

is look similar to each other. This might be because Argon 

and Neon gases are noble gases and are positioned in the 

same group in the periodic table. The same pattern of 

reflection coefficient,S11 is clearly shown at Fig. 8 (b) and 

Fig. 8 (c) when the pressure at 5 Torr and 15 Torr. 

 

 



5 

 

 
 

                                        (a) 

 
                                       (b) 

 

 
                                        (c) 

Figure 9: The effect of radiation pattern in polar plot 

for different gas at (a) 0.5 Torr (b) 10 Torr and (c) 15 

Torr 

The radiation patterns of antenna for different gases 

are illustrates in Fig 9. From the graph it clearly shown that 

the radiation pattern for Argon and Neon gases look similar 

at pressure 0.5 Torr, 5 Torr and 15 Torr. Based on these 

results, at pressure 0.5 Torr, 5 Torr and 15 Torr Neon gas 

achieved higher gain compared to Argon gas and Hg-Ar gas. 

It is due the plasma conductivity,σ for Neon gas is higher 

compared to the Argon gas and Hg-Ar gas for all three types 

of pressures. At pressure 0.5 Torr for Neon gas, Argon gas 

and Hg-Ar gas the plasma conductivity are σ =16.59 S/m, σ 

=14.99 S/m and σ = 13.57 S/m respectively. At pressure 5 

Torr the value of plasma conductivity,σ for Neon gas is σ = 

11.02 S/m, Argon gas is σ = 10.07 S/m and Hg-Ar is σ = 

9.58 S/m. Plasma conductivity,σ at pressure 15 Torr for 

Neon gas is σ= 8.10 S/m, for Argon gas σ= 5.48 S/m and for 

Hg-Ar gas σ= 4.89 S/m. 

To provide a better analysis, the measured return 

loss and radiation pattern for the three types of cylindrical 

monopole plasma antenna are presented. The Rhode and 

Schwarz Vector Network Analyzer ZVB20 were used to 

measure the S-parameter, (S11.). This equipment was meant 

for calibration before starting the measurement to ensure 

accuracy. On top of that, the antenna reflection 

coeeficient,S11 was measured at the anechoic chamber. The 

comparison results between simulation and measurement for 

Argon gas, Neon gas and commercial fluorescent tube are 

presented in this section. As for Argon and Neon gases the 

comparison between simulation and measurement at 0.5 

Torr was chosen because based on the analysis from the 

simulation result, 0.5 Torr was the optimum pressure value 

which offered higher gain. Therefore comparison between 

simulation and measurement of 0.5 Torr is presented in this 

section. However, for fluorescent tube, the plasma antenna 

was made of the commercially available plasma source, and 

there was no option to change the pressure and the details 

about the technical and specification data such as the 

pressure is kept confidential. Thus the comparison was made 

using the commercially fluorescent lamp and the pressure 

was assumed to be equal to 0.5 Torr.   

 
(a) 

 
(b) 

 
(c) 

Figure 10: Simulated and measured reflection coefficient, 

S11 of cylindrical monopole plasma antenna (a) Argon gas at 

0.5 Torr (b) Neon gas at 0.5 Torr (c) Commercial 

fluorescent tube 
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Fig 10 exhibits the comparison between simulation 

and measurement results for reflection coefficient, S11. The 

reflection coefficient, S11 for Argon gas is measured at a 

frequency of 4.5 GHz with -18.03 dB and -26.43 dB at a 

frequency of 4.6 GHz during simulation. Meanwhile for 

Neon gas the reflection coefficient, S11 for measurement is -

21.61 dB at frequency 4.7 GHz and during simulation the 

reflection coefficient, S11 at frequency 4.6 GHz is -25.32 dB. 

Meanwhile, the reflection coefficient, S11 for Hg-Ar gas at 

frequency 4.5 GHz is -29.04 dB during simulation and -

35.71 dB at frequency 4.8 GHz during measurement. On the 

other hand, for reflection coeeficient,S11 a small frequency 

shift that occurred between the measurement and the 

simulation is presumably due to the effect of flow of 

conduction current through the plasma element and will give 

effect to the plasma formation. However, in general, a good 

agreement has been achieved. 

 
                              (a) 

 
                             (b)          

 
                            (c) 

Figure 11: Simulated and measured radiation patterns 

in E-plane (Phi=90
o
) (a) at frequency 4.6 GHz Argon 

gas(0.5 Torr) (b) at frequency 4.6 GHz  Neon gas 

(0.5 Torr) (c) at frequency 4.5 GHz commercial 

fluorescent tube. 

Fig 11. (a) and (b) exhibits the comparison between 

simulation and measurement results for radiation pattern in 

polar plot for Argon and Neon gases when the cylindrical 

monopole plasma antenna is at a frequency of 4.6 GHz in E-

Plane (phi=90°) while Fig. 11 (c) shows the comparison 

results between simulation and measurement for commercial 

fluorescent tube at a frequency of 4.5 GHz in E-plane.   

Nevertheless, the radiation pattern does not display 

the expected Omni-directional shape and it might be due to 

the fact that when the electromagnetic wave arrived at the 

plasma region, the interaction between electromagnetic 

wave and plasma will changes the surface current 

distribution of plasma antenna, as it is known that the 

radiation pattern is determined by the surface current 

distribution of antenna. Thus, the shape for far-field 

radiation pattern of plasma antenna will be changed. 

However, good agreement between simulation and 

measurement has been achieved. 

 

5. Conclusions 

 In this paper, cylindrical monopole plasma antenna 

using Argon gas, Neon gas and Hg-Ar gas which consists of 

pressures 0.5 Torr, 5 Torr and 15 Torr have been described 

comprehensively. This chapter also includes a comparative 

analysis on the effects of several antenna parameters from 

the difference pressures and difference gases.       

 From the analysis, it can be concluded that, when 

the pressure is increase, the electron density,ne also 

increases. From [3], the pressure of gas is directly 

proportional to the electron density,ne .Besides that, the 

collision frequency, νc also  is pressure dependent, high 

pressures will increase the collision frequency,νc [10]. As a 

results, the reflection coefficient,S11 will deeper while the 

gain is decrease. Based on equation 3.38, when the value of 

collision frequency, νc increase, the plasma conductivity,σ 

value will decrease. Consequently, this will influence the 

gain of antenna and the radiation pattern will change too. 

Thus from the analysis it can be concluded that the electron 

density,ne and collision frequency, νc can influence the  

performance of antenna.  
The results from measurements seem to agree well 

with the simulation results. Based on the measurement and 

analysis results, it can be concluded that, the cylindrical 

monopole plasma antenna with Argon gas, Neon gas and the 

fluorescent lamp can be used to radiate radio signals. 

However to design low cost plasma antenna and 

commercially available plasma source the fluorescent tube is 

a suitable option. Therefore, in the next chapter, the design 

plasma antenna by using fluorescent tube as a wireless 

transmission will be discussed. 
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Abstract-— A compact WiMAX, WLAN and downlink of X-band satellite communication systems triple 

band-notched monopole UWB antenna is proposed and analyzed. The first and second notched bands are 

respectively achieved using a quarter wavelength straight open-ended and a semi-elliptic slots etched in the 

radiating patch while the third notched band is achieved using two rectangular split ring resonators (SRRs) near 

the feed line-patch junction of the antenna. The peak levels of the reflexion coefficient S11 are respectively 

-2.4dB at 3.8 GHz, -3dB at 5.6 GHz and -4dB at 7.6 GHz. Moreover, radiation patterns in the H-plane are stably 

omnidirectional at some operating frequencies.         

 

Keywords: compact antenna, slots, rectangular split resonators (SRR). 

 

1. Introduction  

 

 

Since the Federal Communications Commission (FCC) released the unlicensed frequency band of 3.1 – 10 GHz 

for commercial UWB applications [1], ultra-wideband (UWB) systems have pulled lots of interests for their high 

data rates, high capacity, low complexity and low operating power level [2]. In the UWB communication 

systems, one of the key issues is conception and designs of a compact antenna which supplying wideband 

characteristic about the whole operating band. UWB systems are used in home networking systems as a 

convenient way for personal wireless communications. One problem in UWB caused by the existing of 

interference between other communication systems, such as, the wireless local area network (WLAN) operating 

in 5.15–5.35 GHz, WiMAX (3.3–3.6 GHz) and downlink of X-band satellite communication systems operating 

at 7.25–7.75 GHz. To avoid interference between UWB systems and these narrowband wireless communication 

systems, separate band-notch filters can be added to the system. However, these additional filters will increase 

the volume, weight and complexity of the system. Recently, many UWB antennas with band-notched 

characteristic have been proposed and studied. The classic and effective way to achieve the notch-band is 

inserting a slot on the patch [4-10]. While there are also many other ways to create band-notched on a UWB 

antenna, such as embedding a slot in the feeding strip [11], using parasitic structures [12-19], adding split ring 

resonator (SRR) coupled to the feed-line [20-21]. The common point they all share is to introduce a perturbation 

into the UWB antennas. 

    In this paper, to achieve all of the above purposes, such as the frequency range for UWB systems with 

respect to the multi-resonance performance and triple notch-band characteristics (to avoid interference between 

UWB and WLAN, WiMAX, and downlink of X-band satellite communication systems), a new UWB antenna 
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with triple band at 3.3-3.7 GHz (WLAN), 5.15-5.825 GHz (WiMAX) and 7.25-7.75 GHz (X-band satellite) is 

developed. This paper mainly consists of three parts. First, design and analysis of the proposed antenna is given. 

Secondly, results and discussed are analyzed. Finally, the paper is summarized. 

 

2. Design and analysis 

 

 

 

 

 

 

 

  

  

 

 

  

 

 

 

 

Fig.1. Geometry of the proposed antenna. (a) Top view. (b) Side view. (c) Rectangular SRR 

 

 

The configuration of the proposed antenna with its geometrical parameters is depicted in Fig.1 (a). The antenna 

is printed on a 1.2-mm-thick substrate of FR4 whose dielectric constant is 4.4 and loss tangent is 0.02. The 

overall dimensions of the compact antenna are 25 × 29 × 0.8 mm
3
. It is composed of a 50-Ω mictrostrip feed line, 

a planar radiating patch with an arc-shaped, a ground plane with half-elliptic shape having major axis length = 

max (2Lg, Wg) and minor axis length = min (2Lg, Wg). The antenna ground plane is placed symmetrically about 

the y-axis with respect to the patch, on the other side of the substrate. Here, max () and min () functions 

respectively choose the maximum value and minimum value from the arguments. Finally, two rectangular split 

ring resonator (SRR) placed near the feed line-patch junction of the antenna. For choosing the design parameters 

of the rectangular SRR for a desired fnotch,2, we can use the design guidelines from the following equation :  
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Here Sr is the inner perimeter of the rectangular single split ring that is a function of ring length Ls, ring width Ws, 

and strip width ws, as shown in Fig.1(c). For the rectangular SRR to resonate at fnotch,2, Sr should be 

approximately equal to half of the guided wavelength at that frequency. 

The location and shapes of the slots were determined as shown in Fig.1 (a). A straight slot S1 was cut near the 

left side edge of the radiating patch with d1 = 1.2 mm calculated at 3.55 GHz in the WiMAX band. For notched 

bands at higher frequencies, we used semicircular slot S2 in the middle of the radiating patch which calculated at 

5.45 GHz. Finally, we used two rectangular SRR on the ground plan to reject the X-band satellite at 7.4 GHz. 

 

 

3. Simulation and results 
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Fig.2. Simulated S11 of the antenna 

 

 

 

Fig.2 shows simulated S11 of the antenna with three notched bands. It is observed that the antenna notches three 

intended bands while maintaining broadband performance with S11 less than -10 dB, covering the entire UWB 

frequency band. The discrepancy in S11 between measured and simulated results is mostly attributed to the 

tolerance in fabrication and loss tangent of the FR4 substrate. 

 



Measured radiation patterns in the H-plane ( ) and E-plane ( ) at 3.5, 5.45, and 7.4 GHz are shown in Fig. 3. 

The antenna displays a good omnidirectional radiation pattern in the H-plane, even at high frequencies. 

 

 

 

(a)                              (b)                         (c) 

 

Fig.3 Measured radiation pattern in the H- and E-planes at (a) 3.5 GHz, (b) 5.45 GHz and (c) 7.4 GHz 

 

 

4. Conclusion  

 

 

In this letter, a compact printed microstrip-fed triple bandnotched UWB antenna has been presented and 

analyzed in detail. To obtain three notched bands, two types of slots—a straight open-ended quarter-wavelength 

type and two rectangular SRR—were etched in the ground plane. We introduced a new term, an effective length 

of a slot, and used this concept along with the surface current distributions and transmission line models to 

analyze the physical effects of these slots generating the band-notched characteristics. The antenna showing 

broad bandwidth, three designed notched bands, and good omnidirectional radiation patterns. 
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Abstract 

Here we present a comparison analysis on the single loop 

resonator (SLR) inspired triple-band monopole antennas. 

Two configurations with rectangular and circular shaped 

radiation patches are presented. Simultaneously, two feed 

techniques with coplanar waveguide and microstrip feeds 

are performed to drive the antennas. And the conventional 

planar monopole antennas without the SLRs are also 

analyzed comparatively. Numerical and experimental 

methods are performed to demonstrate and discuss the 

proposed designs.  

1. Introduction 

Owing to the breakthroughs of modern wireless 

communications, the developments of miniaturized and 

multi-band communication components have been the main 

barriers in such science and engineering areas. Antenna, one 

of the important component, has been excited wide research 

attentions in recent years for multi-band applications. 

Monopole antenna is one of the most attractive 

configuration because of the compact sizes, flexible 

designs, low fabrication costs, and well radiation 

characteristics. Some of the monopole antenna 

configurations are reported by properly designing various 

resonator configurations to reduce operating frequencies, 

improve radiation pattern, and at the same time reduce 

cross-polarization characteristics [1-6]. However, most of 

these antennas have complex configurations. On the other 

hand, metamaterial units can be widely used for designing 

novel antennas to improve most of the characteristics 

comparing with conventional antennas [7]. For the 

monopole antenna integrated with metamaterial unit, some 

novel configurations have been reported elsewhere [8-11]. 

Here we systematically analyze a group of compact triple-

band planar monopole antennas by integrating with a single 

loop resonator (SLR) [12] as part of the radiation patch.  

2. Antennas design 

Figures 1(a) to (d) present the designed four kind of SLR 

inspired antennas with rectangular and circular shaped 

radiation patches, and with coplanar waveguide and 

(e) (f) (g) (h)

(a) (b) (c) (d)

 
Figure 1: The proposed SLR inspired planar monopole antennas and corresponding conventional single band antennas. (a)–

(d) CWP fed and microstrip fed metamaterial inspired antennas with rectangular patch and circular patch respectively, (e)–
(h) the corresponding conventional single band monopole antennas. 
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microstrip feedings. The corresponding conventional single 

band antennas with same dimensional size are shown in 

Figs. 1(e) to (h). The SLR considered in this paper as the 

half part of the radiation patch is placed on the upper side of 

the whole patch. After initial numerical analysis, there is a 

huge impedance mismatch between the SLR and the 

conventional 50-Ω CPW/microstrip feed line. Therefore, the 

bottom part of the patch is used to match the impedance 

between the SLR and feed line. The whole radiation patch is 

printed on a 0.8 mm-thick Rogers Ro4003 substrate 

(dielectric constant εr = 3.55 and loss tangent 

tanδ = 0.0027). For the antennas fed by CPW the ground 

plane and SLR are printed on the same side of the substrate, 

while for the antennas fed by microstrip line the ground 

plane is placed on the opposite side of the substrate. The 

dimensional parameters for the four kinds of antennas are 

finally optimized by finite element method based Ansoft 

HFSS software.  

3. Results 

Firstly, the optimized antennas with dimensional definitions 

as shown in Figure 2 are optimized as mentioned above, and 

concluded in Table 1. It should be noted that some different 

parameters are shown in Table 1 for the microstrip fed line 

condition (w2) and for the circular patch (r).  

w1

g1

g2
w2

h

f

m

n

d

 
Figure 2: The antenna dimensional definitions for the first 

kind of structure. 

Then, through standard printed circuit board fabrication 

techniques, all antennas are fabricated. In both simulation 

and measurement procedures, the 50-Ω micro-miniature 

coaxial connectors (operated from DC to 6 GHz) are used to 

simulate and test the return loss and radiation characteristics 

for reducing the effects of connectors on the antennas. 

The simulated and measured return loss properties of 

the four proposed SLR inspired antennas and four 

corresponding conventional antennas are then shown in 

Figure 3. And the key characteristics for the four triple-band 

antennas are also concluded in Table 2. It can be known 

that, the simulated and measured results shown in Figure 3 

and concluded in Table 2 imply a good agreement. For the 

metamaterial inspired antennas, both the numerical and 

experimental results show three dips around 2.4, 3.8 and 

4.9 GHz. The first operating frequency for these triple band 

antennas indicates a very narrow bandwidth comparing to 

the following two operating frequencies, as shown in Figure 

3 and Table 2. This is mainly due to the strong resonance 

characteristic of the SLR inspired radiation patches. For 

practical applications, we can expand the bandwidth by, for 

examples, using low-dielectric-constant substrate with 

larger dielectric loss or adding wideband impedance 

matching circuits. In the higher frequency band (4.5–

6 GHz), there is slight frequency shift between numerical 

and experimental results for each kind of metamaterial 

inspired antenna. This shift is mainly resulted from the 

mutual coupling introduced by connector and soldering in 

the experiment at high frequencies. Therefore, for practical 

engineering applications, one should consider the connecter 

effect on the performance of such kind of antennas. 

On the other hand, the simulated and measured 

reflection results for the conventional monopole antenna 

show only one transmission dip located in the range of 3.8–

5 GHz. It means that our proposed metamaterial inspired 

antennas can operate at very lower frequency with the same 

antenna size for the conventional antenna. Therefore the 

proposed antennas have a highly compact size property. 

From the simulated and measured results, we can also know 

that for both rectangular and circular shaped radiation 

patches and both CPW and microstrip feed methods, the 

triple-band operating properties can be flexibly achieved. It 

means that we can use any of the four antennas to integrate 

in the transmit/receive devices depended on the special 

space and arrangement requirements. Take deep 

considerations in Table 2, the SLR inspired rectangular 

 

Table 1: Dimensional parameters for the proposed antennas shown in Figure 1 

Antenna a b c d e f g1 g2 h m n r w1 w2 

(a) 0.4 0.4 0.4 13.6 6.8 13.1 0.2 0.3 7.5 30 22 non 1.9 0.85 

(b) 0.4 0.4 0.4 13.6 6.8 13.1 non 0.3 7.5 30 22 non 1.8 4 

(c) 0.4 0.4 0.4 non non non 0.2 0.3 7.5 30 25 7.8 2.2 3.7 

(d) 0.4 0.4 0.4 non non non non 0.3 7.5 30 25 7.8 1.8 10 

(e) non non non 13.6 non 13.1 0.2 0.3 7.5 30 22 non 1.9 0.85 

(f) non non non 13.6 non 13.1 non 0.3 7.5 30 22 non 1.8 4 

(g) non non non non non non 0.2 0.3 7.5 30 25 7.8 2.2 3.7 

(h) non non non non non non non 0.3 7.5 30 25 7.8 1.8 10 

Unit: mm. 
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patch antennas have higher operating frequencies for f1 and 

f2, and lower frequency for f3, compared with the circular 

patch antennas. This is because there are different resonance 

frequencies ratio for the rectangular and circular shaped 

SLR. So it provides a possible way to control each 

operating frequency by choosing different shaped 

resonators. 

Lastly, Figure 4 shows the simulated co-polarization 

and cross-polarization radiation pattern characteristics for 

the four metamaterial inspired antennas at three 

corresponding reflection dips. It can be seen that, at the 

three frequencies, the four antennas exhibit typical eight-

like radiation patterns in the co-polarization E-plane, 

whereas in the co-polarization H-plane they possess nearly 

omnidirectional radiation patterns. Moreover, the cross-

polarization radiations of the proposed antennas are very 

low for all the patterns. For examples, there is a 30 dB 

below the co-polarization E-plane over 45° range for the 

first antenna. And there is a 20 dB below the co-polarization 

H-plane over the omnidirectional angles, at all the three 

frequencies. These radiation patterns indicate an excellent 

polarization purity and such patterns are kept very well 

when integrated with metamaterial unit in the radiation 

patches. Moreover, it is seen that for both the CPW and 

microstrip fed antennas, they have similar radiation patter at 

all the three frequencies. Therefore such kind of antenna 

can be integrated flexibly into other CPW and/or microstrip 

integrated circuits/devices. 

4. Conclusions 

In this paper, comparing with the conventional monopole 

antennas, four kinds of novel metamaterial inspired 

miniaturized triple-band antennas consisting of a SLR as 

part of the radiation patch and fed with CPW and microstrip 

transmission lines, respectively, are discussed through 

numerical simulations and experimental demonstrations. 

The proposed antennas exhibit comparable radiation pattern 

with the conventional monopole antennas, including very 

Frequency (GHz)
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Figure 3: (a)–(d) Simulated and measured reflection properties of the four discussed SLR inspired triple-band antennas. (e)-

(h) Simulated and measured reflection properties of the corresponding conventional single band antennas. 

Table 2: Simulated and measured characteristics for the proposed SLR inspired triple-band antennas as shown in Figure 1 

Antenna  f1 f2 f3 
Bandwidth for 

f1 

Bandwidth for 

f2 

Bandwidth for 

f3 

(a) 
Simulation 2.48 3.8 4.67 0.003 0.1 0.47 

Measurement 2.38 3.83 4.9 0.017 0.14 0.37 

(b) 
Simulation 2.46 3.76 4.55 0.01 0.1 0.45 

Measurement 2.39 3.9 5.05 0.008 0.05 0.6 

(c) 
Simulation 2.42 3.7 4.6 0.015 0.05 0.32 

Measurement 2.31 3.71 4.94 0.015 0.015 0.35 

(d) 
Simulation 2.43 3.7 4.57 0.017 0.04 0.29 

Measurement 2.31 3.75 5.15 0.018 0.03 0.48 

Unit: GHz. 
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Figure 4: Simulated E-plane and H-plane co-polarization and cross-polarization radiation patterns for the proposed four 

SLR inspired triple-band antennas. (a)–(c) CWP fed squared patch antennas, (d)–(f) microstrip fed squared patch antennas, 

(g)–(i) CWP fed circular patch antennas, (j)–(m) microstrip fed circular patch antennas. 
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polarizations, and high peak gain total and efficiency. Such 

antennas have potential applications for modern wireless 

communications and can be integrated flexibly in to other 

CPW and/or microstrip integrated circuits. 
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Abstract-We investigate the relationship between fabrication fidelity and device performance for

plasmonic metasurfaces consisting of nanoantenna arrays. We show that intra-structure proximity

error correction results in increased fabrication fidelity during electron beam lithography and an

associated increase in device performance for plasmonic q-plates. Experimental results show that

this proximity error correction strategy increases observed purity values from 0.44 to 0.51, for a

corresponding theoretical value of 0.55.

Plasmonic metasurfaces have attracted widespread interest, for applications such as flat lenses and phase

plates, extraordinary refraction and spin-to-orbit coupling [1,2]. However, as with other novel nanotechnologies,

the initial efficiency of such devices is limited and often shows a significant deviation between theoretical and

experimental performance, due to the need of nanometer accuracy during device fabrication [2,3]. In this work

we address the effect of fabrication fidelity on the device performance and show that intra-structural proximity

error correction (PEC) [4] can lead to a significant enhancement in device performance.

As an exemplary metasurface we use plasmonic q-plates, which generate optical orbital angular momentum

(OAM)  through  spin-to-orbit  coupling  [2,3].  Our  devices  consist  of  a  spatially  varying  array of  L-shaped

plasmonic nanoantennas. The orientation of the individual nanoantennas is dependent on the topological charge,

q, of the q-plate, which in turn controls the value of the generated OAM [2,3,5]. For this work we limit the

generated OAM value to ±2ħ  per photon, implying a metasurface with a topological charge of one. Therefore

the antennas exhibit a radially uniform distribution, as shown in fig.1.

 

 Figure 1: a) Sketch of a q-plate with topological charge one. Individual antenna with (b) design dimensions

and (c) PEC structures implemented. The antennas are 80nm thick and have a spacing of approximately 330nm.

The target dimensions for device fabrication are shown in fig 1 and result in an operation wavelength in the

visible regime (760-780nm). Devices fabricated with and without PEC are fabricated through electron beam

lithograph and subsequent metal lift-off. The PEC structures include small additions/substraction (see fig.1) at

a) b)



           

the corners, which supress the rounding of corners typically observed during electron beam lithography The

fabrication  fidelity  of  these  structures  is  analyzed  from scanning  electron  microscopy (SEM)  images  and

compared to the optical performance in the aforementioned wavelength regime. The optical device performance

is assessed through the purity, ρ, of the generated OAM beam:

2

0

P

P
r =

=

= l

l
(1),

where Pl=2 is the power of the beam with OAM value of 2 and P l=0 is the power transmitted in the incident

Gaussian state.

Our results show that even small PECs lead to a significant increase in device performance, without any

changes to the antenna design. This increase is associated with an increased (although hard to observe by eye)

fabrication fidelity of these devices (see fig.2). The typical increase in the purity due to PEC is around 0.07,

resulting in device performance as high as 90% of the theoretical values.

Figure 2: a) Graph showing the measured and predicted purity for a metasurface. SEM images of an individual

nanoantenna with (b)  and without  PEC (c).  These antennas display a  fabrication fidelity of  93% and 86%

respectively, with the PEC antenna displaying sharper corners and straighter lines.

In summary, we have shown that small changes to the fabrication process, which do not increase fabrication

complexity or time, lead to an increased performance for plasmonic metasurfaces. Our proximity error corrected

devices exceed 90% of the predicted theoretical performance, an important step towards practical applications of

plasmonic antennas and metasurfaces. 
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Abstract-We present several types of metamaterials (MMs) constructed by three dimensional split 

ring resonators (3D SRRs). The 3D SRR was assembled from a two dimensional (2D) template by 

means of a metal-stress driven self-folding method. The desired metamaterials such as infrared-, 

uniaxial isotropic-, and toroidal MMs can thus be fabricated through arranging the sizes and 

positions of 2D templates appropriately. 

 

The tailored optical properties such as negative refractive index and subwavelength imaging, which are not 

exhibiting in natural materials, are the consequence of the electromagnetic waves propagating through artificial 

metamaterials [1-3]. These fascinating phenomena are predominated by the geometry and periodicity of the 

subwavelength scattering meta-atoms. Nonmagnetic split ring resonators (SRRs) are considered as a promising 

candidate to perform the magnetic response while the magnetic field oscillates through the ring plane. 

Consequently, efforts were made to fabricate standing-up type SRRs in which the illuminating light easily have 

largest component of magnetic field penetrating the ring plane. Moreover, complex and multifunctional 

metamaterials often require complicate stereo-structures. Our technique then provides a simple and efficient way 

to form 3D MMs. 

The fabrication strategy of 3D SRR involves a lithographic and a dry etching process [4]. The 2D template 

consists of two arms and a center part in which the center part is designed to have wider width comparing with 

the arms. Via a lift-off process to deposit a bilayer metal of Ni/Au on the substrate, the sample is then transferred 

to experience the dry etching process. While the underneath substrate of the arms are etched away, the bilayer 

metal stress is released and pull up the arms to form a 3D SRR. Since the width of the center part is wider than 

the arms, the center part is spontaneously forming a connection region. The fabrication sequences are shown as 

Fig. 1. 

 

 

 

 

 

 

 

 

Fig. 1 The fabrication sequences of a 3D SRR. 



The advantage to construct 3D MMs of our technique is that the mature development of the 2D lithography 

process. We present several types of 3D MMs created by our techniques. By varying the size of the 2D templates, 

far-infrared and mid-infrared MMs are easily demonstrated as shown in Fig. 2 (a) and (b). By arranging suitable 

positions, uniaxial-isotropic and toroidal MMs are simply manufactured as shown in Fig. 3 (a) and (b) [5]. The 

characteristics (not shown here) of these MMs will be analyzed by a Fourier transform infrared spectroscopy 

(FTIR) and calculated by COMSOL multiphysics.We anticipate our technique to be a breakthrough for realizing 

the concepts of MMs into real-components, especially in higher resonant frequency regimes. One may extend 

our idea to devise and construct the desired 3D-SRRs based MMs by changing the dimensions and arrangement 

of meta-atoms. 

 

 

 

 

 

 

 

 

 

Fig. 2 (a) far-infrared MMs (b) mid-infrared MMs 

 

 

 

 

 

 

 

 

 

Fig. 3 (a) uniaxial-isotropic MMs (b) toroidal MMs 
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Abstract-The microlens projection lithography method could be effective to fabricating Infrared 

resonating structure, which have sub-one micron size patterns. To control the structure size, we 

fabricate microlens array using UV nanoimprint method and microlens mold master is fabricated 

using isotropic etching of silicon. With this method, a few hundreds of nanometer resolution 

element with microns pitched periodic array patterns are easily achieved. 

 

To control the optical properties, Fabrication of phonic composite structures on substrate is the most 

challenging approach and significant potential for industrial development and life quality. Especially Infrared 

(IR) range emission control is a key for significant development of defense, sensing and thermal management. 

The excitation of electron in metallic nanostructure produce a local surface plasmon resonance with incident 

electromagnetic wave and resonance with electromagnetic wave is highly dependent not only on material 

properties but also metallic structure size and geometry. [1, 2] Therefore, fabrication techniques of precise size 

control and uniformity on large area are important.  

For fabricating IR range resonating structure, sub-one micron size patterns are required, but conventional 

photolithography, using 400 nm UV light, has a resolution limitation about 1 μm. Therefore nanoimprint 

technique and E-beam lithography techniques have been commonly used. However these methods have 

problems to apply large area such as mater contamination, expensive cost and long time. [3, 4] In this paper, we 

demonstrate microlens projection lithography method, which make possible to fabricate sub-one micron patterns 

using 400 nm UV light without problems described above. Microlens array effectively focusing incident UV 

light and it could be able to fabricate a few hundreds of nanometer size patters.  

Figure 1 a) shows Microlens projection lithography system configuration which have discriminations with 

photolithography are microlens array locate on photoresist (PR) coated substrate and diffused UV light is 

exposed through centimeter-scale mask. The pitch of repeated patters are identical with microlens pitch and 

patter elements size is controlled with mask pattern size and focal depth. Microlens is fabricate with UV 

nanoimprint method and master mold is fabricate with isotropic etching of silicon using hydrofluoric acid and 

nitric acid mixture. Low stress silicon nitride is effective etch mask for isotropic silicon etchant. [5] The 

curvature of microlens, which determine focal depth, is control with etching time. As controlling PDMS film 

thickness, we can control the distance of microlens to PR coated substrate. After developing patters, IR 

resonating metal structure is fabricate with following deposition or etching process. 

 



 

Figure 1 a) Schematic of microlens projection lithography system configurations, b) and c) are microlens array and 

its curvature controlled with isotropic silicon etching time 
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Abstract-Thin films of amorphous erbium doped alumina of thickness 400-500 nm were fabricated 

on thermally oxidized silicon and fused silica substrates using cosputtering technique and the 

influence of the deposition parameters (substrate temperature, RF power, oxygen pressure) used 

during the growth on their structural and optical characteristics have been studied. The main aim is 

to optimize the deposition parameters so as to obtain the best optical performance of the deposited 

films for applications in optical communication window.  

 

Erbium doped alumina thin films were deposited by simultaneous deposition of alumina and erbia on 1mm 

thermally oxidized silicon wafers and fused silica substrates in a RF magnetron sputtering chamber that was 

evacuated to a base pressure of around 10-4 Pa using a turbomolecular pump. Five consecutive deposition runs 

were carried out; the details of which have shown in Table I below. 

Table I: Deposition parameters and thickness of the thin films deposited in different consecutive runs: 

 Sample Code Substrate 

Temperature (
o
C) 

O2 pressure (sccm)  RF power 

(Er2O3) 

Thickness (nm) 

#1 RT 10 20 527.81 

#2 450 10 20 441.23 

#3 RT 20 20 378.50 

#4 450 20 25 314.55 

#5 RT 10 25 551.25 

 

The refractive index of erbium doped alumina coatings at a wavelength of 1.54 m was measured to be 1.60 

when deposited at room temperature, this value increased to 1.70 for another sample that was deposited at a 

substrate temperature of 450oC. This value of refractive index is much higher than that reported in literature. 

Musa et.al. reported the refractive index of 1.64 at the wavelength of 1.54 m for the erbium doped alumina thin 

films deposited by reactive cosputtering [1]. Figure 1 (a) show the variation in refractive index with photon 

wavelength for both the samples and it is clear from the figure that refractive index increases significantly with 

an increase in substrate temperature and this increase is due to the enhancement in the packing density of the 

deposited films at high substrate temperature. In contrast, Worhoff et.al. found a decrease in the refractive index 



with an increase in substrate temperature and this is due to complete oxidation of aluminum, that act as their 

target instead of alumina in our case (RF power fixed to 100 W for all runs), at elevated temperatures [2]. 

Moreover higher oxygen pressure inside the chamber results in lower refractive index (Figure 1b) and this 

decrease is due to the decrease in the mean free path of the deposited species due to increase in collision between 

them.  

     

(a)                                              (b) 

Figure 1: Variation of refractive index with photon wavelength for films deposited at (a) different substrate 

temperatures and (b) at different oxygen pressures. 

 

Erbium concentration, as measured by XPS, was found to increase from 0.26 at% to 0.38 at% with an increase in 

RF power from 20 W to 25 W to erbia target. It is known from literature that erbium concentration near 1 x 1020 

cm-3 (0.1 at %) - 3 x 1020 cm-3 (0.3 at %) are useful for amplification at 1.5 m [3]. RMS roughness of the films, 

as measured by AFM, increased from 0.512 for the films deposited at RT to 2.409 for the films deposited at 

substrate temperature of 450oC. Still this low roughness value at RT indicates that films are quite smooth and 

this smoothness is attributed to T-zone in Thornton model since we had deposited the thin films at comparatively 

low pressure, high power and at RT [4]. This increase in rms roughness with substrate temperature is attributed 

to enhanced grain size as confirmed by SEM (not shown here). Due to increase in grain size, density of 

boundaries that act as the important source of light dissipation, reduced and hence improve the optical response 

of the films.  
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Abstract- Most techniques entail several stages to create multi-layered and result in layers which 

have uneven thickness and morphology. The aim of this study is to develop a double layer scaffold 

for skin tissue engineering through single step process. We have fabricated gelatin bilayer scaffold 

with two kinds of layer using phase separation at certain temperature and concentration. The 

morphology of two layers (a dense layer and macroporous layer) was assessed by scanning electron 

microscopy (SEM) and micro-computed tomography (µ-CT).   

 

 

We fabricated double-layered scaffold through the phenomena of phase separation that the formation of two 

phases, one of which is rich in colloid molecules and the other is poor in them at certain temperature, or 

concentration. In our research, the interaction of two oppositely charged surfactants, sodium dodecyl sulfate 

(SDS) and gelatin as biopolymer have been studied under certain pH and temperature. The addition of SDS as 

anionic surfactant introduced the selective absorption of polymer poor phase, hence the phase separation 

happens. The use of complexation between oppositely charged macro molecules to prepare bilayer system is 

attractive as this is single step phenomena. The fabricated gelatin double-layered scaffold has clearly two distinct 

layer with a porous and dense layer as shown in Fig. 1. It can be seen that the morphology of gelatin 

double-layered scaffolds was visually developed as two distinct layeres which is consisted of a porous layer 

(poor layer) and a dense layer (concentrate layer, or non-porous layer). The pore size in the porous layer was 

around 100-150 µm, which was similar to that of normal sponge. This scaffold which consisted of a porous and 

nonporous layer allow to prevent infection from external bacterial and damage from external stress during 

proliferation of cell in gelatin porous layer. The structures were necessary to the regeneration of skin tissue as 

skin loss.  
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Figure 1 Digital images of the gelatin double-layered scaffolds fabricated using the phenomena of phase separation 
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Abstract The fabrication of Co- and Bi-axial two-turns silver nanospirals (AgNSs) will be presented with multiple 

handedness (left and right handed) uniformly distributing on sapphires. The structure is constituted by one turn AgNS 

and 1/3, 2/3 or 1 turn with another handedness, which the fabrication is achieved by glancing angle deposition. 

Electric circular dichroism (ECD) of chiral plasmonic optical properties is studied in UV-visible range, and high 

amplitude of bisignate ECD signal is found in visible range. Comparing to AgNSs on rigid substrate, the array of one 

turn left-handed AgNSs on flexible substrate (ITO/PET film) demonstrates a similar gigantic ECD, and the different 

variation of ECD are showed after bending forward and backward of the substrate. 
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Abstract-We studied a new way to measure effective optical scattering properties of meta-atoms 
that is based on a special kind of interferometry. The main driver of our research is the need to 
characterize material parameters of single meta-atom structures. The technique is based on a special 
kind of common path interferometry where a particle is passed though a focus point of a confocal 
setup and the on axis intensity response is recorded. We compare measurement and simulations for 
different wavelengths and different nanoparticles including meta-atoms of different variants. 

 
In a focal spot of laser light a phase shift can be observed along the propagation axis. If a nanoparticle 

smaller than the resolution limit of the optics travels through the focal spot it will disturb the phase and a signal 
can be recorded as a function of the nanoparticles position that is highly sensitive on the nanoparticles effective 
optical characteristics. This technique is known as Gouy phase shift interferometry [1]. In this work, the 
interactions of light with single nanoparticles and meta-atoms have been studied. The optical scattering signal 
was recorded using a high resolution interference microscope. The optical setup can be simplified to a set of two 
microscope objectives: one for the illumination and the other for imaging and aligned to be in a confocal 
situation. In order to find coherent explanations, various illumination schemes are implemented and rigorous 
numerical simulations using Mie theory were performed. A typical measurement and simulation of a metallic 
nanoparticle (Au 250 nm) is shown in Figure 1 and shows the different signal for different numerical apertures 
of the illumination in a non-resonant case.  
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From the simulation, the intensity modulation does not present an antisymmetric behavior 
as it was the case for dielectric particles. In this situation, an asymmetry leads to a deeper 
valley of the intensity modulation and a smaller peak intensity. This different behavior 
will be addressed after the measurements with the three wavelengths will have been 
presented. 
 
The results with the plane wave and the NA=0.3 Gaussian beam illuminations show a 
good agreement with the simulation. There is again a small discrepancy and the peak 
intensity is slightly more intense for the measurements but the trend itself is respected. 
 
When the numerical aperture decreases, the peak intensity decreases and ultimately the 
peak vanishes for the NA=0.9 case that demonstrates only a valley. As it has been 
mentioned above, the extinction is much more important for gold than for dielectric 
particles. When one looks at Figure 35(c), it is clear that the gold particle blocks the 
propagation of the tightly focused laser  beam.  The  extinction  efficiency  at  λ  =  642  nm  is  
equal to 3.76, thus the corresponding extinction cross-section diameter for the 250-nm 
gold particle is √3.76 ∙ 250 ≅ 485  𝑛𝑚. This value is close compared to the spot size 
(≈2·W0) given in Table 1 confirming the idea that the beam is completely blocked by the 
particle and that no interference occurs. 
 
In Figure 37, the y-z intensity maps are respectively given for the focused Gaussian beam 
illuminations, the plane wave illumination and the numerical simulation for λ = 532 nm. 
In Figure 38, the corresponding on-axis profiles of the normalized intensities are plotted 
for each situation.  
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Figure 37. Results for a 250-nm  gold  particle  at  λ  =  532 nm. Images (a-c): measurements 
with Gaussian beam illumination, respectively for NA0.3, NA0.5 and NA0.9. Image (d):  
Planewave illumination, image (e): corresponding Mie simulation. The measurements are 
normalized with respect to the background intensity. 

(a) 
 

(b) 
 

(c) 
 

(d) 
 

(e) 
 

 
Figure 1 Results for a 250-nm gold particle at λ = 532 nm. Images (a-c): measurements with Gaussian beam 

illumination, respectively for NA = 0.3, NA = 0.5 and NA = 0.9. Image (d): Planewave illumination, image (e): 
corresponding Mie simulation. The measurements are normalized with respect to the background intensity. 

 



In our experiments we focused on on-axis intensity modulations when the meta-atoms were displaced along 
the optical axis (z-axis). Distinct modulation curves were obtained for dielectric and metallic nanoparticles 
whose properties are known and can be used, to analyze the optical responses of unknown properties of 
meta-atoms. We have chosen two different variants of meta-atoms for our study. One is a core shell like cluster 
meta-atom that consists of a dielectric core and metallic nanoparticles attached to it and sitting on the surface [2]. 
A second system is a mixture of metallic nanoparticles and polymers with modest load of nanoparticles [3]. Gold 
and silver were used as plasmonic entities. The results of the measurement are summarized in Fig. 2  

 
Figure 2 Measured on-axis normalized intensity modulation when a plane wave illumination for different 

meta-atoms. On the left results for a core shell cluster meta-atom with gold nanoparticles are shown. Right: A 
volume cluster of silver nanoparticles is studied. Measurements are performed at different wavelengths. 

 
An antisymmetric profile behavior is found for dielectric particles, assuming no dispersion and no absorption. 

The modulation curve for the case of metallic particle shows a strongly asymmetric form. The phenomenon 
behind it is fundamentally the same and lies in a phase offset between the scattered light and the incident field. 
This phase offset is found to be dependent on the optical properties of the particles, i.e., dielectric constant and 
magnetic permeability. Because this changes for meta-atoms depending on wavelength, the on axis intensity 
curves are sensitive to wavelengths change as can be easily seen in Fig. 2. Additionally, the strength of the 
response give hints on the resonance quality obtained by the meta-atoms morphology. Our presentation will give 
more details on several aspects of our characterization technique and its relationship to meta-atoms properties. 

 
Acknowledgements. This work received financial support from the European Union FP7 framework 

program under grant agreement No. 228455 NANOGOLD. 
 

REFERENCES 
1. J. Hwang and W. E. Moerner, “Interferometry of a single nanoparticle using the gouy phase of a focused 

laser beam,” Opt. Comm. 280, 487-491, 2007 
2. Stefan Mühlig,, Alastair Cunningham, “Self-Assembled Plasmonic CoreShell Clusters with an Isotropic 

Magnetic Dipole Response in the Visible Range” , ACS Nano, 5 (8), 6586–6592, 2011 
3. J. Dintinger, S. Mühlig, C. Rockstuhl, T. Scharf, “A bottom-up approach to fabricate optical metamaterials 

by self-assembled metallic nanoparticles”, Optical Materials Express, 2, 269-278, 2012 



            

3D Optical Metamaterials by Microfluidic Evaporation 

A. Baron1,6, A. Iazzolino2, K. Ehrhardt1, J.-B. Salmon2, A. Aradian1, V. Kravets3, A. N. Grigorenko3, J. 

Leng2, A. Le Beulze4, M. Treguer-Delapierre4, M. A. Correa-Duarte5 and P. Barois1 
1University of Bordeaux, CRPP, UPR8641, F-33600, Pessac, France 

2CNRS, University of Bordeaux, RHODIA, LOF, UMR5258, F-33600, Pessac, France 
3University of Manchester, School of Phys. and Astro., Manchester, United Kingdom 

4CNRS, ICMCB, UPR9048, F-33600, Pessac, France 
5Departamento de Quimica Fisica, Universidad de Vigo, 36310, Vigo, Spain 

6present address: Center for Metamaterials and Integrated Plasmonics, Duke University, Durham, NC 27708 
*corresponding author: alexandre.baron@duke.edu 

 

Abstract- We present homogeneous optical metamaterials assembled via a microfluidic 

evaporation technique which enables a high degree of bulkiness with a depth-to-particle-size ratio 

that exceeds 600, thus surpassing state-of-the-art realizations by one order of magnitude.  

 

Introduction 

Metamaterials present an excellent opportunity to build devices with specific and peculiar properties since 

they enable design at the sub-wavelength scale, by carefully arranging individual nanoresonators, as well as the 

macroscopic scale, by organizing the individual resonators into layers and subsequently stacking those layers. 

For optical metamaterials (OMMs) to qualify as homogeneous optical materials two important conditions have 

to be met [1]. The wavelength-to-particle-size ratio (/a), which characterizes homogeneity and the 

depth-to-particle-size-ratio (h/a), which characterizes bulkiness should be as large as possible and may be 

considered as two important figures of merit (FOM) which need to be optimized.  

Bottom-up fabrication, which combines chemical synthesis and self-assembly, offers an interesting 

alternative to build bulk OMMs, compared to top-down fabrication platforms. We present bulk OMMs 

assembled by a very recent microfluidic evaporation scheme [2] which improves the bulkiness FOM by one 

order of magnitude compared to state-of-the-art realizations, reaching h/a > 600. Moreover, the homogeneity 

FOM achieved with our best assembled material is /a  40. An important feature of our fabrication technique is 

that the resulting OMMs are conveniently contained in microfluidic channels that are typically 10 m deep, 100 

m wide and have a length of several millimiters. As a result, they are very easy to characterize optically, using 

spectroscopic ellipsometry. 

 

Synthesis, fabrication and characterization 

We synthesize four types of nanoparticles: silver nanocubes (Ag-CU), Ag@SiO2 core-shells (Ag-CS), gold 

nanospheres (Au-SP) and gold core-shells (Au-CS). Figure 1(a,b) shows images of the silver nanocubes and 

silver core-shell particles. The nanoparticles are assembled using a microfluidic evaporation scheme in which, 

we fabricate a rectangular channel using standard soft lithography. The channel is put in contact with a 

semi-permeable membrane. The solvent we use (water) evaporates across the membrane while the nanoparticles 

are trapped. As a result, they accumulate in the microchannel and form a dense state of nanoparticles which 

feeds the solid with more nanoparticles. The assembly is randomly close-packed. Figure 1(c,d) shows typical 

pictures of the assembled MMs. 



We characterize the samples using variable angle spectroscopic ellipsometry, which measures the 

ellipsometric quantity  = rTM/rTE, where rTM and rTE are the complex reflection coefficients for TM and TE 

polarizations respectively. For our situation, which is that of homogeneous bulk and semi-infinite MMs, 

measurement of () enables a direct and unambiguous retrieval of the complex index of refraction N = n+ik. 

Our measurements may be regarded as a direct measurement of n() and k(). Figure 1(e,f) typically compares 

the experimental data of n() and k() with fitted spectroscopic models that contain Lorentz oscillators which 

describe the surface plasmon dispersion. The silver nanocube and gold nanosphere samples both exhibit high 

refractive indices, with decreasing absorption above 650 nm, whereas the core-shell nanoparticle samples reach 

refractive indices of n  1.6, with very low absorption (n  0.02). Detailed descriptions of the optical properties 

of each type of nanoparticle will be given. 

 

Figure 1. Images of the nanoparticles and bulk optical metamaterials. TEM images of the individual nanoresonators: (a) Ag cubes, (b) 

Ag@SiO2 core-shells (© Nanocomposix). (c), (d): typical SEM images of the assembled MMs. (e), (f): typical graphs of the measured 

optical properties. 

 

Conclusion 

We foresee that the combination of microfluidic self-assembly with spectroscopic ellipsometry will 

considerably reduce the complexity in the experimental study of bulk OMMs, notably in the quest for optical 

magnetism, leaving nanochemical synthesis and nanoparticle design at the heart of the study of bulk OMMs. 
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Abstract- We will present new approaches for large-scale, lithography-free fabrication of metamaterials 
based on aligned plasmonic nanorod arrays. We discuss how to achieve a designer optical properties 
throughout visible and near-infrared spectral ranges. The capabilities of these metamaterials in chemical 
sensing and for magneto-optical applications will be considered. These metamaterials open up new 
possibilities for a practical implementation of variety of photonic applications, including at 
telecommunication wavelengths.  

 
Plasmonic metamaterials based on arrays of aligned metallic nanorods can be designed to exhibit elliptic or 

hyperbolic dispersion and tuneable epsilon-near-zero wavelength [1]. They display extremely high sensitivity to 
the surrounding refractive index, and have already been employed as ultrasensitive bio-, ultrasound and 
hydrogen sensors as well as for engineering the enhanced nonlinear optical response [2-8]. These metamaterials 
can be synthesized lithography-free combining electrochemical and self-organisation approaches. Single 
single-metal, segmented or core-shell nanorod geometries can be realised incorporating various functionalities. 
These may include Pd for hydrogen gas sensing, polymers with nonlinear optical properties or magneto-optical 
materials.  

In this talk, we will discuss new approaches for large-scale fabrication of nanorod metamaterials with a 
designed optical properties throughout visible and near-infrared spectral ranges and their chemical sensing 
capabilities and magneto-optical properties. These metamaterials open up new possibilities for a practical 
implementation of variety of photonic applications, including at telecommunication wavelengths. 
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Abstract-We report a new class of locally resonant ultrasonic metafluids consisting of a 

concentrated suspension of macroporous microbeads engineered using soft matter techniques. 

  

Many applications call for the full control of acoustic wave propagation and require the synthesis of new 

smart and responsive materials. Potential uses are numerous and include wave guides, cloaks, filters, 

attenuators, hyper-lenses with sub-wavelength resolutions etc... It was recently proven that many new 

propagation properties could be attained by using the "locally resonant" approach to build up 

metamaterials
1,2

. This consists in the design and fabrication of materials containing large collections of 

resonators. These are small entities with typical sizes (~ 100 µm in our case) much smaller than the incident 

wavelength (~ 1-10 mm). Their main characteristic is to resonate with the incoming acoustic wave at a 

specific frequency value 0 that depends on both the size and physical properties of the inclusions. At 

sufficiently large proportion in the host material, the presence of acoustic resonators can provide unusual 

properties such as negative acoustic parameters
3
. Recently, it has been shown that Mie resonances 

(monopolar and dipolar) of “ultra-slow” soft inclusions lead to negative-acoustic-index metamaterials
4
. Such 

an unusual property originates from the high sound-speed contrast between the inclusions and the 

surrounding matrix
5
. In that case, the resonance occurs when the wavelength of the sound wave propagating 

within the inclusions is comparable to their size. The Mie resonance frequency scales as the inverse of the 

inclusion sizes with an intensity that depends on the magnitude of the sound-speed contrast. Thus, inclusions 

with very low sound-speed values around 100 m/s would lead to a very intense scattering power when 

suspended in surrounding dense (either solid or liquid) matrices, which present sound speed around typically 

1000 m/s. The longitudinal sound speed cL in any material reads: 

    
        

 
          

where K and G are the bulk and shear elastic moduli, respectively, and ρ is the mass density. Low values of 

cL thus imply low values of the elastic moduli K and G and a non-zero mass density ρ. Porous media are 

known to possess very low sound speeds
6
 because they contain a large proportion of gas (providing low 

values of elastic moduli or high compressibility) and are constituted of a dense skeleton with a non-zero 

mass density. For example, porous media such as aerogels are well known to have very low sound speeds
7
. 

Liquid foams also present sound speed as low as 40 m/s depending on the mean bubble radius as recently 

reported
8
. In the light of their highly porous structure, polymer foams are other possible candidates. Soft 



polymers as silicone rubbers can be made porous by using the polyHipes (for polymerizable High Internal 

Phase Emulsions) approach that consists in templating holes in the material using inverted water-in-oil 

emulsions
9-10

. In this talk, we will show that such silicone polymers can indeed be made porous using this 

approach and that their insertion as porous beads in a water-based fluid matrix leads to the appearance of a 

large frequency range over which the materials phase velocity, and consequently also the refractive index 

become negative (Figure 1).  

 

 

Figure 1 : 

Evolution of the phase velocity (A) and the refractive index (B) as a function of frequency and for three different 

volume fraction of acoustic resonators: green:  = 0.2 %; red: = 15 %; black:  = 20 % 

 

ACKNOWLEDGMENTS 

This work was partially funded by the Agence Nationale de la Recherche under the grant Metakoustik 2011- 

BS0902101 and the U.S. Air Force European Office of Aerospace Research and Development under Grant No. 

FA8655-12-1-2067. This work was performed within the framework of the Labex AMADEUS 

ANR-10-LABEX-0042-AMADEUS with the help of the French state Initiative d ’ Excellence IdEx 

ANR-10-IDEX-003-02. 

 

 

REFERENCES 

1. Liu, Z.; Zhang, X.; Mao, Y.; Zhu, Y. Y.; Yang, Z.; Chan, C.T.; Sheng, P. Locally Resonant Sonic 

Materials. Science 2000, 289, 1734-1736. 

2. Krowne, C.M.; Zong, Y. Physics of Negative Refraction and Negative Index Materials; Springer, 

Berlin, 2007. 

3. Brunet, T.; Leng, J.; Mondain-Monval, O. Soft Acoustic Metamaterials. Science 2013, 342, 323-324. 

4. Brunet, T.; Merlin, A.; Mascaro B.; Zimny K.; Leng, J.; Poncelet, O.; Aristegui, C.; Mondain-Monval 

O. Soft 3D Acoustic Metamaterials with Negative Index. Nature Materials 2015, to appear. 

5. Li, L.; Chan, C.T. Double Negative Acoustic Metamaterial. Phys. Rev. E 2004, 70, 055602. 



            

6. Allard, J.-F. Propagation of sound in porous media; Springer, Netherlands, 1993. 

7. Hrubesh, L.W. Aerogels Applications. Journal of Non-Crystalline Solids 1998, 225, 335-342. 

8. Ben Salem, I.; Guillermic, R.M.; Sample, C.; Leroy, V.; Saint-Jalmes, A.; Dollet, B. Propagation of 

Ultrasound in Aqueous Foams: Bubble Size Dependence and Resonance Effects. Soft Matter 2013, 9, 

1194-1202. 

9. Barby, D.; Haq, Z. Low Density Porous Cross-Linked Polymeric Materials and their Preparation and 

Use as Carriers for Included Liquids. European patent EP060138, 1982. 

10. Williams, J.M. Toroidal Microstructures from Water-in-Oil Emulsions. Langmuir 1988, 4, 44-49.  



            

Polarization – Selective Optical Darkness 

in Metamaterials built from Nano-Bismuth 

 

J. Toudert
1,*

 and R. Serna
1
 

1
 Laser Processing Group, Instituto de Óptica – CSIC, Madrid, Spain 

*corresponding author: johann.toudert@gmail.com 

 

Abstract- We extend the concept of polarization – selective optical darkness to metamaterials based on 

bismuth nanostructures (nano-Bi). It will be shown that in nano-Bi based metamaterials, this 

phenomenon can be achieved due to the near UV – visible polaritonic resonances permitted by the near 

IR interband transitions of Bi. 

 

1. Introduction. Polarization - selective optical darkness has been evidenced recently in metamaterials based on 

noble metal (Ag and Au) nanostructures and linked to their plasmonic resonances. It has been demonstrated that 

the parallel-polarized reflectance Rp of the metamaterial cancels for specific values of the photon energy and 

angle of incidence [1,2]. This has an important effect in ellipsometry measurements, since upon cancelation of 

Rp, the intensity – related ellipsometric angle (also cancels and an abrupt jump is observed for the phase – 

related ellipsometric angle (in the photon energy space. The  value in the vicinity of the jump varies strongly 

upon very small changes in the plasmonic response of the metal nanostructures, such as those induced by the 

presence, in their local environment, of molecules or gases. It has been shown that optical sensing schemes based 

on the measurement of phase signal variations in the metamaterials response can greatly profit from this 

phenomenon [1,3]. Indeed, enhanced accuracy and lower detection thresholds have been reported compared to 

conventional detection schemes (transmittance or reflectance measurement of environment-induced plasmon 

resonance shifts). Although reported so far in metamaterials based on noble metal nanostructures, polarization – 

selective optical darkness is a general phenomenon that can be found for a broad range of metamaterials 

provided their effective properties fulfil minimum specific constraints [1]. Therefore, the correlation of 

polarization - selective optical darkness with spectral resonances has no reason to be restricted to plasmon 

resonances in noble metals. Plasmonic effects have been reported also for transition metals, alkaline metals, and 

doped semi-conductors among others [4]. Furthermore, plasmonic-like resonances have been evidenced in the 

case of nano-Bi [5]. In this work we show how the observed resonances in nano-Bi can be exploited to design 

metamaterial structures that evidence polarization - selective optical darkness. 

 

2. Results and discussion. Figure 1 shows the typical effective dielectric function of a medium consisting of 

nano-bismuth embedded in a dielectric matrix (amorphous aluminium oxide, a-Al2O3), showing a resonance 

centered at a photon energy E ~ 3.6 eV. This plasmonic – like resonance has a polaritonic origin due to the near 

IR interband transitions of Bi [6]. The dielectric function of the matrix is also shown for reference. Figure 2a and 

2b show the corresponding spectra of the ellipsometric angles and of a thin film (100 nm thick) with the 

previous effective dielectric function on a silicon substrate, at the angle of incidence of 70.1º. The ellipsometric 

spectra of a pure dielectric a-Al2O3 film with the same thickness are also shown. The dielectric film shows 

smooth spectra. In contrast, for the nanocomposite film, the excitation of the Bi-related polaritonic resonance 



drastically alters the  and  spectra in the near UV and visible spectral regions. This alteration induces the 

cancelation of  at the photon energy E ~ 3.6 eV, and a large correlated jump in the  values of about 175º. As 

seen in figure 2c, these effects are indeed linked with the cancelation of Rp at E ~ 3.6 eV while Rs remains high.  

 

    

Figure 1: Red lines: Real and imaginary part (1 and 2) of the Maxwell-Garnett effective dielectric function of a medium consisting of 

spherical Bi nanoparticles (volume fraction 6%) embedded in an a-Al2O3 matrix. Black lines: Dielectric function of the a-Al2O3 matrix. 

Figure 2: Spectra of the ellipsometric angles  (2a),  (2b) at an angle of incidence of 70.1º for a 100 nm thin film on a silicon substrate. 

Red lines: nano-Bi based film; Black lines: a-Al2O3 film. The corresponding dielectric functions are those shown in figure 1. (c) Rp and Rs 

reflectance spectra at 70.1º of the nano-Bi based thin film on a silicon substrate. 

 

3. Conclusion. The concept of polarization – selective optical darkness, reported so far in plasmonic 

metamaterials, can be extended to non-plasmonic media, such as metamaterials based on nano-Bi. We model the 

response of a nano-Bi based metamaterial layer that shows a jump in the  value as large as 175º. This opens the 

way to the design of metamaterials based on building blocks with specific spectral response that can provide a 

strong environmental sensitivity based on optical phase measurements. 
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Abstract- In this presentation, we describe the study of thin films of self-assembled ordered 

nanocomposites of polymers and gold nanoparticles. The spectral variation of their anisotropic 

effective dielectric permittivity is determined by variable-angle spectroscopic ellipsometry using 

appropriate effective medium models, as a function of the nature, density and spatial organization 

of the gold nanoparticles. 

 

1. Introduction 

A recent interest has focused on uniaxial anisotropic metamaterials presenting a strongly anisotropic or even 

hyperbolic
1,2

 dispersion relation in the visible or infra-red wavelength range. Their fabrication usually relies on 

metal deposition within top-down produced uniaxial nanostructures, either lamellar or cylindrical, and their 

permittivity tensor is usually inferred as that given by basic effective medium models, regardless of possible 

structural irregularities. Moreover, the spectral tenability of the material effective properties is limited by the 

wavelength-dependence of the metal domains response, generally Drude-like. On the other hand, 

nanocomposites based on metal nanoparticles embedded in a dielectric host, can present strongly anisotropic 

structure, and spectrally selective optical anisotropy due to the spectral tunability of the plasmon resonance. Here, 

we describe the preparation and study of thin films of self-assembled nanocomposites of polymers and gold 

nanoparticles prepared by wet chemistry. We study the structure of the composites, and in particular the nature, 

density and spatial organization of the gold nanoparticles, and relate it with their anisotropic effective dielectric 

permittivity.  

 

2. Anisotropic nanocomposites 

The anisotropic nanocomposites are produced by the assembly of plasmonic nanoparticles templated by 

ordered matrices of diblock copolymers. Diblock copolymers are macromolecules made of two molecular chains 

of distinct chemical nature linked together, and present solid state spontaneous organizations with long-range 

order and tunable characteristic sizes between 20 and 140 nm. In particular, alternating lamellar structures are 

used here to spatially organize plasmonic nanoparticles in nanocomposite films of thickness between 200 and 

600nm on silicon wafers. The structure of the nanocomposite films is studied by X-ray scattering and 



transmission electron microscopy. They consist in periodic lamellar stacks of alternating layers of pure polymer 

(dielectric) and layers of composite of polymer loaded with a high density of 6-10 nm gold nanoparticles (see 

Figure 1). The layers have a thickness of 20 nm.  

 

3. Optical study 

The optical properties of the films are determined by variable angle spectroscopic ellipsometry and analyzed 

by appropriately developed effective medium models. When the gold load is high enough, the composite layers 

present a metallic nature (ε < 0) in a wavelength range close to the localized surface plasmon resonance of the 

gold nanoparticles, which can be accounted for by effective medium models derived from Maxwell-Garnett and 

modified in order to include couplings between disordered nanoresonators. The analysis of the optical properties 

of the lamellar nanocomposite films shows the existence of a strong anisotropy of the dielectric permittivity, 

varying with the wavelength. This property is studied with variable gold fraction, and the possible application 

towards hyperbolic materials is discussed. 

 

Figure 1: Scanning electron micrograph (side view) of a 

uniaxial lamellar nanocomposite thin film. The lower-most and 

upper-most black domains of the micrograph stand for the 

substrate and the air, respectively. White domains are the 

polymer/gold nanoparticle composite layers. Bar = 200nm. 
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Abstract- We present template synthesis of gold nanoparticles (AuNPs) using cage molecules and 

also the directed assembly of AuNPs by cage molecules. Shape persistent cage molecules with 

internal functional groups serve as effective template for highly monodispersed AuNP synthesis. 

Cage molecules further functionalized on the outside are then used to direct the assembly of AuNPs 

into predetermined geometry. Cage-AuNP complex offers an excellent platform for programmable 

self-assembly. 

 

Artificial structured materials such as photonic crystal and metamaterial hold high promise of providing a 

path to by-design optical materials with engineered optical properties. One of the major roadblocks for practical 

applications is the lack of efficient fabrication technology, which is also one of the grand challenges in 

nanotechnology in general. In this paper, we report a new self-assembly approach based on 3D shape-persistent 

cage molecules. Well-defined, rigid, 3D purely organic cage-like molecules have attracted great research 

attention due to their unique shape-persistency, structure-tunability, and chemical and thermal stability. Recent 

progress in the development of dynamic covalent chemistry (DCC) enables the highly efficient synthesis of cage 

compounds in a modular fashion. The modular construction of cage molecules provides the design flexibility 

required to control the nanoparticle assembly process. Also, the shape-persistent nature of the molecules leads to 

highly stable and robust structures.  

We designed trigonal prismatic cage COP-1 with internal cavity size of 1.8-2.1 nm, the interior of which is 

functionalized with three thioether groups as nucleation site for Au nanoparticles (AuNPs). Additionally, cage 

COP-2 with the same cavity size but lack of thioether anchoring groups was synthesized as a control 

compound.1 We used a two-phase liquid-liquid approach with tetraoctylammonium bromide (TOAB) as a phase-

transfer reagent, to prepare cage-encapsulated AuNPs. UV-Vis absorption spectrum of the solution before and 

after reduction is shown in Figure 1(A).  Upon the addition of the cage molecule to the Au3+ solution, the 

absorption of COP-1 appeared as a shoulder band in the region around 275-381 nm, and the intensity of the peak 

at 380 nm was decreased (AuCl4@COP-1, green line, Figure 1A). The disappearance of the 250 nm band and 

the emergence of featureless broad tail extending up to 700 nm after the reduction indicates the complete 

reduction of AuCl4
- to zerovalent Au and the formation of gold nanoparticles with diameter less than 2 nm. 

Despite their small size, we did not observe any signs of aggregation even after several weeks in solution, 

supporting the notion that nanoparticles reside inside the cage cavity. The particle diameter and size distribution 

were analyzed based on the TEM images, which showed the formation of well-dispersed Au NPs with the 

average diameters of 1.4 nm (Figure 1A).  For comparison’s sake, we conducted control experiments using 

COP-2 which lacks thioether groups. As expected, upon reduction with NaBH4, we observed the immediate and 



            

complete precipitation of aggregated AuNPs under the similar conditions (Figure 1A). To further support the 

successful template synthesis, we used computational simulation to model the interaction between COP-1 and 

Au NPs of different radii using Amber 11.0 molecular dynamics simulation package. The simulations showed 

that the energy reaches the minimum at a radius between 7.63 and 8.65 Å. This is in very close agreement with 

the 1.4 ± 0.4 nm average diameter we observed experimentally through the TEM characterization. To the best of 

our knowledge, this is the first example of in situ Au NP growth in a confined organic molecular environment. 

  
(A)       (B) 

Figure 1.  (A) TEM micrographs (scale bar 20 nm) of AuNP@COP-1 complex (a) and AuNP@COP-2 complex (b); UV-Vis 

absorption spectra of gold complexes in CH2Cl2 (c); the size distribution of AuNP@COP-1 complex (d).   

(B) TEM image showing the presence of a) monomer b) dimer c) trimer d) tetramer. 

Having demonstrated the template synthesis of AuNPs within the cavity of a rigid organic cage molecule, we 

then installed the directing groups (reactive sites) on the exterior of the cage compound.  In this way, covalent 

cross-linking between molecular cages would then lead to the ordered assembly of encapsulated AuNPs.  As 

proof-of-concept, we designed and synthesized cage molecule containing two exterior TMS protected terminal 

acetylene groups that are known to go through oxidative acetylene coupling once the TMS groups are removed. 

After formation and purification of cage, excess TBAF (100eq.) was added in order to remove the TMS 

protecting groups and expose the terminal hydrogen for further chemical linking.  

Using a fresh batch of deprotected cage, the AuNPs were first grown within the cage cavity and then the 

cages were subsequently chemically linked using a mild oxidative acetylene coupling protocol with CuCl and 

TMEDA for 10 min. TEM data showed higher order cage-AuNP structures up to four cages long (Figure 1B).  

Based on a population count of around 500 particles the distribution was 66% monomer, 28% dimer, 6% trimer, 

and <1% tetramer.  The absence of oligomers longer than four units is most likely due to solubility issues of 

having multiple cages linked together while at the same time binding AuNPs. Currently we are exploring 

different synthetic strategies to increase the solubility of the 1D AuNP polymers as well as incorporating new 

synthetic strategies for achieving 2D nanostructures. These results will be presented at the conference. 
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Abstract- Specificity of Watson-Crick base-pair interactions allows for unprecedented control of 

both spatial and temporal distribution of matter. This control is in the heart of the research field of 

DNA Nanotechnology, which uses DNA as a construction rather than genetic material. With the 

invention of the DNA origami technique in 2006 DNA Nanotechnology has reached a new level of 

sophistication. DNA can now be used to arrange molecules and other nanoscale components, e.g., 

protein and nanoparticles, with nanometer precision into almost arbitrary geometries. Moreover, 

dynamic DNA Nanotechnology allows for making such assemblies reconfigurable and dynamically 

controlled in time. Here we demonstrate how DNA nanotechnology can be used for self-assembly 

of plasmonic nanostructures with chemically or light regulated optical response.  

 

DNA origami technique
1
 provides a powerful platform for the precise, sequence-programmable assembly of 

metal nanoparticles into complex three-dimensional architectures with nanometer scale accuracy. This is very 

challenging with other state of the art nanofabrication techniques. 

In this talk, I will first introduce our work on 3D plasmonic nanostructures. DNA origami structures are used 

as templates for assembly of complex plasmonic structures with optical response arising from a precise three 

dimensional arrangement of interacting nanoparticles
2
.  

Next, I will present our recent work on 3D reconfigurable plasmonic nanostructures. In this case, DNA does 

not only serve as construction material to organize plasmonic nanoparticles in 3D (Fig. 1a) but also is used as 

fuel for driving the plasmonic structures to distinct conformational states (Fig. 1b). Simultaneously, the 3D 

plasmonic structures work as optical reporters, which transduce their conformational changes in situ into circular 

dichroism changes in the visible wavelength range (Fig.1c).  

Finally, I will show how our approach can be extended for realization of self-assembled plasmonic systems 

in which spatial configurations, and hence, associated optical response can be controlled optically
4
.  

We anticipate that the unprecedented level of spatial and temporal control offered by DNA Nanotechnology 

will advance the development of novel nanomaterials for plasmonics with possible application in active 

plasmonics and biosensing.  

 

 

 

 



Figure 1. Reconfigurable 3D plasmonic nanostructures. a, Schematic diagram. Two gold nanorods (AuNRs) are hosted on a 

switchable DNA origami template consisting of two connected bundles, which subtends a tunable angle. The relative angle 

between the AuNRs and therefore the handedness of the 3D chiral nanostructure can be actively controlled by two DNA 

locks, which are extended from the sides of the DNA origami template. Specifically designed DNA strands work as fuel to 

drive the plasmonic nanostructure to desired states with distinct 3D conformations by altering the relative angle between the 

two DNA bundles and hence the AuNRs. Unreactive waste is produced during a cycle. b, Switching mechanism. The four 

arms of the two DNA locks are labeled “a”, “b”, “c”, and “d”. Through toehold-mediated strand displacement reactions, the 

plasmonic nanostructure can be driven to either the left- or right-handed state by adding removal strands R1 or R2 and back 

to its relaxed state by adding return strands �̅�1 or �̅�2. c, Cycling the 3D plasmonic structures between three states. The CD 

signal was monitored over time at a fixed wavelength of 725 nm. 
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Abstract- We report an overview of linear and nonlinear optical properties of eutectics 

ZnO/ZnWo4 and ZnWO4. Filtering properties and polarization dependent properties, with together 

nonlinear optical in the visible region are presented and  

 

Zinc tungstate (ZnWO4) has been known for its advantageous photoluminiscent properties as well as high chemical stability 

and low price, and it is a promising material for various applications including scintillators, microwave devices, fiber optical 

communications, NO2 sensors etc. However, its nonlinear optical properties have not been so much investigated, therefore 

in this work we experimentally investigate the second order nonlinear optical response from the ZnWO4 samples obtained 

by means of eutectics [1] and study the related effects that arise. 

In our experiment, we use a set-up similar to the one used in [2]: a pulsed Ti:Sapphire laser with 130 fs pulse duration, 

wavelength of 800 nm and repetition rate of 1 kHz is used as a light source. The polarization of the fundamental beam at the 

laser’s output is in p state and it can be tuned by means of rotating a half-wave plate at 800 nm. In order to suppress the 

SHG signal generated from the half-wave plate, a long pass filter is placed after the plate. We examine two kinds of ZnWO4 

– annealed and not annealed one, with ~500 µm thickness and ~1.5 mm radius. The sample is placed on a rotational stage 

which enables tuning of the angle of incidence α. The light coming out of the sample is then filtered by a shortpass filter and 

set to p or s state by a polarization analyzer before the detector. With this set-up we measure the intensity of s or p SHG 

signal at the output as a function of the input polarization or α, and evaluate the corresponding  conversion efficiency. 

  Spectral measurements done with Hamamatsu Spectral Analyzer show that there is a sharp, strong peak at λ~400 nm (i.e. 

SHG), much stronger for the annealed sample as well as a strong supercontinuum generation. For the s output, there is a 

strong SHG signal at a normal incidence only for the p while for the p output the α dependence is negligible. 

Properties, linear and nonlinear of eutectics ZnO/ZnWO4 are also presented and discussed.  

 

 

REFERENCES 

1 D. A. Pawlak et al, Advanced Functional Materials 20, 1116-1124 (2010).   

2 A. Belardini, A. Benedetti, M. Centini, G. Leahu, F. Mura, S. Sennato, C. Sibilia, V. Robbiano, M. C. Giordano, C. Martella, D. Comoretto, F. Buatier 

de Mongeot, “Second Harmonic Generation Circular Dichroism from Self-Ordered Hybrid Plasmonic-Photonic Nanosurfaces,” Adv. Opt. Mat. 2(3): 

208-213 (2014). 

3 C.J.Spengler, S. O’Hara, “Zinc Tungstate – Some Optical Properties,” App. Optics Vol. 3, No. 9 (1964). 

 

 

 



            

Invited Paper: Building multiscale optical metamaterials  

from non-conventional active and switchable nanoscale elements  

 

J. Toudert
1,*

 , J. Martín Sánchez
1,2

 and R. Serna
1
 

1
 Laser Processing Group, Instituto de Óptica – CSIC, Madrid, Spain 

2
Institute of Semiconductor and Solid State Physics, Johannes Kepler University Linz, Austria 

*corresponding author: johann.toudert@gmail.com 

 

Abstract- We demonstrate the bottom–up engineering of active semiconductor/rare earth-ion 

nano-hybrids and switchable polaritonic/plasmonic nano-bismuth structures. We show that these 

non-conventional nanoscale elements can be assembled into multiscale optical metamaterial 

architectures for integrated nanophotonic solutions with lighting, light modulation and ultra-sensitive 

environmental sensing functionalities. 

 

The interaction of near UV, visible and near IR light with matter involves several phenomena that typically take 

place in structures of different sizes: optical absorption and emission by point defects or confined nanostructures, 

nanoscale Dexter of Förster energy transfer, plasmonic or polaritonic modes in nanostructures, photonic modes 

in sub-microscale structures. Coupling these different phenomena is the key to achieve integrated photonic 

components suitable for a deliberate control in the manipulation of light in small dimensions. A powerful, but 

yet to be explored, way for developing such components consists in building optical metamaterials from suitably 

chosen tailor-made nanoscale elements that can be used as building blocks and organized from the nano- to the 

microscale to form multiscale structures. The optical response of these nanoscale elements should be sensitive to 

external excitations, as required for light modulation or environmental sensing. In this context, we report the 

bottom-up fabrication of non-conventional nanoscale elements for multiscale optical metamaterials, beyond 

noble metals, semi-conductors and common dielectrics. We will discuss two specific examples. First we will 

demonstrate the nanoscale engineering of nano-hybrid light emitters that combine the spectrally - tunable light 

harvesting properties of semiconductor nanostructures and the color purity of rare earth - ion light emission. 

[1,2] It will be shown how these active nano-hybrid elements can be designed to allow all-optical modulation of 

the emitted light intensity. [2] Second, we will explore the switchability potential of tailor-made 

polaritonic/plasmonic nano-bismuth structures, for the spectrally – selective modulation of light. [3-5] Finally, 

we will review and analyze strategies for the development of advanced integrated lighting, light modulation and 

ultra-sensitive sensing solutions, by multiscale assembling of these nanoscale elements.  
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Abstract-A plasmonic sensor comprised of a two-dimensional array of closely spaced silver 
nanoparticles was fabricated by the bottom-up self-assembly method.  The array exhibited a sharp 
resonance originating from the plasmon coupling between individual nanoparticles.  The position 
of the resonance was sensitive to changes of the dielectric function in the environment.  The 
sharpness of the resonance together with the differential measuring scheme enabled a highly 
sensitive refractive index sensor.  Record sensitivities were achieved.   

 
Irradiation of Ag NPs with light results in the excitation of plasmon resonances.  Plasmon resonances can 

‘enhance’ many optical phenomena such as Raman scattering fluorescence, infrared absorption, second 
harmonic generation, and Rayleigh scattering via a strong evanescent field associated with the oscillating 
electrons.  Ag NPs can undergo coherent plasmon coupling when assembled into 2D arrays leading to a sharp 
cooperative resonance with FWHM of 10-15 nm1 (Fig.1).  The assembly is 
characterized by the coherent oscillations of the electron density in the 
neighboring particles. The strongest coupling, as evident from the sharpest 
resonance, occurs at the optimum interparticle distance that depends upon the 
particle size and dielectric environment2,3.  The position of the resonance is 
sensitive to small changes in the dielectric environment in the space between the 
particles and to the presence of different species on the particle surface thereby 
providing opportunity for sensing applications. The extreme sharpness of the 
resonance enables highly sensitive differential measurements4. A coupled 2D 
array of Ag NPs was simultaneously irradiated with two closely spaced 
wavelengths selected in such way that they probe the resonance on both sides 
from the peak. When the resonance shifts to either red or blue side, the extinction 
at one wavelength increases whereas the extinction at the other wavelength 

decreases.  The sharper the resonance the larger the 
differential signal is and more sensitive measurements can 
be performed. The instrument consisted of a 
monochromator, in which the exit slit was replaced with two 
small apertures permitting two wavelengths spaced 10 nm 
apart.  The stirring optics crosses the two beams at the 
coupled 2D array followed by their separation into the two 
detectors.  Typical data is presented in Fig. 2, in which the 
signal change is shown with the injection of a model 
compound that changes the dielectric environment.  As the 
local dielectric function was increased stepwise, the signal 
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Figure 1 Coherent plasmon 
coupling (blue) and the same 
Ag NPs in the water (black).

Figure 2   Differential signal as a function of the 
injection of a model compound.  Vertical lines 
correspond to the noise spikes due to the injection.  



increased linearly.  The signal-to-noise ratio in the range of hundreds was obtained in only 10 seconds of the 
data collection with the integration time of 300 milliseconds.  The detection limit under these conditions was 
estimated to be in the range of 1E-05 refractive index units. 

Sensors based on plasmon resonances in nanoparticles have an important advantage as compared to 
traditional sensors that use plasmon resonances in thin metal films (SPR) in that the former exhibit a larger 
degree of the EM field localization resulting in higher sensitivities to events occurring close to the surface while 
remaining largely insensitive to changes in the bulk solution such as temperature fluctuation, a common problem 
of SPR sensors.  In addition, the described sensor was fabricated using a bottom-up approach via the 
self-assembly of the Ag NPs from aqueous solutions whereas the traditional SPR sensors use vacuum deposition 
of metal, commonly gold films.  To further emphasize the cost effectiveness of the current approach, 25,000 
sensors can be fabricated from one batch of Ag NPs that is typically synthesized in a laboratory in one day. The 
high sensitivity and reproducibility, cost effectiveness and simplicity of the fabrication method and measuring 
instrumentation makes the descried sensor a viable alternative to traditional SPR sensors.      
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Over the past decades, the rapid evolution in micro- and nanofabrication has lead to a 
true nanotechnological revolution that changed our everyday life. This fast progress is 
made possible by the development of various lithography techniques that were driven, 
in particular, by the strong demand of scaling down the integrated circuits. While 
current superior chip-based fabrication is at few-nanometers scale, its applicability 
beyond the context of advanced electronics, for example, in functionalizing the soft, 
polymeric or organic materials or materials with large natural roughness, is hindered 
by the essential need of a well-defined flat substrate as a support to produce 
sophisticated nano- and microfabricated architectures. Here we will establish the 
method for seamless transfer of principally any lithographic top-down or bottom-up 
pattern of potentially high complexity from a parent flat substrate onto essentially any 
kind of surface. We will demonstrate how nano- or microscale patterns, occupying 
macroscopic surface areas, can be transferred with extremely high conformity onto a 
large variety of surfaces when such patterns are produced on thin carbon film, 
residing on a sacrificial layer. The latter allows lifting the patterns from the flat parent 
substrate onto a water-air interface to be picked up later by the host surface of choice. 
We illustrate the power of this technique by functionalizing commercial and research-
grade glass, polymers, plastic, paper or polycrystalline silicon to show its applicability 
in a vast number of areas of research and technology, spanning from applications in 
anti-counterfeit labeling, photovoltaics and advanced nano-optics to biomedical 
technology. 
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Abstract- We fabricated the nanostructured film which is composed of self-aggregated nanowires.  

Since the film has high transmission haze and transparency, it was applied to organic photovoltaic 

device for controlling the direction of light propagation in the active layer.  Overall efficiency of 

the device with the haze film was improved by 5% compared to the bare device.  We also 

fabricated the perfect absorbers by depositing Au on self-aggregated nanowires.  The perfect 

absorbers exhibit a reflectivity of 1% over a visible range.   

 

Light management strategies are important for improving the optical properties of various optoelectronic 

devices and systems.  Especially, lossless or transparent dielectric nanostructures, which do not have parasitic 

absorption loss, are beneficial to solar light harvesting applications, since they do not degrade the electrical 

properties of devices [1].  On the other hand, fabrication of large-area nanostructures with inexpensive way is 

essential and critical for commercialization.  In this study, we developed the transparent large-area 

nanostructured films with ultrahigh optical haze using self-aggregated nanowires. 

 

Figure 1. (a) Total and Diffuse transmittance spectra measured by spectrophotometer with integrating sphere. 

(b) J-V characteristics of the organic solar cell with and without the haze film.  

 

Figure 1a represents the measured transmittance spectra of the fabricated haze film.  The films showed 

ultrahigh optical transmission haze which is defined as the ratio of total and diffuse transmittance [2].  By 

attaching the haze films on the front side of the PTB7:PC70BM organic solar cell, the overall efficiency of the cell 

was increased by about 5% (Figure 1b).  The haze film with nanostructures changed the propagation direction 

of incident light, hence prolonged the effective optical path length and enhanced the light absorption in the active 



layer of the cell.  The cost-effective fabrication method over large area will provide a great potential for 

developing the commercializable high-performance photovoltaic devices.   

Plasmonic absorbers have developed to enhance the performance of optical devices especially for 

photovoltaic and thermophotovoltaic devices.  The plasmonic absorbers have low reflection and high 

absorption, but they are usually polarization-dependent and narrowband.  Convex metal nano-grooves [3] and 

trapezoidal nano-grating arrays [4] were applied to solve those disadvantages, but precise fabrication and large 

cost are required.  Self-aggregated nanowires have various nanosize gaps and are not arranged structure.  

Consequently, the perfect absorber fabricated with self-aggregated nanowires is broadband, 

polarization-independent.    

 

Figure 2. Reflectance spectrum of perfect absorber by Au deposited self-aggregated nanowires. 

 

The perfect absorber absorbed the most of incident light by plasmonic effect. It showed low reflectivity of 

1% in a visible spectral range between 400nm to 800nm (Figure 2). The suggested perfect absorber is very 

promising to photovoltaic applications because of its superior light absorption capability and cost effective 

fabrication process. 
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Abstract-Metallodielectric composites are very interesting from the point of view of metamaterials 

and plasmonics. For the fabrication of self-organized metallodielectric micro/nanostructures, one 

particularly promising approach is based on the directional solidification of eutectics. Here we 

demonstrate a bulk three-dimensional nanoplasmonic eutectic composite which was obtained by 

bottom-up approach. This material exhibits localized surface plasmon resonance (LSPR) at visible 

wavelengths. 

 

Materials with negative dielectric permittivities (e.g. metals) at frequencies below their plasma 

frequency have caused the rapid development of a new research area: plasmonics [1],[2]. It is based 

on the utilization of the specific electromagnetic effects related to surface plasmons –(collective 

electron oscillations at a metal–dielectric interface), such as localized surface plasmon resonances 

(LSPRs) in small particles and the corresponding enhanced local electromagnetic fields . These 

effects enable the enhancement of materials optical properties such as optical absorption, 

photoluminescence or optical nonlinearity. Nowadays, the fabrication of bulk three-dimensional 

materials presenting such enhanced optical response is a very hot topic of research. 

Bottom-up manufacturing methods, like self-organization and chemical methods are powerful 

for obtaining materials with controlled plasmonic properties and metamaterials [3],[4] [5], [6]. One 

particularly promising approach relies on the growth of self-organized metallodielectric micro- and 

nanostructures by directional solidification of eutectics. A eutectic is characterized by the formation 

of two un-mixable crystals from a completely mixable melt. It presents the unusual characteristic of 

being at the same time a monolith and a multiphase material. Eutectic materials are very promising 

in the case of plasmonics due to their versatile properties,. It is specially the case for metal-oxide 

eutectics, the potential of which remains unexplored so far.  

In the current work, the manufacturing and optical properties of metallodielectric eutectic-based 

materials in a self-organization process are discussed. A metal-oxide eutectic has been obtained and 

characterized. The eutectic was directionally solidified by the micro-pulling down method. This 

metallodielectric eutectic exhibits LSPR at ~ 590 nm wavelength [7]. We demonstrate the 

introduction of rare-earth ions to this eutectic material, thus opening the path to important active 

optical properties, like photoluminescence or up-conversion processes which could be used for 

efficiency enhancement of in silicon-based solar cells. 
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Abstract - We have synthesized gyroidal TiN metamaterials, studied their optical properties, and 

compared them with the optical properties of the TiN thin films. The plasma frequency, ωp, and the 

corresponding free carrier concentration, N, in the gyroid samples were found to be much lower than those 

in thin films. This makes the studied TiN gyroid a poor plasmonic material. Nevertheless, TiN gyroidal 

samples have demonstrated bright rainbow pattern in the optical microscopy reflectance, attributed to 

different orientations of the gyroid domains. 

 

The growing interest in metamaterials and plasmonics can be attributed to many unparalleled applications and 

properties that they enable [1]. However, traditional plasmonic metals, such as gold and silver, suffer from large 

losses at optical frequencies, which can be detrimental to their applicability in realistic devices. Recently, a wide 

variety of alternative plasmonic materials have been suggested and titanium nitride (TiN) has proven to be the 

most promising one [2]. In addition to optical properties that resemble gold, TiN has a high melting point 

(>2900 °C) [3], is chemically stable, and CMOS- compatible [3]. These attributes make TiN a promising 

material for visible and near infrared plasmonic applications.   

In recent years, metallic gyroid metamaterials – 3D self-assembled structures have gained a lot of attention 

[4], as they have been predicted to show a range of interesting optical properties, including negative index of 

refraction in the visible and near infrared spectral ranges [4]. In this work, we have attempted to combine the 

potential advantages of TiN and gyroid materials, studied their optical properties, and compared them with those 

of planar TiN thin films [5].  

The reflection and transmission spectra of the fabricated samples (in the 2460 nm - 200 nm range), were 

measured using the spectrophotometer equipped with the integrating sphere. These spectra were similar to those 

of gyroidal samples made of Au nanoparticles [6]. The transmission spectra (T~ 0.01%) were dominated by 

stray light and not used in the further analysis. The spectra of dielectric permittivity were obtained by fitting the 

experimental reflectance spectra with Drude model. The corresponding values of the plasma frequency, p, and 

the damping rate, D, are summarized in Table 1. 

Subsequently, the optical properties of TiN thin films grown on sapphire and glass substrates were studied 

and compared to those of TiN gyroids. The reflectance and transmittance spectra of thin films were measured 

and further used to obtain the spectra of dielectric permittivity by fitting with Drude model. The corresponding 

Drude parameters were summarized in Table 1. The resultant spectra of dielectric permittivity of TiN thin films 

were in a good agreement with those using the ellipsometry technique that validates the experimental procedure 

used in the study. The determined plasma frequencies were used to estimate the free carrier densities N (using 



the electron effective mass reported in Ref. [6]). We have shown that the free carrier density in thin films, 

~2.4x1022 cm-3, approximately corresponded to one electron per one TiN formula unit, as expected of this 

material [7]. In gyroidal samples, ωp and N were significantly smaller than those in TiN thin films, indicating 

poor plasmonic response in the visible part of the spectrum. Comparison of the Drude model parameters for the 

TiN gyroids and thin films shows that the plasma frequency, p, in gyroid structures is smaller than that in thin 

films, indicative of a smaller free carrier density, while the damping rate, D, is larger, Table 1. The calculated 

plasma frequency and the known effective electron mass, m*, in TiN [7] were used to estimate the free carrier 

density. 

 

 

Gyroidal TiN samples appeared to a naked eye as black and shiny. Remarkably, under reflection mode of the 

optical microscope they showed 100 μm domains of bright rainbow colors, see Fig. 1(a). Therefore, we 

collected reflectance spectra from different spots on the sample (Fig. 1(b)). Similar color spots were observed in 

Au nanoparticle gyroids that have been attributed to different orientations of the gyroid domains [6].  
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Table I. Drude model parameters and free carrier density of TiN gyroidal structures and 

thin films 

Samples studied Drude model parameters and free 

carrier density 

 p, rad/s D, s-1 N, cm-3 

TiN gyroidal, 436 μm (plasma treated surface) 5.8x1015 6.6x1015 1.2x1022 

TiN gyroidal, 98 μm (plasma treated surface) 6.3x1015 6.5x1015 1.4x1022 

TiN gyroidal, 279 μm (no surface treatment) 5.4x1015 8.5x1015 9.9x1021 

TiN 50 nm film on glass 8.5x1015 1.7x1015 2.5x1022 

TiN 66.7 nm film on sapphire 1.2x1016 8.1x1014 5.1x1022 

 

 

Fig. 1. (a) Optical microscopy image of the TiN gyroidal 

samples illuminated with unpolarized light. 

 
   (b) Unpolarized reflection spectra collected from different 

 local spots on the sample’s surface. 

(a) 

(b) 
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Abstract-We employ compositionally disordered photonic crystal (PC), a photonic analogy to 

semiconductor alloy, as a platform to explore photonic behaviors in disordered photonic systems. A 

series of two-dimensional hexagonal lattice PCs are fabricated using an InGaAsP 

multiple-quantum-well slab; compositional disorder is introduced by randomly incorporating the 

air-holes of different sizes at regular lattice sites. Emission spectra and wavelength-tuned near-field 

scanning optical microscope images provide clear evidence that localized photonic modes can 

develop within the disordered structure. 

 

 

Disordered or random photonic systems have been an attracting research area since they often produce 

totally new physical properties and application possibilities, such as Anderson localization1 and random lasers2. 

In particular, Anderson localization is a spatial confinement of physical waves as a result of multiple-scatterings 

in disordered systems. In this study, we have directly observed strong localization of photons in two-dimensional 

(2D) photonic crystal (PC) structure by introducing compositional disorder for which the relative compositional 

ratio of constituent atoms varies while the translational symmetry of crystalline structure is conserved.  

A compositionally disordered system was designed and fabricated by arranging air-holes of four different 

kinds of radii across the hexagonal lattice 2D PCs at various configurations and ratios3. Disorder patterns were 

generated using electron-beam lithography and then transferred to InGaAsP multiple-quantum-well slab via 

reactive ion etching. As a way of identifying Anderson-localized modes in this system, we measured the 

emission spectra of the fabricated PC devices using a micro-photoluminescence setup. At relatively large 

degrees of disorder, weak but well-defined emission peaks newly popped out from the spectral region that 

corresponds to the forbidden photonic bandgap of the non-disordered reference PC structure. Subsequently, we 

confirmed this photon mode to be a spatially localized one by comparing the spatial modal pattern of the mode 

with the topographical image of the PC structure, both measured using a wavelength-tuned near-field scanning 

optical microscope. Finite-difference time-domain simulations also reproduced the experimental outcome 

reasonably well. Some of the localized modes exhibited sharp emission linewidths and clear thresholds, 

indicating that the localized modes led to lasing action. 

 

 

 



 

Figure 1. SEM photos taken from the compositionally disordered 2D PCs with different degrees of disorder. 

 

 

 

Figure 2. FDTD-simulated resonant mode profiles within the disordered PCs. 
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Abstract- We demonstrate the feasibility of directionally solidified eutectics as templates to 
fabricate metal-dielectric arrangements with periodicity and building units in the micron scale. As a 
proof of concept, we have built optically thick holey metallic layers where the holes are filled with 
polaritonic LiF. Their optical properties are investigated in the whole IR range. 

 
Directionally solidified ceramic eutectics are two or more phase composites, in which these crystalline 

phases grow aligned along the solidification direction. Simultaneously, the phase arrangement perpendicular to 
the solidification direction can be very regular, periodic (alternate lamellae or a triangular ordering of fibers). 
The size, interspacing and spatial distribution of the constituent phases result from kinetic and thermodynamic 
processes occurring at solidification, and can be tailored externally (pulling rate, thermal gradients, etc…). They 
are known for many decades. Their superior mechanical properties, chemical and thermal stability took the 
attention of scientist and technologist initially. Some studies to take advantage of their microstructure combined 
with particular functional properties of the constituents have also been performed. [1] 

True eutectic systems where one component has metallic character and the other insulating are scarce. 
Therefore, metal-insulator structures have been obtained based on directionally solidified mixtures using 
thermochemical reduction of eutectics after solidification [2], or using mixtures that might not be true eutectics 
but that allow some degree of microstructure control at the solidification step [3]. Another approach, which is the 
one that we will take in this work, is to use the dielectric-dielectric eutectic as a template to achieve an ordered, 
metal-dielectric with controlled micron-scale microstructure over large (cm2) areas. 

We have chosen low entropy of melting eutectics (for long range ordered arrangements), where one phase 
(NaCl or KCl) can be easily etched away after growth. This results in a large area, very regular micropillared 
surface, with LiF pillars that will be chosen here between 2 and 10 microns high. Afterwards, using different 
metal deposition procedures, lift-off and polishing steps, a number of metal-dielectric arrangements is obtained. 

In figure 1 a, we show a SEM micrograph of an Au layer (around 200 nm thick) perforated by LiF 
micropillars that have the top surface also covered by Au, while the lateral surface of the LiF micropillars is not 
covered. This is achieved using vertical Au evaporation. Figure 1b shows the case where Au from the top of the 
LiF pillars has been removed by a lift-off procedure. When the metal coating was multidirectional, the lateral 
walls of the LiF pillars appeared also covered with an optically thick Au metallic layer. Finally, deposition of a 
much thicker metallic layer (around 3 m Al in the example shown in figure 1c), followed by polishing can 



expose a flat metal-dielectric surface. For the structure to be optically transparent in the FIR range, we have 
transferred it to a flexible, LDPE FIR transparent support, and dissolved further the remaining NaCl. A detail of 
the resulting layer is shown in figure 1c. The 3 m thick Al layer is enough to hold on site the 25 m tall LiF 
pillars. Around 1 cm2 surface has been obtained with this very simple procedure. The flexible substrate would 
even allow bending the structure and eventually fix it on curved surfaces. 

Optical characterization of the different structures has been done in the NIR to FIR range. In particular, the 
structure shown in figure 1d shows a transmission peak at around 40 m, mediated by propagating modes inside 
the LiF-filled metallic hole, supported by FDTD (Finite Difference Time Domain) simulations. These 
calculations also demonstrate that the transmittance is enhanced when the LiF filling the holes protrude outside 
the metallic layer. This resonant LiF cylinders harvest light that is guided through the propagating modes inside 
the metallic holes.  

 

     
Figure 1: SEM micrographs of LiF micropillared surfaces metallized with: (a) a 200 nm thick Au layer at the 
bottom surface and on top of the pillars; (b) the Au later only at the bottom; (c) thick (around 3mm) Al layer 
perforated by LiF micropillars around 25 m high (an area separated from the LDPE substrate is shown). 
 

We have given here examples of achieved microstructures, together with their optical characterization which 
is supported by FDTD simulations and that demonstrate the feasibility of the procedures. More asymmetric 
arrangements can be prepared by appropriately tilting the substrate and using directional deposition of the metal. 
Or one could change the materials (eutectic substrate or deposited layer) to fit other wavelength ranges. 
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Plasmonics are crucial to the advancement of both electronic processing and optical 

computation. As showcased in a review and prospectus by Shalaev and Brongersma, These two 

areas are approaching the plasmonic regime from different fronts. The essential technologies are 

beginning to emerge from the rapid progress of basic research efforts in this area. On top of this, 

the use of plasmonics in exploration of quantum information, microscopy, sensing and nonlinear 

optics is rapidly expanding thanks in part to a decade long effort to explore plasmonic materials 

and devices focused on metamaterials. Fundamental challenges in understanding and 

implementation still loom in the arena of nanoscale optics, materials for plasmonics and the 

fabrication and design of device structures to achieve the desired effect. Limitations in materials 

properties must rank at the top of the list for researchers in plasmonics. Recent results by the 

group of Boltasseva have shown that alternatives exist to the dominant regime of gold plasmonic 

structures in the near IR or silver in the visible. Others have proposed the use of graphene in 

plasmonic systems for high localization. Standard materials have useful properties in some 

spectral regions, but a palette of materials response is required to enable real technological 

advances. Furthermore, significant limitations for application in nonlinear optics are present in 

noble metal plasmonic structures due to their stability under optical and thermal load and their 

properties in other, equally interesting and potentially more useful, spectral regions. In this 

presentation we develop a connection between the properties of plasmonic materials and 

opportunities for their use in challenging environments. We explore the novel materials and 

hybrid structures made with lithographic and self-directed assembly processes as nanostructures 

for planar optics and nonlinear plasmonic devices. A deeper understanding of materials and 

fabrication limitations, the development of strategies to overcome them will enable plasmonics 

to advance into new technology areas and build on its potential for novel applications. 
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Abstract- Metallodielectric materials with plasmonic resonances at optical and infrared 

wavelengths are attracting interest, due to their potential novel applications in photonics, 

plasmonics and photovoltaics. Here, we present experimental realisations of volumetric 

nanocomposites simultaneously co-doped with silver nanoparticles and with erbium ions or CdTe 

quantum dots. With the addition of silver nanoparticles an increase of photoluminescence of erbium 

ions and CdTe quantum dots has been observed.  

 

Enhancement of photoluminescence (PL) from rare earth ions (RE) is a subject of investigations for many 

possible applications. Glasses doped with RE such as: Er3+, Yb3+, Eu3+, Tb3+, Pr3+, Nd3+, Sm3+, Dy3+ 

thanks to the photoluminescence phenomenon can be applied in many optical applications i.e. lasers, sensors, 

displays and other applications like photovoltaics and in telecommunication industry. However, there are some 

difficulties to achieve strong PL because of quenching effect for higher doping levels of RE and also their small 

absorption cross-sections. One of the method to obtain better PL is doping of RE simultaneously with plasmonic 

particles. On the other hand semiconducting nanoparticles called quantum dots (QDs) show unique optical and 

electronic properties, including size-tunable light emission, simultaneous excitation of multiple fluorescence 

colors at the same wavelength, high signal brightness and long-term photostability.  

In this work phosphate glass was doped simultaneously with silver nanoparticles (NPs) and erbium ions / 

CdTe QDs. The materials were fabricated by fast, low-cost, bottom-up technique - NanoParticle Direct Doping 

(NPDD) [1]. This method is based on the direct doping of dielectric matrices with plasmonic nanoparticles and 

other chemical species and enables the fabrication of volumetric three-dimensional materials through a 

non-chemical process (Fig. 1). 

In materials doped with erbium ions/ CdTe QDs and silver NPs we observed, relative to the materials 

without silver NPs, a seven-fold increase of the 1534-nm Er3+ and ten-fold increase of the 510-nm CdTe QDs 

photoluminescence at room temperature.  

Our approach may enable rapid and cost-efficient manufacturing of bulk nanoplasmonic composites for 

practical applications like a down-converters for increasing of solar cell energy-conversion efficiency.  

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Glass rod doped by NPDD with 0,15 wt. % Ag (20 nm, spherical) nanoparticles obtained by NPDD method. 
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Abstract- Forthcoming information and communication technologies demand the manipulation of 

not only electrons but also optical fields at the nanoscale. A promising solution for an active control 

of light in such small regions is the excitation and manipulation of graphene plasmons, which offer 

ultra-short wavelengths, long lifetimes, strong field confinement, and tuning possibilities by 

electrical gating. The huge momentum mismatch between graphene plasmons and photons, 

however, presents a major technological challenge [1]. Here, I will present a versatile platform 

technology that, based on resonant optical antenna structures (Fig. 1), allows for an efficient 

coupling of incoming light into propagating graphene plasmons. More importantly, I will show that 

these antennas and the use of spatial conductivity patterns (e.g. double layer graphene patches) also 

allow for controlling the graphene plasmons wavefronts [2], constituting an essential step for the 

development of graphene plasmonic circuits. 

 

  

      

Figure- Experimental verification of an antenna-based graphene plasmon device. (A) Illustration of the near-field imaging method. An 

illuminating plane wave with electric field Ein drives an antenna resonance in a metal nanorod. The subsequently generated near fields at 

the rod extremities launch plasmons in the graphene sheet, which covers the substrate. A dielectric Si tip scans the sample surface and 

scatters the local near fields at the sample surface. (B) Topography image of an off- and on-resonance dipole antenna (left and right, 

respectively). (C,D) Experimental near-field images, showing the real part of the vertical near-field component of the antenna shown in B. 
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Abstract. While the fundamental understanding of plasmonics and metamaterials has substantially 
progressed in the last decade, production of interesting functional structures often is limited to 
expensive top-down approaches. This contribution will describe how block copolymer 
self-assembly compatible with solution processing and low-overhead manufacturing can be 
employed to get to such structures in a bottom-up approach. To that end recent advances will be 
reviewed on photonic behavior of architectures derived from block copolymers and their 
co-assembly with inorganic constituents. 

 
Block copolymer self-assembly is one of the hallmarks of soft condensed matter physics as the phase 

behavior of blocked macromolecules with two distinct blocks (and more) is relatively well understood. 
Periodically ordered mesostructures typically observed in the condensed state include cubic micellar, hexagonal 
cylindrical, lamellar, and co-continuous gyroidal cubic. The phase separation lengthscale is proportional to the 
length of the macromolecules and typically ranges between 10 nm and 100 nm. While this is typically too small 
for photonic crystal structures, it is on the right length scale for metamaterials. Besides purely organic materials, 
in the past two decades the community has evolved to structuring various inorganic materials with the help of 
block copolymer self-assembly including oxides, non-oxides, metals, as well as semiconductors. This provides a 
tremendously rich toolbox for the application to plasmonic and metamaterials structures. In contrast to often 
employed time-consuming and uneconomical top-down approaches, block copolymer self-assembly based 
photonic nanomaterials formation is compatible with solution processing and roll-to-roll technology, i.e. is fast 
and inexpensive. This presentation will review progress in this area over the last couple of years with emphasis 
on the work of the Wiesner research group at Cornell University and collaborators.  
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Abstract- Various bi-isotropic and bi-anisotropic chiral designs, both passive and optically 

controllable, are presented, and their capabilities for THz polarization control are discussed.   

 

In this talk we discuss our recent studies on THz chiral metamaterials and the potential that they show for 

active and passive THz polarization control. Different metamaterial designs are discussed, showing giant optical 

activity, large circular dichroism and negative refractive index for circularly polarized waves. The structures are 

planar, of unit cell composed of a pair of electromagnetically coupled conductors (see Fig. 1) and they have been 

fabricated by optical lithography on flexible polyimide substrates. 

 

 

Fig. 1. Schematic of the unit cell of the chiral metamaterials under consideration: (a) two relatively rotated layers of four 

U-SRRs, (b) and (c) two relatively rotated layers of Z-type crosses with φ = 90° and φ = 60°, respectively, (d) two relatively 

rotated layers of cross-wires and (e) design based on two relatively rotated squares. Yellow color indicates the metal and 

light grey the polyimide host material.  

 

Incorporating properly photoconducting silicon in the investigated metamaterial structures, optically tunable 

and switchable chiral response is achieved and demonstrated, allowing the metamaterials to be employed for 

active THz polarization control. 

Besides the pure bi-isotropic chiral structures, more anisotropic structures are also discussed, showing, 

among others, one-way properties, such as asymmetric transmission and asymmetric perfect absorption.  
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Abstract 

Nanoscale integration of materials in three dimensions is critical for the realization of a number of highly functional optical 

metamaterials. Creating these structures can be difficult over large scales. By starting with structures enabled via eutectic 

solidification, our team is applying unique template-based and post-synthetic materials transformations to produce novel 3D 

microstructures derived from directionally solidified eutectics. Three main eutectic systems have been investigated: molten 

salts, metals, and organics. The 3D template induced confinement has been shown to change the native simple lamellar 

microstructure of the AgCl-KCl eutectic into a complex microstructure, thus demonstrating how a template can be used to 

drive the emergence of new microstructures. The metallic systems have inherently interesting optical properties and the 

possibility of smooth interfaces through directional solidification. The organic systems are being used to study the 

fundamentals of faceting during directional solidification.  
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Abstract-The self-assembly of the supramolecule-stabilized gold nanoparticles under controlled 

temperature and humidity conditions proposed herein, paves the way for a new methodology to 

prepare reusable plasmonic supercrystals in both aqueous and organic solutions, with potential 

applications in nanoparticle imprinting and sensing. 

 

The optical properties of metal nanoparticles are dominated by the so-called surface plasmon resonance, 

which arises from coupling of the oscillating electric field of an electromagnetic radiation and conduction 

electrons. For a few noble metals (gold, silver, copper) such coupling takes place at visible frequencies, which 

provides colloidal dispersions of such nanoparticles with bright colors. The precise position of the plasmon 

absorption band depends not only on the nature of the metal, but also on other parameters such as particle size 

and shape or the dielectric properties of the environment.
1
 

One area where plasmonic nanoparticles are used to build macroscopic devices is in plasmonics because 

they can be synthesized with tailored optical properties and assembled into optoelectronic devices to manipulate 

the transfer of light on the nanoscale.
2
 Thus, the assembly strategy applied to metal nanoparticle building blocks 

is a potential starting point for the amplification of the individual plasmonic properties and/or the generation of 

new characteristics unique to the ensemble. Substantial well deserved progress has been made in the fabrication 

of ordered metal nanocrystal assemblies on surfaces, as their nanoscale organization can be manipulated to 

produce a diverse range of topologies with interesting optical and electrical properties. 

In this presentation, recent results will be presented on the self-assembly of gold nanoparticles (AuNPs) 

through the formation of 2D and 3D superlattices of AuNPs (Figure 1), with a tuning of the localized surface 

plasmon resonances.
3
 We will show herein that the self-assembly strategy of AuNPs can be controlled by using 

supramolecular interactions both in aqueous solution and organic solvents.
4
 The use of thiol-functionalized 

amphiphilic molecules and supramolecular nanocapsules to stabilize AuNPs induces the spontaneous formation 

of supramolecules, which provides large and homogenous supercrystals with hexagonal close packing of 

nanoparticles. Once formed, the self-assembled supercrystals can be fully redispersed upon addition of solvent. 

Additionally, the temperature-controlled reversibility of the self-assembly process may offer excellent reusable 

materials to prepare AuNPs inks and optical sensors with the potential to be recovered after use. 

 

 



 

 

Figures 1: Transmission electron micrograph of AuNPs that are self-assembled by supramolecular 

interactions, showing a hexagonally packed bilayer of nanocrystals and the corresponding FFT of the image 

(inset). 
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Abstract 

Our paper mainly focuses on the control of light scattering 
by periodic or randomly rough structures. First designed 
with bi-periodical structures, antireflective surfaces can be 
achieved with random patterns. We present some new 
structures with periodic or random patterns, which have 
been designed by rigorous numerical methods (FDTD) or 
analytical methods. We show that random interfaces offer 
new degrees of freedom and possibilities by the control of 
their statistical properties. 
 

1. Introduction 

Controlling the scattered light is crucial in many areas of 
science and technology. The first intention was to control 
lighting. Stealth applications are not so far from this, 
modifying the perception of an object by controlling its 
scattering properties. Artificial materials with nano-scale 
modulation of the surface can exercise such control and 
have opened new possibilities for light manipulation. 
Optical surface structuring shows great interest for 
antireflective or scattering properties. Random surfaces, by 
the control of their statistical properties offer an opportunity 
to modify the scattering with a limited laser signature. In 
this paper we apply the previous ideas to study distinctive 
designs of metamaterials demonstrating antireflective 
functions in the visible and infrared regions.  
In this paper we present a state of art on surface 
structuration and optical behavior of these surfaces. In the 
next section, we propose distinctive designs of bi-periodical 
metamaterials demonstrating antireflective functions in the 
visible and infrared regions. Through rigorous numerical 
methods, such as Finite Different Time Domain or Rigorous 
Coupled-Wave Analysis, we designed spherically shaped 
structured silicon surfaces that demonstrate an antireflective 
character within the middle infrared region. We present 
numerical results in this section and compare our 
predictions with results obtained with optical measurement 
was performed using a Fourier Transform Infrared 
Spectrometer (FTIR). We have also set a simple and robust 
fabrication process allowing such new kind of structured 
antireflective surfaces to be fabricated. In section 3, we 
study scattering of randomly rough surfaces of 
semiconductor. Random surface structures can be designed 
to distribute the light in different propagation directions. In 

this part of the paper we study very rough surfaces of 
semiconductor as Black Silicon. Black Silicon can be 
created using several processes. Recently, laser processing 
has shown that under some conditions absorption below the 
gap (in energy) can be possible [1]. Black silicon can be 
interesting for several reasons: reducing the reflectivity, 
enhancing photodetector sensitivity or creating low noise 
sensors. We end up this paper with a discussion of the 
results and extracting some conclusions. 
 

2. Periodic nanostructures 

Antireflective surfaces for broad wavelength ranges and 
large incidence angles are useful for many applications: to 
increase the sensitivity of photodetectors, to enhance the 
efficiency of photovoltaic cells, etc. The use of quarter-
wave film or stacks of thin films is limited because of the 
low mechanical durability of such stacks or their short 
wavelength ranges. Efficient antireflective surfaces can be 
fabricated by micro-nanostructuring the substrate surface. In 
this chapter we present examples of bi-periodic 
antireflecting micro-nanostructures working in the visible 
and infrared range. These antireflecting interfaces work 
with typical dimensions smaller than the wavelength. The 
first example is a spherically shaped structured surface 
(Fig.1).  
 

 

 
 
 
Figure 1: Model of the bi-periodic structure. The elementary 
pattern of the structure is composed of spherical volumes. 
The period is 3 µm. [2] 
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We use the Finite-Difference-Time-Domain computation 
method to obtain the spectral reflectance. The structure of 
Fig. 1 is designed to work in mid-infrared domain (3-5µm) 
and especially in the subdomain [3.5µm, 4.5µm] with 
dimensions smaller than the wavelength. 
 
 

 

 
 
Figure 2: Reflectance at normal incidence. The radius of the 
spheres is 0.88µm and the sphere centers are at -0.25µm 
from the surface 
 
The reflectance (Fig.2) remains very low in the spectral 
range [3.5µm, 4.5µm]. Such a structure can be connected 
with the inverse opal, which a photonic-band-gap material. 
We have demonstrated [2] that the reflectance values in s 
and p polarizations remains lower than the percent for 
incidence lower than 15° and lower than 12% for both the 
two polarization states at 45° of incidence. The 
antireflective effect obtained with such a pattern of silicon 
surface is efficient in terms of minimal reflectance, spectral 
and angular acceptance. We defined [2] a process allowing 
such structures (Fig.3) to be fabricated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: SEM image of the realized structure.  
 
The structure silicon surface was obtained after low energy 
plasma reactive ion etching and silica mask removing. 
Optical measurement was performed using a Fourier 
Transform Infrared Spectrometer. In [2] we have compared 
measured and computed reflectances, which are close in the 
spectral range from 3.5µm to 5µm.  
The second example is a black tungsten metafilter for mid 
temperature solar absorber applications (Fig.4). By 

combining the antireflective properties from gradual 
changes in the effective refractive index and cavity coupling 
from cone gratings, and the efficient optical behavior of a 
tungsten film, we have conceived [3] a filter showing very 
broad antireflective (AR) properties from the visible to 
short wavelength infrared region (SWIR: 0.7-1.5 µm) and 
simultaneously a mirror-like behavior in the mid-infrared 
wavelength region (MWIR: 3-5 µm) and long-infrared 
wavelength region (LWIR: 8 to 15 µm). Also, the 
performances of a solar selective absorber are expressed by 
its solar-absorption/infrared-emissivity ratio, namely the 
selectivity; therefore this metafilter is a candidate for mid-
temperature solar heating applications.  
 

 
 
 

 
 
Figure 4: Geometric parameters of a tungsten substrate 
perforated by conical holes (a) and its reflectivity spectrum 
(b) demonstrating an antireflective region due to light 
trapping (A) and resonance phenomena (B), an intermediate 
regime region (C), and a mirror-like behavior region (D) . 
The modeling demonstrates a promising filtering function 
corresponding to our objectives 
 
Electronic lithography may offer a solution for the 
fabrication process of such a metafilter with a high 
resolution going down to the nanoscale. However, the 
patterns can only be etched on very small surfaces areas. 
Nanoimprint lithography has allowed the replication of 
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inverted cone patterns on a large scale in a flexible polymer, 
afterwards coated with a 200 nm tungsten layer (Fig.5). 
This metal film can enhance the reflectivity in the middle 
infrared region without significantly degrading the optical 
behavior from the visible to SWIR. We use a silicon 
truncated cone grating as a mold for structuring a black 
polyvinylidene fluoride (PVDF), a visible absorbent 
polymer. Nanoimprint technology is a fast, cheap, high 
resolution and reproducible elaboration technique, and is 
the most suitable as it directly allows the fabrication of high 
resolution structures (as long as the patterns are larger than 
50 nm) on large areas with few processing steps. 
 
 

 
 
 

 
 
Figure 5: Photograph of the fabricated black tungsten 
flexible metafilter (a) and top (b) views from SEM images 
of the tungsten inverted cone gratings. 
 
The samples were laid on a thick aluminum layer to ensure 
that transmission was null. An integrating sphere integrated 
to a spectrometer permitted us to quantify the total energy 
reflected by our fabricated metafilters. In the visible region, 
the measured reflectivity is less than 10 % and is 
comparable with the calculations (Fig.4). Thereafter, 
discrepancies with the numerical simulations appear around 
λ=1.5 µm (Figure 6 inset part B). This is related to 
deposition problems because the metal cannot be perfectly 
deposited on the walls of the holes. The discrepancies 
between measurement and calculation above 2.5 µm can be 
explained by the fact that the surface is not as wide as a 
planar surface due to an “eggbox” shape (figure 5 b).  

 

 
Figure 6: Reflectivity spectra of the inverted cone grating 
measured with an ATR-equipped spectrometer. The inset 
shows the antireflective band from 0.4 to 2 µm divided into 
two areas with a match (A) and a divergence (B) as 
compared with the simulated optical behavior. 
 
A filtering function with a broad antireflective band is 
demonstrated. In addition to the antireflective properties, a 
broad and strong absorption band is present up to 2 µm, and 
thus selectivity suitable for solar heating applications is 
evident. 
The third example concerns small conical microstructures 
with antireflective properties on a silicon surface. The 
principle objective in this case is to design an antireflective 
grating demonstrating a low reflection coefficient in 
specified spectral bands (the 0.7-2.5 and 3-5 µm regions). 
Therefore 2D periodic silicon gratings have been 
investigated. Previous works theoretically showed that 
silicon flat-top pyramid gratings [4-5] could demonstrate a 
low reflection coefficient in the 3-5 µm region. We have 
demonstrated that a strong reduction of the reflectance is 
possible by a flat part at the top of the periodic pyramid. 
These bi-periodic structures showing an antireflective effect 
can be optimized using the photonic band diagrams of the 
structure [5]. Adding a second periodicity level by 
patterning the top flat pyramid allows theoretically 
extending the antireflective band down to the 0.7-2.5 µm 
region [6]. This concept came from the fact that those 
structures have a constant behavior when a scale factor is 
applied. Two samples were fabricated by plasma etching on 
a silicon surface. However, we fabricated flat-top and 
patterned-topped cone gratings. In Figure 7 we compare 
reflectance of pyramid and cone gratings at normal 
incidence. We used a FTDT method of calculation. The flat-
top cones were fabricated using Deep UV lithography and 
plasma etching processes. A specific etching process was 
developed to control the cone slope with high accuracy 
from 70° to 80° (Fig.8 a). The patterned-topped cones were 
fabricated by e-beam lithography and the same plasma 
etching processes (Fig.8 b). The main advantage of this 
process is that the cones exhibit no spaces and a sharp 
profile at the bottom of the features for both structuration 
levels. 
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Figure 7: Calculated reflectance spectra at normal incidence 
of a flat-top pyramid and a flat-top cone grating with 
P=1µm, T=1.5µm, M=0.375 µm and s=0 µm (a), top view 
of flat-top pyramid and cone gratings and their parameters 
(b). 
 

 
 

Figure 8: SEM picture of flat-topped (a) and patterned-topped (b) 
silicon cones gratings. 

 
We have also designed rough-topped cones (Fig. 9). This 
process can be reproducible and geometrical parameters can 
be controlled with the top cone diameter defined by E-beam 
lithography [7].  Optical performances of the different types 
of gratings were then investigated (Fig. 10) in the visible 
range using an integrating sphere and in the infrared region 
with a Fourier Transform Infrared spectrometer. The flat-
topped cones have been formerly designed to show 
antireflective properties only in the 3–5µm region. The 
measurements clearly demonstrate that the AR properties 
are effectively enhanced by the structuration of the top flat 
(patterned- or rough-topped cones), as for these gratings, 
the average reflectance in the visible range has been 
reduced under the percent. In the visible range, the 
patterned-topped cones create a discontinuity in the 

refractive index profile and the mechanisms reducing the 
reflectance are the same as the one of top-flat cones in the 
IR wavelength range. On the other hand, for rough-topped 
cones, the reflectance in the visible range is decreased 
because the roughness creates an effective medium which 
refractive index is intermediate between silicon and air 
refractive indices.  

 

 
 

Figure 9: Cones with rough tops. Fabrication by E-beam 
lithography and specific plasma etching processes. 

 

 
 

Figure 10: a) Integrating sphere and b) FTIR spectrometry 
measurements. 
 
The FTIR characterizations of the flat-topped cones in the 
middle infrared show that a reflectance less-than-2% has 
been achieved. They confirm that the reflectance is slightly 
degraded by the patterns on the top of the cones. As for the 
flat-topped cones, the rough-topped cones display a less 
than 2% reflectance. This can be explained by the fact that 
the rough surface is somewhat very close to the flat one. 
The mean roughness is estimated to be 30 ±5 nm, which is 
very small when compared to the wavelength. Light 
scattering from this randomly rough surface can be 
calculated by the small-perturbation method (SPM) [8]. 

 

3. Random Nanostructures 

A randomly rough surface is described in terms of statistical 
parameters. We consider there are two parameters which 
define the surface roughness: its deviation from a plane 
reference surface and the variation of these heights along the 
surface. These surface properties are described by statistical 
distributions as surface height distribution functions and 
correlation functions that appear in the theory of wave 
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scattering from randomly rough surfaces. In nanoscale 
roughness region, surfaces with large roughness height and 
small correlation length will have the steepest slopes. The 
control of surface roughness with tuned statistical properties 
is a mean to choose the scattered light distribution [9]. 
Random surfaces offer new degrees of freedom and 
possibilities by the control of their statistical properties. We 
propose [10] an experimental method to create random 
rough surfaces on silicon by laser processing followed by 
etching. A photoresist is spin coated onto a silicon substrate 
and then exposed to the scattering of a modified laser beam. 
The beam modification is performed by using a micro-
mirror matrix allowing laser beam shaping. In Fig.11 we can 
compare two samples, a Gaussian one and a non-Gaussian 
randomly rough surface obtained by our process. In Figure 
12 we show the measured correlation function for the non-
Gaussian sample. 
 

 
 

Figure 11: Height mappings, left a Gaussian surface, right 
the non-Gaussian surface obtained by tuning statistical 
properties. 

 
Figure 12: Bi-dimensional correlation function (u.a.) for the 
non-Gaussian sample. 
 
The anisotropy in the correlation function can be observed 
in Figure 12. The influence of the correlation on the 
scattering diagram is shown by comparing two samples of 
similar roughness but with different correlation functions 
(Fig.13) 
 

   

 
Figure 13: Scattering from photofabricated surface 
measured at 600nm using a gonio-photometer, Gaussian 
correlation and non-Gaussian correlation. 

 
We can notice that the specular peak of the Gaussian 
surface is not present in the scattering diagram of the non-
Gaussian surface. In this last part we study very rough 
surfaces of semiconductor known as Black Silicon. Black 
silicon texture has been produced by techniques including 
laser-chemical, electrochemical, and reactive-ion etching. A 
black silicon surface generally exhibits quasi periodical 
conical structures of height and period of a few microns. In 
some cases irregular nanometer structures on the top of the 
cones make the surface more complex. Black silicon is 
interesting for several reasons: reducing the reflectivity, 
enhancing a photodetector sensitivity or creating low noise 
sensors. Such a surface (Fig.14) has been obtained by 
Mazur et Al. [1] by sending femtosecond UV laser pulses in 
a SF6 gas on a silicon surface. The silicon is also doped at 
high concentration with sulfur. 
 

 
 
Figure 14: Femtosecond laser etched black silicon (Mazur’s 
group) 
 
 

 
 

Figure 15: Silicon nanowires by chemical etching. 
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Chemical processes can create surface texturing to improve 
antireflective layer. We obtained nanowires (Fig.15) by 
silver catalyzed etching [10]. Nanowires height can reach 5 
µm with lateral dimensions close to tenths or hundreds of 
nanometers. Reflectivity (Fig.16) is lower than 4 % for the 
visible part of the spectrum. This process is fast and easy to 
implement for large surfaces.  
 

 
Figure 16: Nanowires reflectivity 
 
Plasma etching based methods (Reactive Ion Etching) are 
widely used in microelectronics. Bosch and cryogenic 
processes are the two main ones which can be used to create 
black silicon. Bosch process is used for deep etching. A first 
etching step is followed by a passivation step. By 
alternating the two steps, the silicon can be deeply etched 
and high structures can be fabricated (Fig.17). This 
technique can be performed at ambient temperature. 
Cryogenic process has the advantage to be a single step 
etching process. Etching and passivation are performed 
during the same process step. However, the wafer must be 
cooled down to -100 degrees. 
 

 

 
Figure 17: Black Silicon, cryogenic plasma process, SEM 

 
Reflectivity of the black silicon sample is measured using 
an integrating sphere coupled with a spectrometer, the value 
is below 2% (Fig.18). The scattering diagram for a white 
light is measured using a gonio-photometer (Fig 18). The 
bidirectional reflection distribution function is calculated 
with a Lambertian reference in the incident plane and in an 
orthogonal plane (Fig.19). The sample has a Lambertian 
behavior with a low reflectivity (lower than10-3 compared 
with a reflectivity of 99% for the Lambertian surface). 
 

 

 
Figure 18: Cryogenic plasma process black silicon 
reflectivity compared with unprocessed silicon 

 
 
Figure 19: Black silicon scattering diagram 
 
We present a fabrication method for Black silicon samples 
which is very close to Bosch Process [10]. Prior to the 
etching the silicon was doped with sulfur by ion 
implantation. The resulting morphology is different is 
different from the black silicon samples previously studied 
(Fig. 20). 
 

 
Figure 20: Damage core/shell structure 
 
A damaged structure (Fig. 20) looks like a core/shell 
structure. Energy Dispersive X-ray spectroscopy confirms 
the presence of silicon oxide. The oxide layer is removed 
with fluorhydric acid. The observed structures (Fig. 21) 
have a conical morphology. We consider three samples: one 
without sulfur implantation, two with a 1014 at.cm2 or a 1016 
at.cm² concentration for optical characterizations. 
The reflectance of the samples is lower than 3% whatever 
the concentration of sulfur (Fig 22). Absorption for visible 
range is shown to be close to 100%.  
 

Unprocessed silicon 

 

Scattering angles (degrees) 
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Figure 21: Plasma etching with sulfur implantation, SEM 
image of deoxidized structures 

 

 
Figure 22: Visible band reflectivity of plasma etched 
samples.  Blue curve: reference (polished silicon). Red 
curve: black silicon, no sulfur implantation. Green curve: 
black silicon, sulfur implantation at 1016 at.cm². Black 
curve: black silicon, sulfur implantation at 1014 at.cm². 
 
Optical properties of the samples were also measured in 
NIR and SWIR bands. The reference is corrected according 
to a Spectralon IR reference. The fiber used to collect light 
from the sphere to the spectrometer does not transmit 
between 1375 nm and 1425 nm. For infrared (above 1000 
nm) the absorption is calculated by subtracting both 
reflection and transmission of the samples. A combined 
effect of doping and structuring is observed in reflection 
(Fig.23). For the considered black silicon samples, 
absorption is present after the gap for both doped and non-
doped samples (Fig.24). The small difference between 
doped and non-doped can be attributed to the process where 
sulfur implantation was performed before structuration. 
Therefore a small residual amount of sulfur can be present 
in the silicon. The antireflective effect can be explained by 
light trapping due to surface structuring. Sulfur can 
introduce intermediate discrete states in the material.  
 
 
 

 
When the sulfur concentration is high enough, the discrete 
states broaden and become a band, allowing absorption of 
less energetic photon. The sample can be annealed to 
strengthen the diffusion of the sulfur into the silicon. We 
have studied the influence of annealing. Reflection and 
absorption of samples implanted with sulfur at 1016 at.cm-2 
with different annealing (from 0 to 1000 degrees) are 
measured. The infrared absorption is not modified by 
annealing. 

 
Figure 23: NIR-SWIR reflectivity of black silicon. Blue 
curve: reference (polished silicon). Red curve: black silicon, 
no sulfur implantation. Green curve: black silicon, sulfur 
implantation at 1016 at.cm². Black curve: black silicon, 
sulfur implantation at 1014 at.cm². 

 

 
Figure 24: Comparison of the spectral absorption of the 
investigated black silicon samples for the NIR-SWIR band. 
Blue curve: reference (polished silicon). Red curve: black 
silicon, no sulfur implantation. Green curve: black silicon, 
sulfur implantation at 1016 at.cm². Black curve: black 
silicon, sulfur implantation at 1014 at.cm². 

4. Conclusions 

Thanks to the nanofabrication technology advances, 
different surface patterns have been fabricated to achieve 
low reflectance over definite spectral bands. It can be cited 
shapes such as wires or cones leading to broad antireflective 
bands at different regimes following the dimensions of the 
structures. Random structuration has demonstrated a strong 
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efficiency due to light scattering and light trapping along 
the rough surface. In the visible domain, reflectance can be 
easily reduced under the percent from random structuration 
of the surface of a silicon wafer. However, the antireflective 
spectral band of randomly rough surfaces cannot easily be 
tuned and the various accurate modeling techniques 
established have not proven yet any rigorous prediction of 
the optical properties such as specular and scattered 
reflectance in the case of very high roughness. 
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Describing the optical properties of crystals requires many material parameters: 15, for a 
general linear dielectric, and 65 if the electric and magnetic properties are coupled. 
Navigating in such a large space in order to reveal the essential optical physics is greatly 
helped by identifying three types of singularity. For a crystal with specified material 
parameters, the singularities inhabit the two-dimensional space of directions of propagating 
monochromatic plane waves. In each direction, two such waves can travel, with different 
refractive indices and polarizations. 

The first singularities are the optical axes: degeneracies, where the two refractive indices 
coincide. For crystals without chirality and absorption, these are double-cone (diabolic) 
intersections of the index surfaces; with absorption, they are branch points. The second 
singularities are C points, where the polarization of one of the two waves is purely circular. 
The third singularities are L lines, on which one of the waves is purely linearly polarized. As 
the material parameters vary, these singularities interact in topologically identifiable ways; 
figure 1 shows an example.     

For slabs of crystal viewed between a polarizer and analyzer, the singularities could be 
identified by distinct interference patterns that they generate. Some of these patterns are new 
and remain to be detected experimentally. Predicting the crystals for which they will occur is 
frustrated by the absence of measured material parameters. 

Even in the simplest case of a transparent biaxial crystal without absorption, rich diffraction 
phenomena occur in a beam after propagation through the material. This is conical refraction, 
identified by Hamilton in 1830, in which the polarization structure can be regarded as the first 
geometric phase.  
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Abstract. Counter-intuitive optomechanical effects using dielectric metasurfaces is reported. It is 

shown experimentally that light-scattering from a dielectric material with subwavelength features 

can lead to the angular analog of so-called negative optical forces. 

 

In the recent years, unconventional optomechanical effects attracted a growing interest that was triggered by the 

concept of so-called negative optical forces, which refers to optical forces that push objects upstream of an 

incident photon flux [1] and whose experimental demonstrations of negative optical forces emerged only 

recently [2,3]. 

Here we extend the latter concept to optical torques, which corresponds to a light field exerting a radiation 

torque on matter, where the direction of the torque is opposite to that of the incident angular momentum. This is 

done by using dielectric metasurfaces, namely glass slabs endowed with nanostructured topological features [4]. 

Such a generalization led us to describe the reported optomechanical effects as being ‘left-handed’ rather than 

‘negative’. Indeed physicists usually refer to a phenomenon as being ‘left handed’ to emphasize its 

counter-intuitive nature and this terminology avoids potential confusion with the sign of the incident angular 

momentum, which can be positive or negative, irrespective of whether it induces expected or counter-intuitive 

mechanical effects. The concept is summarized in Fig.1 where both right-handed and left-handed manifestations 

of the optical torque are illustrated in the case of an arbitrary polarized incident Gaussian beam propagating 

along the z axis. 
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Figure 1. Illustration of intuitive and counter-intuitive mechanical manifestations of an optical torque z exerted 

on matter by an arbitrary polarized Gaussian beam that carries an incident optical angular momentum sz per 

photon along its propagation direction. (a) Right-handed situation. (b) Left-handed situation. 
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Abstract: We theoretically demonstrate a few novel small-footprint and broadband integrated
photonic devices based on optical waveguides patterned with phased antenna arrays. These
devices include waveguide mode converters, polarization rotators, perfect absorbers, and optical
power diode.

1. Introduction
Metasurfaces have emerged in the recent years as a platform to design subwavelength-thick optical components

(“flat optics”), which can be used to implement any optical function (e.g., beam deflection, focusing, broadband
waveplates and filters, planar holograms, optical impedance surfaces, etc) [1,2]. The next generation of optical
information processing will be based on integrated photonic circuits [3,4]. This paper reports our effort in
introducing the basic concept of metasurfaces into the field of integrated photonics. We pattern optical waveguides
with one-dimensional phased antenna arrays to control the propagation of light in the waveguides and the coupling
between waveguide modes. By engineering the interaction between waveguides modes and phased antenna arrays,
we are able to create a group of novel integrated photonic devices, which have small footprints and insertion losses,
can operate over a broad wavelength range, and are robust against fabrication errors and harsh operation conditions.

2. Device designs
A phased antenna array patterned on the top surface of an optical waveguides introduces a unidirectional phase

gradient k = d/dx. Therefore, when an incident waveguide mode propagated against k (Fig. 1(a)), the bending
angle of its wavevector becomes larger, which corresponds to coupling into higher-order waveguide modes. In the
backward direction (Fig. 1(b)), because of a continuous increase of wavevector introduced by the phased antenna
array, the optical power will be eventually coupled into a surface wave propagating along the semi-continuous
metallic antenna array. As a result, the group velocity of the surface wave slows down, and the optical losses
increase continuously. Optical power thus will be dissipated via Joule heating in the metallic antennas.

Figure 1 shows one device optimized to provide a large difference in optical power transmission at =1.55 m
when the fundamental TE waveguide mode is launched from different ports of the waveguide. The phased antenna
array consists of 53 gold nanorods with different lengths sitting on the top of a Si3N4 waveguide (Fig. 1(c)). The
length of the entire array is 15.6 m. Figures 1(d) and (e) are cross-sections along the waveguide showing mode

Fig. 1 A unidirectional phase gradient d/dx
introduced by a phased antenna array leads to
directional mode coupling in an optical waveguide:
(a) In the forward propagation direction, an incident
waveguide mode can be coupling into both higher-
order TE and TM modes. (b) In the backward
direction, the incident mode will be eventually
coupled into surface waves propagating along the
antenna array and optical power will be completely
absorbed. (c) Schematic of a device supporting highly
asymmetric optical power transmission in the
waveguide at =1.55m. (d)-(e) Full-wave
simulations showing conversion of the incident TE
fundamental mode into surface waves in the
backward propagation direction and into a mixture of
TE20 and TM10 modes in the forward direction. (f)-(g)
Optical power transmission spectra of the device in
two opposite directions and the ratio of the spectra,
showing that highly asymmetric optical power
transmission is maintained across a broad wavelength
range.



evolution in two opposite propagation directions. In the forward direction, the incident TE00 mode is primarily
converted into the TE20 mode and a small portion of the power is also converted into the TM10 mode (Fig. 1(d)). In
the backward direction, the incident TE00 mode couples into surface waves and optical power gets totally absorbed
(Fig. 1(e)). The transmission of optical power in the forward and backward direction is 0.13% and 45.9%,
respectively, at =1.55 m (Fig. 1(f)). The ratio of transmission spectra is maintained at a high level (>100) between
=1.5 m and 1.6 m and reaches its peak of ~350 at =1.55 m (Fig. 1(g)).

The flexibility in converting light between different waveguide modes and rotating the polarization of the
waveguide modes are essential for realizing mode-division and polarization-division multiplexings [5,6], which are
strategies to increase the communication capacity of photonic integrated circuits, and are considered to be one of the
key components in the next-generation coherent optical communication systems. We engineer the “array” and
“form” factors of the antenna arrays to compensate for the wavevector mismatch between waveguide modes, and
create waveguide mode converters and on-chip polarization rotators working at the telecom wavelengths. A few
exemplary devices are shown in Fig. 2(a). These devices are based on an all-dielectric platform (i.e., silicon phased
antenna arrays pattern on Si3N4 waveguides) and therefore have small insertion losses. We use the phase response of
dipolar-like Mie resonances in silicon nanorods with different lengths to create the phased arrays. The mode
converters and polarization rotators have small footprints (i.e., a few free-space wavelengths in length), and can
operate over a wide wavelength range (i.e., purity of the converted modes >80% over 10-30% of the central
operation wavelength) (Fig. 2(b)). The performance of the device is robust against fabrication errors: the broadband
operation is still maintained when a 10% error in the length of antenna rods is introduced.

3. Summary
In summary, we shows in simulations that by engineering the

interaction between waveguide modes and one-dimensional designer structures patterned on the waveguides, one
can create ultra-broadband and small-footprint mode converters, integrated polarization rotators, perfect absorbers,
and demonstrate highly asymmetric optical power flow in waveguides. Many of these functionalities have major
potential for device applications such as mode-division or polarization-division multiplexing system, integrated
photodetectors, and phase matching in on-chip nonlinear optics.
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Fig. 2 (a) Telecom mode converters based on silicon
phased antennas patterned on Si3N4 waveguides. The
last two columns show power transmission T and
purity  of converted modes at  = 1.55 m. (b)
Purity of the converted modes as a function of
wavelength, showing that the mode converters can
operate over a broad wavelength range.
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Abstract-We investigated the geometric phase accumulated in one-dimensional (1D) parity-time 

(PT) symmetric optical structures (also called the Zak phase in 1D systems). Similarly to the 

Hermitian system, the Zak phase remains either 0 or π in the PT symmetric phase, while in the PT 

broken phase it varies continuously regarding the imaginary index modulation, showing different 

topological properties associated with different PT phases. The Zak phase difference therefore 

forms a novel interface state between two PT symmetric optical structures.  

 

The geometric phase (or the Berry phase) is a phase difference adiabatically acquired over a closed loop in 

the parameter space, depending on the geometrical properties of the parameter space, in addition to the 

well-known dynamic phase [1, 2]. Although the Berry phase was overlooked until 1980s, it has been proved that 

the geometric phase plays an important role in the spin-orbit coupling and contributes to a deep understanding of 

a broad spectrum of fundamental science phenomena such as the Abaronov-Bohm effect, and the spin-Hall 

effect. In 1D structures, the geometric phase accumulated during the Bloch oscillation within a certain frequency 

band is also called the Zak phase. It has been demonstrated that the Zak phase in 1D Hermitian systems remains 

either 0 or π under the inversion symmetry [3]. Here, we investigated the Zak phase in non-Hermitian PT 

symmetric systems where the inversion symmetry is intrinsically broken and demonstrated efficient 

manipulation of the Zak phase.  

The refractive index of the PT symmetric optical structure is 

                                02 cos(2 ) sin(2 )  n x iV x ,                            (1) 

where the real part of index modulation is a cosine function of positions and the imaginary part is a sinusoidal 

function. It is known that with such an index modulation, the system remains in the PT symmetric phase if V0 < 1 

but becomes PT broken if V0 > 1. The corresponding Zak phase of each frequency band in this PT symmetric 

system can be calculated [4] 
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where k0 is a discontinuous point in the eigen state ( )nu k  of each frequency band. Within the PT symmetric 

phase with V0 < 1, the system possesses only the real eigen spectrum and the associated Zak phase remains either 

0 or π since the PT symmetry is conserved; whereas when V0 > 1, PT symmetry becomes broken and the 

associated Zak phase shows a continuous change from 0 to π/2 by increasing the imaginary part modulation V0. 



This result evidently demonstrates different topological properties associated with PT symmetric and PT broken 

phases.  

 
Fig. 1. The interface state formed between two PT structures within different PT phases (left: V0 

= 0 and right: V0 =2). Arrows show the direction of the power flow. 

Because of the topological Zak phase difference between different PT phases, a localized interface state can 

thus be expected between two PT structures under two different PT phases, as confirmed by the numerical 

simulation (Fig. 1). This localized state is within the continuum spectrum of the PT structure in the PT broken 

phase, which is different than the previously observed interface state typically within the frequency band gaps of 

materials on both sides. Remarkably, the power of this localized mode preferentially flows in one direction due 

to the system asymmetry, promising unique topology-driven unidirectional PT laser and amplifier devices [5]. 

In summary, we studied the Zak phase accumulated in 1D non-Hermitian PT symmetric optical systems. The 

results show different topological properties associated with different PT phases, which can be efficiently 

manipulated by controlling the imaginary part index modulation. The Zak phase difference between different PT 

symmetry phases forms a localized interface state. In contrast to the previously studied topological interface 

states existing in the frequency band gap, the created novel interface state in PT symmetric structures is located 

within the continuum spectrum, broadening our fundamental understanding of topology-related optical physics 

for next generation of photonic devices.  
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Abstract- Metamaterials can be designed to exhibit extraordinarily strong chiral responses. We 

present a chiral metamaterial that produces both distinguishable linear and nonlinear features in the 

visible to near-infrared range. In additional to the gigantic chiral effects in the linear regime, the 

metamaterial demonstrates a pronounced contrast between second harmonic responses from the two 

circular polarizations. Linear and nonlinear images probed with circularly polarized lights show 

strongly defined contrast. The metamaterial is further exploited for chiral-selective two-photon 

luminescence from quantum emitters. 

 

The past few years have witnessed an explosive development of chiral photonic metamaterials that exhibit 

circular dichroism and optical rotation orders of magnitude larger than conventional materials. Though chirality 

is most commonly applied in linear optical regime, opposing circularly polarized waves can also display parity 

as a property of higher order optics. 

In this talk we present a chiral metamaterial that produces both distinguishable linear and nonlinear resonant 

features when probed with left and right circularly polarized incident lights in the visible to near-infrared regime. 

Using an array of dual-layer twisted-arcs with a total thickness of approximately one-fifth of the applied 

wavelength of light, our experimental results show a circular dichroism of over 0.5 in the absolute value, and a 

maximum polarization rotation of over 300 degrees per wavelength of light. A transmission of greater than 50% 

is achieved at the frequency where the polarization rotation peaks. Retrieved parameters from measured 

quantities further indicate an actual optical activity of 76 degrees per wavelength, and a difference of 0.42 in the 

indices of refraction for the two circularly polarized waves of opposite handedness.
1 

In addition to the observed circular dichroism and optical activity which are many times stronger than those 

found in naturally occurring materials, the metamaterial also demonstrates a 20x contrast between second 

harmonic responses from the two circular polarizations. Linear and nonlinear response images probed with 

circularly polarized lights show strongly defined contrast, and the second-harmonic circular-dichroism images 

are produced to reveal the chiral characteristics of a metamaterial pattern consisting of opposite 

meta-enantiomers.
2
 

 

The chiral hotspots created at the center of the chiral meta-atoms can be made accessible to nanoscale probes. 

By both exposing the resonant near field of the chiral nanostructure via plasma etching and inserting quantum 

dots as indicators of localized chiral hotspots, we observed substantially enhanced and chiral-selective 

two-photon luminescence from the hybrid meta-system.
3
 The giant chiral response in the metamaterial facilitates 

circular dichroic manipulation of the far-field intensity of locally emitted nonlinear signals, and the strength of 



the two-photon signal is directly correlated to the chiral resonance in the linear regime. This effort represents a 

key demonstration in the realm of active chiral metamaterials, where the enhanced chiral fields are purposely 

exploited to enable chiral-selective light matter interactions for imaging, sensing, and spectroscopic applications.
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Figure 1. Linear and nonlinear images of chiral metamaterial patterns. (a) Schematic of the two chiral 

enantiomers. (b) SEM images of the silver bilayered meta-enantiomers. The scale bar represents 100 nm. (c) 

SEM image of a patterned region involving both enantiomers. The pattern is a part of the GT mascot, “Buzz.” (d) 

Transmission images of the metamaterial pattern under circularly polarized lights. (e) Second-harmonic images 

(top) of the ‘GT’ patterned logo under excitation of circularly polarized ultrafast lasers. A point by point 

calculation was applied to create the SHG-CD image (bottom) of the metamaterial pattern. 

 

 

REFERENCES 

1. Cui, Y., Kang, L., Lan, S., Rodrigues, S. P., and Cai, W., “Giant chiral optical response from a twisted-arc 

metamaterial,” Nano Lett., Vol. 14, No. 2, 1021-1025, 2014. 

2. Rodrigues, S. P., Lan, S., Kang, L., Cui, Y., and Cai, W., “Nonlinear imaging and spectroscopy of chiral 

metamaterials,” Adv. Mater., Vol. 26, No. 35, 6157-6162, 2014. 

3. Rodrigues, S. P., Cui, Y., Lan, S., Kang, L., and Cai, W., “Metamaterials enable chiral-selective 

enhancement of two-photon luminescence from quantum emitters,” Adv. Mater., Vol. 27, No. 6, 1124-1130, 

2015. 



            

Spinning the Light in Meta-world 

J. Sun
1*

, M. Shalaev
1
, J. Zeng, N. M. Litchinitser

1
 

1
Electrical Engineering Department, University at Buffalo, The State University of New York, Buffalo, NY 

14260, USA 

*
corresponding author: jingbosu@buffalo.edu 

 

Abstract-Recent developments in the field of metamaterials opened unparalleled opportunities for 

tailoring and manipulating light beams giving rise to the new branch of modern optics that relies on 

the synergy between structured light and structured matter. In this talk, we discuss our recent 

studies of light-matter interactions in rationally designed metamaterials enabling novel linear and 

nonlinear phenomena as well as potential applications of structured light on the nanoscale, 

including metamaterials-based, ultra-compact, integrated structured light sources and converters.  

 

Metamaterials are rationally designed artificial materials that gain their properties from their structures and 

carefully engineered unit cells (meta-atoms) rather than from the properties of their constitutive materials [1] the 

emergence of this entirely new class of optical materials opened unprecedented opportunities for shaping, 

manipulating, and routing light beams for applications ranging from ultra-high resolution imaging [2] and 

enhanced transmission to cloaking [3] and perfect absorption [4]. While a majority of the studies of 

metamaterials dealt with conventional plane waves or Gaussian beams, structured light (or light with an orbital 

angular momentum (OAM)) interactions with metamaterials are likely to uncover a plethora of new phenomena 

and applications. We report the results of our recent studies on the structured light interactions with 

metamaterials enabling novel approaches to generation and manipulation of the OAM beams in free-standing 

and optical fiber integrated metamaterials, novel regimes on nonlinear optical interactions, and an alternative 

approach to the realization of invisibility devices.  

Previously, several bulk, macroscopic optical components have been developed for structured light 

generation, including spiral phase plates [5], pairs of cylindrical lenses [6], spatial light modulators (SLMs), and 

q-plates [7]. However, with the increasing need for miniaturization of optical components aiming at their 

integration with electronic counterparts, compact and waveguide- or fiber-integrated structured light sources 

become of paramount importance. Recently we proposed two approaches to structured light generation and 

manipulation on the nanoscale using ultra-compact, planar metamaterials-based components, including biaxial 

hyperbolic metamaterials [8] and the nanowaveguides arrays [9], as shown in Fig. 1.  

 
Figure 1. OAM beam generation in metamaterials: (a) cylindrical nano-waveguides array, (b) biaxial hyperbolic metamaterials. 

Many applications of metamaterials would benefit from integration of unique properties of these novel 

structures with mature fiber optics technology. In particular, integrating magnetic metamaterial on the 
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cross-section of a few-mode fiber, we demonstrate the possibility of manipulating both electric and magnetic 

field components of electromagnetic (EM) waves, opening new degrees of freedom in engineering complex 

polarization states of light at will, while preserving its orbital angular momentum (OAM) state in such all-fiber 

device [10], as shown in Fig. 2(a).  

We also predict that the synergy of structured light with metamaterials reveals new regimes of nonlinear 

optical interactions. As it was previously shown, nonlinear negative index slab can act as a nonlinear mirror [11]. 

We predict that second harmonic generation with structured light carrying orbital angular momentum and 

propagating in negative index metamaterials results in a possibility of generating a backward propagating beam 

with simultaneously doubled frequency, doubled orbital angular momentum and reversed rotation direction of 

the wavefront [12], as shown in Fig. 2(b). 

 

Figure 2. Structured light applications with metamaterial: (a) all-fiber polarization controlling device; (b) nonlinear optical vortex mirror.  

(c) Optical vortex cloak. 

Finally, we propose and demonstrate a possibility of using of structured light for demonstrating a simple, 

low-loss, broadband, macroscopic optical cloaking device shown in Fig. 2(c) [13]. 
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Abstract-We demonstrate an electrically tunable metasurface element capable of providing 

phase shifts of nearly 2π based on conducting oxide field-effect dynamics. We further show the 

controllable diffraction patterns by selective gating the nanoantenna array to a 2-level or 4-level 

grating system with different applied biases. This work provides insight towards dynamic beam 

steering, reconfigurable imaging, and high capacity data storage based on electrically tunable 

metasurfaces.  

 

Metasurfaces composed of sub-wavelength artificial structures show promise for extraordinary light-

manipulation and development of ultrathin optical components such as lenses, wave plates, orbital angular 

momentum detectors, and holograms over a broad range of the electromagnetic spectrum [1, 2]. Post-fabrication 

control would allow one to access exciting applications such as dynamical beam steering, reconfigurable 

imaging and high capacity data storage [3]. In this paper, we investigate the integration of transparent conducting 

oxides [4, 5] into a metasurface for developing an electrically controllable metasurface operating in the near-IR 

region. We numerically show modulation of phase and amplitude of the reflected light are achieved via 

conducting oxide field-effect dynamics. 

 

Figure 1. (a) Illustration of the electrically tunable metasurface. The structure consists of connected patch antenna array patterned on  

thin Al2O3 and ITO layers deposited on a gold mirror. (b) Cross-section of the tunable metasurface. Voltage is applied across the top 

gold antenna and the ITO layer resulting in the formation of active ITO layer (accumulation layer) at the Al2O3-ITO interface. (c) 

SEM image of the fabricated structure. The scale bar is 500 nm. (d) Simulated reflection and phase shift  versus carrier concentration 

in the active layer of ITO. Four carrier concentrations with phase separation π/2 were chosen to demonstrate 4-level phase-

modulated electrically tunable metasurfaces. 
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The electrically tunable metasurface consists of connected gold nanoantenna arrays patterned on thin Al2O3 

and indium tin oxide (ITO) layers, deposited on a gold mirror (Fig. 1(a)). By increasing the bias between the top 

and bottom electrodes, the carrier concentration in ITO (at the Al2O3-ITO interface) increases and forms an 

accumulation layer (Fig. 1(b)). This results to modification of its complex permittivity and a change in the phase 

and amplitude of the reflected light. Figure 1(b) shows a schematic of a tunable metasurface element, consisting 

of 130 nm thick Au mirror, a 16 nm ITO layer, a 5 nm layer of aluminum oxide, and a 50 nm thick Au patch 

antenna. The dimensions of the patch antenna (180 nm × 60 nm × 50 nm) are chosen such that the magnetic 

resonance of the structure is located at λ ~ 1265 nm. All nanoantennas are connected with an external gold 

connection and pad for electrically tunable gating. Figure 1(c) shows an SEM image of the tunable metasurface 

fabricated with electron beam lithography. 

The electromagnetic behavior of the designed structure is modeled with the help of the finite element 

method. When the permittivity of the active layer of ITO crosses zero (ε-near-zero, ENZ), one observes large 

electric field enhancement in the accumulation layer. This can be readily understood from the boundary 

condition imposing continuity of the electrical displacement at the interface of two materials.  In addition, we 

observed that the coupling of the plasmonic resonance of the patch antenna with the ENZ region resonance of 

ITO generates two resonances that can be used for phase and amplitude modulation. To show the phase 

modulation, we plotted the change of phase and reflection versus carrier concentration in active ITO at the 

resonant wavelength at λ ~ 1265 nm and the results are shown in Fig. 1(d). It can be seen that a large phase 

modulation of ~ 2π can be realized by applying a bias and the reflection remains almost constant for the whole 

carrier concentration range that is favorable for developing dynamic grating. 

In conclusion, we show the potential of using transparent conducting oxides to form an efficient tunable 

metasurface operating at near-IR frequency. Numerical simulations show that large phase modulation of ~ 2π 

can be achieved by electrically modulating the conducting oxide material in the metasurface via field-effect 

mechanisms. We further show the controllable diffraction patterns by selective gating the nanoantenna array to 

2-level or 4-level grating system with different applied biases. Measurements are currently in progress and will 

be presented at the conference. This work provides insight towards dynamic beam shaping, reconfigurable 

imaging, and high capacity data storage based on electrically tunable metasurfaces. 
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Abstract-We predict theoretically and measure experimentally extraordinary transverse force, 

which appears in inhomogeneous optical fields. In contrast to the known radiation-pressure and 

gradient optical forces, this weak force is orthogonal to both the momentum (wave vector) and 

intensity gradient in the field. Moreover, this transverse force crucially depends on the spin 

(circular polarization) of light. We show that the new force can be associated with enigmatic “spin 

momentum” introduced by Belinfante in relativistic field theory almost 70 years ago. 

 

Radiation pressure is known since Kepler’s observations that a comet’s tail is always oriented away from the 

sun (Fig. 1b), and in the past four centuries this phenomenon stimulated remarkable discoveries in 

electromagnetism, quantum physics and relativity [1]. In modern terms, the pressure of light is associated with 

the momentum of photons, and it plays important roles in a rich variety of systems, from atomic to astronomical 

scales. Experience from these cases leads us to assume that the direction of the optical momentum and pressure 

is naturally aligned with the propagation of light, i.e., its wave vector. 

 

 

Figure 1. (a) Schematic representation of the optical momentum in electromagnetic field theory. 

The Poynting vector is obtained as a sum of (i) the canonical momentum associated with the local 

direction of propagation of light and (ii) the ‘virtual’ spin momentum associated with gradients of 

the spin distribution in the field. (b) In optics, the canonical momentum is responsible for the usual 

radiation pressure, while the spin momentum (when directed orthogonally to the wave propagation) 

can produce a weak transverse spin-dependent pressure [2,3]. 

 



Here we describe theoretically and observe experimentally an extraordinary optical force directed 

perpendicular to both the light's wave vector and its intensity gradient. Furthermore, this force is proportional to 

the light's spin (degree of circular polarization). This transverse force was recently predicted for evanescent 

waves [2] and other structured fields [3], and it can be associated with the enigmatic “spin momentum”, 

introduced by Belinfante in field theory almost 70 years ago (Fig. 1a).  

To measure this weak transverse optical pressure (two orders of magnitude weaker than the usual radiation 

pressure), we employ inhomogeneous evanescent field generated in total internal reflection and an extremely 

compliant micro-cantilever, perpendicular to the surface generating the evanescent wave. This lateral molecular 

force microscopy (LMFM) technique [4] offers ultrasensitive direction-resolved measurements of forces with a 

femto-Newton resolution, akin to the magnetic resonance force microscopy. We clearly detect the 

spin-dependent transverse optical force, which is in perfect agreement with the theoretical predictions and 

numerical simulations. 
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Abstract- Here, we provide an overview of our recent demonstrations and latest progress on 

controlling radiative processes and nonlinear effects using a large-area plasmonic 

nanopatch antenna platform. In particular, we demonstrate large enhancements of 

fluorescence and spontaneous emission rates of dye molecules embedded in plasmonic 

nanoantennas with sub-10-nm gap sizes and observe nearly five orders of magnitude 

enhancements in third-harmonic generation efficiency.    

 

Artificially structured materials on the nanoscale hold the promise to enable a new class of 

ultrafast optoelectronic devices such as LEDs and enhance the performance of photodetectors and 

photovoltaic devices as well as pave the way for quantum-based technologies. Plasmonic cavities and 

nanoantennas can strongly modify the excitation and decay rates of nearby emitters by altering the 

local density of states. Here, we provide an overview of our recent demonstrations and latest progress 

on controlling radiative processes and nonlinear effects using a large-area plasmonic nanopatch antenna 

platform. In particular, we demonstrate large enhancements of fluorescence and spontaneous emission 

rates of dye molecules embedded in plasmonic nanoantennas with sub-10-nm gap sizes and observe 

nearly five orders of magnitude enhancements in third-harmonic generation efficiency.   

The nanoantennas consist of colloidally synthesized silver nanocubes coupled to a metallic film 

which is separated by a 5-15 nm self-assembled polyelectrolyte spacer layer with embedded molecules 

(Figure 1). Each nanocube resembles a nanoscale patch antenna whose plasmon resonance can be 

changed independent of its local field enhancement. By varying the size of the nanopatch, we tune the 

plasmon resonance by ~200 nm throughout the excitation, absorption, and emission spectra of the 

embedded molecules demonstrating giant fluorescence enhancement for antennas resonant with the 

excitation wavelength [1]. Subsequently, we directly probe and control the nanoscale photonic 

environment of the embedded emitters including the local field enhancement, dipole orientation and 

spatial distribution of emitters. This enables the design and experimental demonstration of Purcell 

factors exceeding 1,000, while maintaining high quantum efficiency and directional emission [2].  

Next, we illustrate the impact of this plasmonic interaction on nonlinear effects by investigating 

the third-harmonic generation (THG) from a system of film-coupled nanostripes operating at 1500 nm. 



Both the film and the stripes are gold, separated by a nanoscale layer of aluminum oxide (Al2O3) grown 

using atomic layer deposition. This nanoscale junction, with an ultrasmooth interface, forms a 

waveguide cavity resonator with a large and controllable electric field enhancement, whose plasmon 

resonance can be tuned independently by changing the stripe width. We study experimentally the 

dependence of THG on the field enhancement by varying the gap size between the stripe and the metal 

film while simultaneously maintaining a fixed plasmon resonance. The experiments are supported with 

numerical simulations in which nonlinear contributions of the dielectric spacer layer and the metal are 

considered. Enhancements of the THG of nearly five orders of magnitude with respect to a bare metal 

film are measured experimentally for the smallest gap sizes, with a trend similar to that found in the 

numerical simulations [3]. 

 

 

A

B

200 nm

          

                                               

Figure 1: Plasmonic nanopatch antennas. (A) Schematic of the sample structure consisting of silver 

nanocubes on top of a 50 nm silver film on a glass substrate. A 5 nm selfassembled polyelectrolyte spacer layer 

coated with a dilute layer of fluorophores creates a gap region between the silver film and cubes. (B) Scanning 

electron microscopy (SEM) image of colloidally synthesized silver cubes. 
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Abstract - Metasurfaces operating in the cross-polarization scheme have shown an interesting 

degree of control over the wavefront of transmitted light. Nevertheless, their inherently low 

efficiency raises certain concerns in industrial applications. In this work, two types of ultrathin 

metasurfaces with ultrahigh cross-polarization manipulation efficiency were introduced at visible 

and microwave ranges, which almost approached the theoretical limit. Also, our designs 

interestingly show that the conversion efficiency could be as good as that of dielectric metasurfaces. 

 

Recent years have witnessed a great surge of interest in metasurfaces providing phase-discontinuities, [1] 

which find novel applications in flat lenses, spin-orbit manipulation, wavefront engineering, holography, etc. 

Compared to conventional lenses or imaging devices, metasurfaces provide an alternative approach to wave 

manipulation, thickness reduction, pixel refinement, and transverse resolution. However, ultrathin metasurfaces 

operating in transmission face the challenge of extremely low efficiency, as only a few percent of the total power 

of incident light gets processed by the metasurface, preventing the widespread use of these devices. Here, we 

experimentally demonstrate two types of ultrathin metasurface with manipulation efficiency one order higher 

than previous works in visible and microwave frequencies. 

 

 

 

 

 

 

 

 

 

Figure 1 (a) Working principle of the bilayer metasurface. The light spots on the screen in the foreground are the 

combined real photo images of anomalous light deflection for different wavelengths. The inset shows a sketch of the 

subunit cell. (b) Comparison of measured results with the corresponding simulated results of a bilayer metasurface. 

 

Without sacrificing the ultrathin flatness (with finite – yet small – thickness), we proposed a complementary 

bilayer metasurface operating at visible range by incorporating stacking a V-shaped metasurface atop its Babinet 

inverted version with a gap of 70 nm in between (see Figure 1a), which demonstrated a remarkably high 

conversion efficiency of 29% and extinction ratio of 12.7 dB simultaneously within a broadband. For the first 



time, positive extinction ratio is achieved, indicating an anomalous light dominated transmission. [2] 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 (a) Schematic of the metalens. (b) Geometric parameters of the unit cell. (c) Transmission coefficients 

under linear-polarized incident wave when θ = 0. (d) Transmission coefficients under LCP illumination. 

Measurement set-up and experimental field distribution for a bi-functional metalens under (e) RCP incident wave 

and (f) LCP incident wave. The insets in the dashed boxes show the corresponding simulated results. 

 

On the other hand, based on Pancharatnam-Berry phase elements, we experimentally demonstrated a planar 

ultrathin metalens (~ /1000 in thickness) demonstrating anomalous cross-polarization transmission efficiency 

reaching ~24.7%, which is almost at the theoretically predicted upper limit 25% for ultrathin metasurfaces. By 

controlling the handedness of the incident wave, converging and diverging functions are interchangeable using 

the same flat lens. 

Our finding presents a giant leap for the transmission type metasurface, beneficial to put metasurface into 

practical application. 
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Abstract- We review recent work aimed at studying the optical properties of structured materials. 

We are particularly concerned with determining how the nonlinear optical properties of materials 

depend on the nature of the structuring. We also explore specific examples of structured surfaces.  

For instance, we study the nonlinear optical properties of a surface plasmon polariton, and we show 

how to form a metasurface that will convert a Gaussian laser beam to one that carries orbital 

angular momentum.   

 

Structured materials are of great interest in photonics because the optical properties can be dramatically 

modified as a result of structuring.  Examples of such structured materials include photonic crystal (PhC) 

structures and include nanocomposite materials, in which the structuring is predominantly at sub-wavelength 

distance scales. In this case, the modification of the optical properties can be understood as a consequence of 

local-field effects [1].   

Perhaps the simplest example of a structured material is the interface between a metal and a dielectric, which 

can even be air or vacuum. An interface of this sort can support an excitation known as a surface plasmon 

polariton (SPP). We will describe our recent measurement of the nonlinear optical response of a SPP [2]. 

We are also performing work aimed at designing structured surfaces that will diffract light from the surface 

in the form of a structured light beam.  For example, we have recently designed a plasmonic metasurface that 

will convert an incident gaussian laser beam into a beam carrying orbital angular momentum [3]. 

This work was supported by the Canada Excellence Research Chairs program. 
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Abstract-We show the existence of an inherent property of evanescent 

waves: spin-momentum locking where the direction of momentum fundamentally locks the 

polarization of the wave.  We show that every case of evanescent  waves in total internal reflection, 

surface states and optical fibers/waveguides possesses this intrinsic spin-momentum locking. We 

trace the ultimate origin of this phenomenon to complex dispersion and causality requirements on 

evanescent waves.  We derive the Stokes parameters for evanescent waves which reveal an 

intriguing result - every fast decaying evanescent wave lies on the north or south pole of the 

Poincare sphere.  Our work should lead to a unified understanding of the phenomenon in various 

nanophotonic structures and future ways of exploiting it for practical applications.  
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Abstract- Metasurfaces, or arrays of 2D metamaterial resonators can couple efficiently to emitters and 

several excitations in semiconductors. I will present an overview of active metasurfaces, both metallic and 

dielectric, and different coupling mechanisms that can be used for active tuning and enhancement of optical 

nonlinearities. 

 

Metasurfaces can be designed to exhibit strong magnetic and electric resonances that can couple efficiently 

to emitters and a variety of excitations in semiconductors and their heterostructures. For metallic metasurfaces, 

past studies of this coupling have included phonons1, intersubband transitions2 and plasmons 3. This coupling can 

be exploited for fundamental studies of light matter interaction or for optoelectronic functionality such as light 

modulation, tunable spectral filtering or optical nonlinearities. Thin layers of semiconductors where the 

permittivity crosses zero, support a particular polariton mode called epsilon-near-zero (ENZ) mode. 4, 5 This zero 

crossing can be obtained near optical phonon resonances in dielectrics or the plasma frequency in doped 

semiconductors. The coupling of metamaterial resonators to these ENZ modes leads to particularly large Rabi 

splittings. ENZ layers can be added to metamaterial-based strongly coupled systems to increase this coupling 

even further. An interesting implication of this increased coupling is that with the right design, nonlinearities 

from metamaterials strongly coupled to intersubband transitions can be increased even further compared to 

previously published results. 6, 7 

 

Recently, dielectric metasurfaces have been used to alter the behavior of emitters in close proximity 8, 9 and 

to enhance optical nonlinearities 10. Tuning of the spectral response can be obtained by integrating these 

dielectric metasurfaces with liquid crystal layers. Additional functionality can be obtained by integrating gain 

regions with dielectric resonators. 

 

In this talk I will present an overview of these active metasurfaces, both metallic and dielectric, and different 

coupling mechanisms that can be used for active tuning and enhancement of optical nonlinearities. 
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Abstract- We introduce a circular array of four coupled nonlinear waveguides, optically induced in a 

photorefractive crystal using an incoherent superposition of nondiffracting Bessel beams. The array 

supports nonlinear vortex breather modes, in which the vortex charge and orbital angular momentum 

reverse periodically during propagation, with the period controlled by the optical power. Propagating a 

discrete vortex beam through the crystal, we experimentally observe charge reversal at low power and 

the conservation of its charge in the nonlinear regime. 

 

Discrete arrays of coupled optical waveguides form an important component of various types of integrated 

all-optical light guiding and switching architectures. Circular arrays support so-called discrete vortex modes, 

which carry topological charge and orbital angular momentum in analogy with free-space vortex beams. 

Exchange of angular momentum between discrete vortices and the array enables charge flipping - the reversal of 

the vortex charge [1,2]. In this contribution, we show how to combine nonlinearity and charge flipping to realize 

an all-optical switch between left- and right-handed discrete vortex beams. 

 

Experimentally, we create a circular array of four coupled nonlinear waveguides using optical induction in a 

photorefractive crystal. We induce the waveguides using an incoherent superposition of nondiffracting Bessel 

beams, shown in Fig. 1(a). The anisotropic response of the photorefractive medium results in a detuning between 

potential depths for the vertically and horizontally aligned waveguide pairs, such that in the linear regime a 

discrete vortex beam periodically reverses its charge while propagating through the crystal. We tune the 

waveguide parameters such that at the output, the vortex charge is exactly reversed, as shown in Figs. 1(b,c). 

 

Increasing the power of the input vortex beam, the nonlinear refractive index change compensates for the 

detuning between the waveguide pairs, such that the propagation distance required for charge reversal increases. 

At intermediate power in Fig. 1(d), the mismatch is partially compensated such that a dipole state is observed at 

the output. Increasing the power further, in Fig. 1(e) we observe the preservation of the input vortex charge. Thus, 

by simply changing the input beam intensity, one can switch between left- and right-handed vortices [3].  

 



 

Figure 1. Vortex switch in optically-induced waveguide array. (a1) Effective intensity 

distribution for optical induction and (a2) numerically simulated resulting refractive index 

profile. (b) Discrete vortex beam intensity and phase profile at crystal input. (c) Output beam 

in linear regime with reversed vorticity, (d) output at intermediate power, and (e) nonlinear 

output with vortex charge preserved. 

 

Our experiments demonstrate optically induced structures as a prototype for photonic elements enabling power 

control of optical vortices and orbital angular momentum of light. The all-optical switching of the quantized 

vortex charge may find applications in future optical computing and information processing technologies. 

Furthermore, our approach can be further generalized to ``chiral’’ arrays in which the waveguides are twisted 

into helices. The twist lifts the degeneracy between left- and right-handed vortices, such that in the nonlinear 

regime the vortex stability depends on the sign of the vortex charge. 
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Engineering knotted optical vortices for interaction with
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Abstract— We describe the theoretical and numerical construction of optical beams with
knotted optical vortices with shortened aspect ratios. These have potential for interaction with
a variety of different types of structured matter, especially in nematic liquid crystals and cold
atomic gases.

Highly intricate interference in structured light can cause optical vortex filaments—filaments
along which the optical intensity is zero and around which the energy flows—in a variety of three-
dimensional conformations.

Gaussian beams consisting of the superposition of several Laguerre-Gaussian modes can contain
configurations of optical vortex knots and links of several different types [1, 2]. The knotted and
linked vortex loops created in this way have an extreme aspect ratio, of the order of the width
of the Gaussian beam (a few millimeters), but a length approaching the beam’s Rayleigh distance
(around a meter), as indicated in Fig. 1. For applications involving the interactions of structured
knotted light with matter, it is desirable to reduce this aspect ratio closer to unity.
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Figure 1: Depiction of optical vortex knot, as superposition of five Laguerre-Gaussian beams as described
in [1]. According to this simple construction, the knot’s width is comparable to twice the Gaussian beam
width, but its depth is of the order of twice the Rayleigh distance.

We explore several approaches to this problem, including fundamental limits to the knotting
topology imposed by the time-dependent wave equation, and the results of various optimization
routines in the tightly-focused regime which optimize the real 3D shape of the knot.

Possible applications for using the knotted vortices to synthesize knotted colloidal structures for
liquid crystals [3] and knotted vortices for quantum matter are explored.
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Abstract— We review our recent observations and novel results on the role of the structure
of a boundary in metamaterials samples, revealing its tremendous importance as compared to
conventional materials. With a series of different geometrical examples, we demonstrate that the
properties of metamaterials of finite size deviate significantly from the predictions of an effective
medium theory. This effect is well pronounced even for a strongly subwavelength structure, and
relevant for fairly large metamaterial pieces including over ten thousand elements.

When structured light meets structured matter [1], it is of particular importance to obtain a
clear theoretical description of their interaction, so that reliable scenarios can be designed and
implemented. This is generally a challenging task with techniques ranging from the analysis of
antenna arrays and band diagrams to a fully homogenised treatment. In the latter case, when the
details of the material structure are much smaller than the wavelength of light, one would normally
rely on the effective medium description proven to yield adequate results with due caution [2].

It turns out however, that even in a very subwavelength regime the role of the material boundary
is much more important than in conventional materials, and the properties of macroscopic samples
are dramatically different from those of equivalent pieces of homogeneous materials. We have
originally revealed this effect when studying symmetric cubic samples of isotropic metamaterials
with cubic unit cells [3], and observed an essential difference in their response depending on whether
the boundary elements lie flat on the sample surface, or are perpendicular to that (“ragged surface”).
By introducing an equivalent permeability function, we found that the surface effects can be reduced
by choosing “ragged” surface instead of a flat one, arguing that the boundary elements should have,
as much as possible, similar environment compared to the ones in the bulk.

Admitting that the cubic shape of the samples, while being quite natural given the cubic symme-
try of the unit cells, is not particularly transparent for interpretation of its macroscopic properties,
we now study a canonical case of a spherical sample. Even that classical shape however, reveals
remarkable deviations from the effective medium prediction, with a reasonable approximation ob-
tained only when the sample contains over ten thousand individual elements.

By analysing, further, the same geometry with low dissipation, we conclude that low-loss sys-
tems behave much worse in terms of effective medium description, and that a much larger size is
required to conquer the undesirable surface modes. For a practical system, this confirms an earlier
observation that reducing dissipation does not improve the performance [4], and certain optimum
amount of loss is required.

We believe that these results are generally important for the design of practical metamaterials
and for their applications at any frequency range, and may be also of interest for the research on
various mesoscopic systems and particle clusters.
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Three-Dimensional Metasurface Carpet Cloak 

 

We show that ultrathin metasurfaces can be used for creating transformation optics 

devices by its phase modulation capability. We here experimentally demonstrate a 

three-dimensional metasurface carpet cloak using the concept of reflection phase 

manipulation. We design carpet cloak so that at each local point on the interface of the 

cloaked region the phase of the light scattered by the interface is the same as that 

reflected from a flat mirror. So in the far-field the object is undetectable from its 

reflected light. Full-wave simulations and optical measurements for the fabricated cloak 

device show that the scattering of the object on the surface is almost perfectly cancelled 

when the cloak is turned on. Our metasurface cloak works for a relatively good 

incidence angle. 
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Abstract-We demonstrate electro-active tuning of the resonant response of metamaterials utilizing 
π-conjugated polymer actuators in terahertz (THz) and microwave frequency ranges. Linear 
actuators made from heavily doped polypyrrole film are utilized to change the relative lateral 
position of two THz metasurfaces with a control voltage, and accordion-shaped origami actuators 
are used to change the distance between two microwave split-ring resonators (SRRs). In both cases 
this results in significant tunability of the metamaterial resonances with a change of bias voltage. 

 
In recent years, numerous studies have been carried out to develop new types of metamaterials and 

metadevices [1]. In metamaterials, artificially designed subwavelength resonant structures (meta-atoms) such as 
split-ring resonator (SRR) play crucial roles in obtaining rich variety of unique responses to electromagnetic 
fields [2]. However, resonant characteristics of such SRRs usually restrict their working frequency only in a 
narrow range, therefore numerous attempts have been made to add tunability to metamaterials to develop active 
devices [1]. Based on the fact that resonant condition of meta-molecules or layered metamaterial arrays can be 
controlled by relative position and/or orientation via near-field interaction between meta-atoms [3, 4], tunable 
metamaterials have been developed [5, 6]. Here we demonstrate our recent results on the electro-active 
metadevices in terahertz (THz) and microwaves utilizing organic π-conjugated polymer actuators. 

The device application of π-conjugated polymers, or conducting polymers, have been widely studied to 
develop various types of electronic devices ranging from organic light-emitting diodes (OLEDs), organic 
thin-film transistors (OTFTs), organic photovoltaic (OPV) cells, and so on. Polymer actuators have also been 
developed. Doped polypyrrole (PPy) film is unique since its volume can be controlled even in ambient air by 
applying low voltage of only a few Volts [7]. We have synthesized thin films of PPy doped with PF6 ions, 
PPy(PF6), by electrochemical polymerization and utilized them to fabricate linear and accordion-shaped origami 
actuators for electro-active THz and microwave metadevices. We demonstrate the use of these actuators for 
making tunable metamaterials, when actuators move meta-atoms either in the lateral direction or in the direction 
perpendicular to the plane of resonators.  

A linear actuator made of PPy(PF6) film is utilized to laterally shift relative position of stacked SRR arrays 
designed to operate at THz frequencies (see inset to Fig. 1 (a)). A frequency shift of resonant THz transmission 
is obtained by applying voltage to the polymer actuators (Fig. 1 (a)). Such voltage leads to contraction of the 
polymer film, and this shifts the metamaterial layer.  

We have also fabricated accordion-shaped origami actuator from PPy(PF6) film and utilized spacing control 



between two SRR meta-atoms in the microwave frequency range (see inset in Fig. 1 (b)). We have obtained a 
frequency shift of transmission dip by applying voltage (Fig. 1 (b)) which changes the height of the origami, thus 
moving the resonators with respect to each other. Our findings may be used for the development of novel tunable 
metadevices utilizing π-conjugated polymers. 

 

Figure 1 (a) Measured THz transmission spectra of tunable THz device based on PPy(PF6) linear 
actuator under applied voltage. (inset) Schematics of the double-layered resonator arrays with fixed 
bottom layer and movable top layer. (b) Measured microwave transmission spectra of tunable 
microwave device based on PPy(PF6) accordion-shaped origami actuator under applied voltages. (inset) 
Schematics of the tunable microwave device. 
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Abstract— Using electronically tunable metasurfaces that modify locally the boundaries of a
cavity, switching them from electric to magnetic conductors, we show that we can control eigen
modes and frequencies in cavities, allowing wavefrontshaping, transmission enhancement between
antennas and eigenfrequencies positionning at will.

Using a binary tunable metasurface as a spatial microwave modulator (SMM) [1,2], we show
that we can control eigenmodes of a cavity of given shape. We show experimentally, numerically
and theoretically that our SMM can have very different effects on the cavity, depending on 2 pa-
rameters: the number of modes in the vicinity of a given working frequency, and the number of
elements of the SMM.

Usually cavities of a given shape and dimensions support definite eigen frequencies and modes.
They are used in a vast number of fields of research and frequency ranges, from microwave ovens to
masers, from QED to electromagnetic compatibiliy. The eigenmodes of a cavity are always modified
and tuned through mechanical parts, like mode stirrers in reverberation chambers in electromag-
netic compatibility or screws in masers and quantum electrodynamices. Nevertheless, thanks to
integral theorems, tailoring the boundaries of a cavity permits to design at will its eigenmodes and
therefore the fields inside it. Here we show that this is possible to do so by using electronically
tunable metasurfaces that litteraly modify locally the boundaries of cavities, switching them from
electric to magnetic conductors. We prove that it permits, contrary to intuition, to focus waves
at desired locations inside cavities. Using a binary tunable metasurface as a spatial microwave
modulator (SMM) [1,2], we show that we can control those eigenmodes up to some point which
depends on one hand of the number of modes inside the cavity N given by the losses and the mean
level spacing, and on the other hand on the number of degrees of freedom p which is also the num-
ber of elements of our SMM. We show experimentally, with the set-up shown on Figure1.a), and
therotically that different behaviours of the cavity with a SMM inside can be expected. We explain
the physical mechanism underlying the concept, which allows us to give a criteria that ensures that
a cavity can be turned into a completely different one as in Figure1.b), by modifying parts of its
boundaries. We finally show that this can even permit, in a cavity of given shape, to position at
will the eigenfrequencies and corresponding eigenmodes as shown on Figure1.d).

We believe those results will have application in fields requiring mode stirrers, optimizing trans-
mission or frequency filters such as EMC, microwave ovens, or telecommunications.
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Figure 1: (a) Experimental set-up. b),c) Two different behaviours of the transmission between two antennas
in a cavity for different Q factors when the configuration of the SMM is changed. Blue points correspond
to initial measured transmission and red points correspond to optimized transmission points. d) Spectra
obtained numerically of the transmission between two antennas in the cavity, for different steps of the
optimization procedure.
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Abstract- We investigate theoretically and experimentally the nonlinear propagation of surface 

plasmon polaritons (SPP). Our observations reveal that the SPP undergoes strong ultrafast 

self-action through self-induced absorption, consistently with a large, bulk, third-order nonlinear 

susceptibility of gold and provide a self-consistent theory of self-action of SPPs at an air/metal 

interface. The implications for the nonlinear physics of plasmonics and metamaterials are important 

as they evidence that nonlinear absorption has a significant effect on the propagation of SPPs 

excited by intense pulses.  

 

Surface plasmon polaritons (SPPs) are tightly confined waves along an interface between a metal and a 

dielectric. Because they are subwavelength in nature, light can be concentrated in subwavelength volumes, 

which is of particular interest to nonlinear optics. Up to now, most proposals of nonlinear plasmonic systems, 

including artificially structured metamaterials incorporating plasmonic components, have neglected the metal 

nonlinearity and assumed that the dielectric is the primary contributor to the nonlinear response [1,2]. We report 

on an extensive theoretical, numerical and experimental study of the propagation of intense SPPs along the 

simplest possible plasmonic waveguide: the single gold/air interface, which reveals a very large and ultrafast 

(100 fs) nonlinear response in the form of self-induced absorption of SPPs. To our knowledge, this is the first 

experimental investigation of ultrafast self-action of SPPs that solely probes the gold nonlinearity and reveals the 

effect it has on SPP propagation. From the experimental measurements and model, we are able to directly 

retrieve a very large value of the third-order nonlinear susceptibility (3). Comparison of the experimental data 

with numerical simulations shows that our measured (3) is accurate, and points to the extreme complexity and 

variety of mechanisms that contribute to optical nonlinearities in metals.  

The power per unit length S(x) carried by the SPP mode (where x is the direction of propagation), the 

nonlinear Schrödinger equation (NLSE) can be simplified to the first order nonlinear differential equation dS/dx 

=  effS  effS2, where eff is the effective absorption coefficient and eff is the effective nonlinear absorption 

coefficient. The solution to this nonlinear differential equation describes the nonlinear evolution of the SPP  
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x xS S
S x
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  (1) 

where SB-L(x) = S0 eeff x and Ssat(x) = eff eeff x /[eff (1 eeff
 
x)]. Interestingly, S(x) exhibits a saturable behavior, 

as it evolves linearly following the classical Beer-Lambert law given by SB-L(x) in the limit of small S0 

(<<eff/eff) and saturates to the constant value Ssat(x) in the limit of large S0 (>>eff/eff). 

We test this relation experimentally by exciting SPPs along an air/gold interface using a pulsed Ti:Sa laser 

operating at  = 800 nm.  The pulses have a FWHM duration τ  100 fs and a repetition rate rep = 80 MHz. The 

linear characterization (low intensity pumping) of the waveguides enables us to retrieve eff. This 

characterization permits quantitative measurement of the average output power for several waveguides. Figure 1 



shows the nonlinear characterization of our fabricated waveguides. Panel (a) and (b) represent P(d), the average 

power carried by the SPP after propagating over a distance d, as a function of P(0), the average power carried by 

the SPP at the input of the waveguide. Equation 1 provides us with a fit function for the data points, where the 

only fit parameter is eff. The ensemble-averaged nonlinear absorption coefficient obtained from the fitting is 

<eff > = (0.15  0.03) kW1. Figure 1(c) provides evidence that the nonlinear response is ultrafast as the 

renormalized output power taken at rep and rep/10 exhibit the same nonlinear response and appear to depend on 

the pulse energy only. Our analytical model of the nonlinear propagation of SPPs enables us to retrieve the 

imaginary part of the bulk (3) for gold from eff. We find Im{ 
(3)}  210-16 m2/V2, which is very large and a 

little over three orders of magnitude larger than (3) values measured recently by another group. [3]. To ensure 

that both our model and experiment are accurate, we simulate the nonlinear propagation of the SPP on an 

air/gold interface, where the gold exhibits an Im{ (3)} equal to our measured value (see Fig. 1(d)). We observe 

that the numerical simulations agree well with our experiment, further supporting our model and the retrieved 

Im{ (3)}. Finally, we hypothesize that the excess free-carriers that are generated via interband absorption perturb 

the imaginary part of the dielectric constant, resulting in an effective (3). This hypothesis is comforted by a 

phenomenological model relating Im{ (3)} to the linear optical and electronic properties of gold. 

 
Figure 1. (a) Average output power P(d) carried by the SPP as a function of input power P(0) for varying waveguide lengths d. Dashed 

lines are fits using Eq. (1). (b) P(d) vs P(0) for four waveguides with d = 50 μm. The dashed line is the output power dependency in the 

linear regime: P(0)eeffd. (c) Ultrafast nature of the self-action. Renormalized output power Pout measured as a function of the pulse 

energy measured for two different 50 μm waveguides and for two different repetition rates: rep = 8 MHz (blue dots) and rep = 80 MHz 

(red dots) of the laser. (d) Numerical evidence of nonlinear absorption using the retrieved Im{(3)}. The inset shows the longitudinal 

component of the time-averaged Poynting vector shown over a 10 μm length for several average input powers. 
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Figure 1: Diagrams and scanning electron microscopy (SEM) image of fabricated 

Dirac-cone metamaterial. (A) Cross-sectional view of one unit-cell of the 

metamaterial. The height of silicon pillars is hSi = 500 nm, the SU-8 layer 

thickness is hSU-8 = 570 nm, and gold layer thickness is hAu = 50 nm. (B) 

Three-dimensional view of the metamaterial structure in four different fabrication 

stages: I. Silicon pillars on a silicon-on-insulator (SOI) substrate; II. Silicon pillars 

with bottom gold layer; III. Silicon pillars in SU-8 matrix with bottom gold layer; 

IV. Silicon pillars in SU-8 matrix with top and bottom gold layers (completed 

structure). The period and radius of the silicon pillars are a = 660 nm and radius r 

= 196 nm, respectively. (C) SEM image of the corresponding metamaterial 

structure in the same four fabrication stages. 
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Abstract-We design and fabricate an on-chip Dirac-cone metamaterial with impedance-matched 

zero index in optical regime. Our metamaterial consists of low-aspect-ratio silicon pillar arrays in 

an SU-8 matrix clad above and below by gold thin films. This design can serve as an on-chip 

platform to implement applications of Dirac-cone metamaterials in integrated photonics. 

 

Optical metamaterials have demonstrated 

many exotic material properties and potential 

applications over the last decade [1]. 

Metamaterials with a zero index have been 

demonstrated in applications of supercoupling 

and phase-matching for nonlinear optics [2, 3]. 

However, on-chip zero-index metamaterial 

has not been demonstrated yet. Here, we 

design and fabricate an integrated in-plane 

metamaterial with impedance-matched zero 

index at 1550 nm by exploiting a Dirac cone at 

the center of the Brillouin zone [4, 5]. 

To achieve an in-plane Dirac-cone 

metamaterial on a photonic chip, we begin 

with a 2D square array of silicon pillars [4], 

which have two drawbacks: first, it’s 

challenging to fabricate high-aspect-ratio 

silicon pillars on chip; second, such a metamaterial has a low coupling efficiency to standard silicon photonics. 

However, if the silicon pillars are too short, the metamaterial cannot show a reasonable Dirac-cone. To achieve a 

Dirac-cone with short pillars, we put gold mirrors at top and bottom of the short silicon pillars so that the pillars 

become, electronically, infinitely tall according to the image theory. To physically support the top gold mirror, 

we put SU-8 matrix in-between the pillars. Figure 1 shows our design, which is obtained through an optimization 

procedure with the parameters a and r as well as the figure of merit as the absolute value of the effective index of 

the metamaterial at the design wavelength, λ=1550 nm. We fabricate the Dirac-cone metamaterial on a SOI 

wafer using standard lithographic techniques. The fabrication procedure consists of multiple conventional 

electron-beam lithography and reactive ion etching steps to structure both the pillars and the SU-8 matrix, as 

well as electron-beam evaporation followed by lift-off to pattern the gold mirrors. Figures 1B and 1C show the 

metamaterial in different fabrication steps. 

To theoretically verify our design, we computed the bandstructure of the Dirac-cone metamaterial (Fig. 2A) 

for the transverse-magnetic (TM) mode with electric field parallel to the pillar axis (Fig. 1A). At the design 



wavelength, λ=1550 nm, two 

linear dispersion bands intersect 

at the   point, forming a 

Dirac-like cone at the center of 

the Brillouin zone. These two 

linear bands correspond to a 

combination of an electric 

monopole and a transverse 

magnetic dipole at the 

Dirac-point wavelength (inset of 

Figure 2B), which confirms that 

the scattering from the pillars is 

dominated by the monopole and 

dipole terms in Mie series [4]. 

Because only the scattering of an 

electrically small scatter can be 

approximated with the first a few 

terms of the Mie series, the 

pillars are electrically small near 

the Dirac point. Considering this 

fact and the effective wavelength 

eff approaches infinite in the 

vicinity of the  point, the homogenization criterion (eff>>a, where a is the period of the silicon pillar arrays as 

shown in Fig. 1) is met in this region so that the metamaterial can be treated as a homogeneous bulk medium 

with effective constitutive parameters in the vicinity of the Dirac point [4, 5]. We can extract the effective 

relative permittivity r
eff

 and permeability r
eff

 of this metamaterial from the simulated reflection and 

transmission coefficients (Fig. 2B). We designed the metamaterial such that r
eff

 and r
eff

 cross zero 

simultaneously and linearly at the Dirac-point wavelength 1550 nm, which corresponds to an effective 

impedance around 1.42. The isofrequency contours of this metamaterial are almost circular, especially in the 

region close to the Dirac point, as shown in Figure 2C. All of these properties indicate that this metamaterial 

possesses a relatively isotropic zero index that has good impedance matching to free space. 
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Figure 2: Material properties of the Dirac-cone metamaterial. (A) Photonic bandstructure of the 3D 

Dirac-cone metamaterial (Fig. 1) for TM mode. Two linear dispersion bands intersect at the  point 

at λ=1550 nm, forming a Dirac-like cone. (B) Effective relative permittivity and permeability of the 

metamaterial retrieved from numerically calculated reflection and transmission coefficients 

(finite-difference time-domain method, FDTD). Inset: electric and magnetic fields in a unit-cell at the 

Dirac-point wavelength, depicting an electric monopole and a transverse magnetic dipole behavior. 

(C) Isofrequency contours of the Dirac-cone metamaterial. These nearly circular contours indicate 

that the index is nearly isotropic near  point. 
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Abstract— In quantum plasmonics the control of quantized electromagnetic energy below the
diffraction limit is possible. For this, nanoplasmonic emitters, such as spasers, are needed to
supply coherent plasmons and overcome the problem of short lifetimes. In terms of laser theory
the spaser is a laser in the bad cavity limit, with extremely high Purcell factors and mesoscopic
system sizes – a regime where standard approaches fail. We present a numerically exact, non-
perturbative investigation of the full statistical properties of coupled metal nanoparticle/many
quantum emitter systems in the spaser limit: this is crucial to understand and distinguish the
different operating regimes.

Surface plasmons allow to confine and control light on a subwavelength scale; propagating
plasmon polaritons and plasmonic nanoantennas open new paths in on-chip applications [1–3]. A
major drawback in the field are short plasmonic lifetimes, which lead to low intensities and the
destruction of quantum coherence. To overcome this problem, an intense and coherent plasmon
source, the spaser, consisting of a metal nanoparticle (MNP) and an active medium formed by
quantum emitters like quantum dots or dye molecules, was proposed [4,5]. After initial enthusiasm
due to claims of experimental realizations in [6] the field is now sceptical [7, 8]. Nonetheless the
basic mechanisms of such systems are still being intensively investigated, in particular new designs
are being proposed [9].

Distinguishing the different operating regimes of metal nanoparticle/quantum emitter hybrids
requires precise knowledge on the statistical properties of the photon emission and exciton distri-
bution. For realistic parameters the spaser is a thresholdless device and only little information
can be drawn from simple input-output curves. Investigating the effects of the number of quan-
tum emitters, dephasings, pump rates and coupling strengths on the quantum statistics allows to
identify the conditions for single plasmon, coherent and thermal emission. Customary theoretical
approaches are not suitable for this problem. Simple rate equations do not include statistics, precise
methods from laser theory generally work well only in the one or many quantum emitter case and
perturbative expansions may neglect important emitter-plasmon cross correlations.
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Figure 1: a) Spaser setup: a metal nanoparticle driven by a gain medium formed of quantum emitters. b)
First order properties: 1) average plasmon numbers and 2) normalized exciton numbers for a small silver
spaser.

We present an exact, non-perturbative, full quantum treatment of the spaser system, valid in
all parameter ranges and in particular applicable for one up to more than a hundred quantum
emitters [10]. The method is based on a density matrix approach using the Tavis-Cummings



model in a Lindblad quantum master equation ∂tρ = i
~ [ρ,H] + Lρ. Our analysis will focus on the

second order autocorrelation function g(2) and the actual probability distributions in the plasmon
and exciton number states P (n). We are able to distinguish parameter domains that allow spasing
from domains where spasing is inherently impossible, e.g. if there are not enough quantum emitters.
Furthermore we observe transitions from chaotic/thermal to coherent distributions and give precise
estimates on the limitations for maintaining spaser action.
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Figure 2: Second order correlation functions for the plasmon and exciton distributions for a) 10 QEs and b)
30 QEs. c) Difference between below to above threshold behavior in the plasmon number state distributions.

The radiative coupling of the spaser hybrid to the electromagnetic vacuum is governed by the
full polarization of the system [11]. Since our approach gives access to the full, nonperturbative
density matrix we can calculate the full radiative output signal including all interferences and
cross-correlations as observed in an experiment.
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Abstract-Several spaser geometries are studied within electrodynamic framework in the generating 

and driven regimes. Gain is modelled using an inverted Lorentzian dielectric function with 

saturation broadening. The spasers with retardation and spatially inhomogeneous saturation are 

treated numerically, and the results are compared with the analytical guidelines. Quadrupolar 

modes of silver shells and dipolar modes of spheroids demonstrate thresholds close to the 

theoretical minimum. The role of quenching, boundary losses, and heating is also discussed. 
 

A spaser is a nano-optical light generator, utilizing plasmonic modes of metallic nano-particles (MNP) [1]. 

The simplest framework to study its continuous-wave (CW) behavior uses the classical Maxwell equations with 

an intensity-dependent dielectric function. This allows obtaining fields and cross-sections in the driven regime 

analytically for a quasi-static dipolar core-shell spaser [2]. Here, we extend this analysis to more complex 

geometries and compositions and account for details that cannot be treated analytically.  

The minimization of the spasing threshold in realistic spasers requires multipolar modes, and larger 

structures [3], where the higher order modes, despite being “dark” under normal conditions, often become 

advantageous for the generation [4]. Inhomogeneity of the E-field, retardation and radiative losses are 

unavoidable in these systems, preventing their analytical treatment. Retardation noticeably affects both the 

threshold gain and the generation frequency ωthr. The latter is especially important, as a driven spaser is very 
sensitive to the detuning from its native frequency. We circumvent these difficulties using a finite element 

frequency domain nonlinear solver (COMSOLTM Multiphysics) to account for saturated Lorentzian gain (Fig. 1). 

Qualitative behavior of an arbitrary driven spaser depends on three main dimensionless control parameters: 

driving frequency normalized to the spaser frequency ω/ωthr; pumping, characterized by the strength of the 

Lorentzian gain εL, normalized to its threshold value εL/εthr, and the magnitude of the incident E-field, 
normalized to the saturation field in the gain medium Einc/Esat. The normalization values strongly depend on the 

material properties, but the spasers of different types undergo similar qualitative changes when the normalized 

parameters are modified. This suggests specific functional dependences on control parameters for the spaser 

E-fields and optical cross-sections, which we derive analytically for a dipolar quasi-static core-shell spaser. 

For a driven spaser, the saturation is important both below and above the threshold. It removes the 

singularities in the fields and cross-sections, and (in contrast to the linear theory) results in a monotonous 

increase of scattering and field at the resonant frequency with the increase in pumping level (Fig. 1c). Bistability 

exists within an intricate range of control parameters above the threshold (Fig. 1). It manifests itself in the abrupt 

changes in the scattering cross-sections and fields within a narrow detuning range from ωthr (Fig. 1b). The 

behavior of absorption and extinction is even more complex. A freely generating spaser corresponds to the 

limiting case of vanishing external field (Fig. 1a). 



Our general framework is applied to a couple of practical spaser examples, where Ag is used as a metal and 

polystyrene (εPS = 2.6) as a host for the dye chromophores: (i) the quadrupolar mode spasing with a multilayer 

core-shell structure (Fig. 1b), and (ii) the dipolar mode spasing with prolate spheroids coated with a gain 

medium of different thicknesses (Fig. 1c). Gain values in Fig. 1 translate into amplification coefficients as low as 

βG ~ 1.5 × 103 cm–1, close to the absolute quasi-static theoretical minimum [3], achievable with just a few tens of 
nanometers of gain material. 

The threshold and operation of a realistic spaser are adversely modified by such parasitic effects as increased 

boundary losses in small MNPs, and quenching of chromophores close to metal [5]. These effects are modelled 

by increasing the free-electron scattering loss in the Ag dielectric function, and incorporating an inactive 

quenched layer of gain material around the MNP in calculations. Further, the total Joule energy generated in the 

CW spaser is obtained, and its implications for the thermal stability of the entire system are discussed.  
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Figure 1. Dependence of the maximum field in the gain material on the spaser parameters for 3 distinct core-shell 

geometries with the air surrounding. The parameters are shown in the plots. a) A dipolar spaser with gain core radius aG 

and shell thickness hAg. The dependence on the incident field at the resonance for 3 pumping levels εL/εthr = 0.5 (black), 

1 (red), and 1.5 (blue). Solid lines are analytical quasi-static predictions (similar to [2]), symbols are numerical results. 

b) Quadrupolar mode of a shell hAg, sandwiched between the gain core of radius aG and the gain layer of thickness hG. 

Dependence on the frequency near the resonance for 3 different incident fields Einc, normalized to gain saturation field 

Esat: (Einc/Esat = 1.5×10-3 (black), 8×10-3 (red), and 12.4×10-3 (blue)). c) A prolate spheroidal dipolar spaser with long 

semi-axis cAg. The dependence on the pumping level at resonance for a small incident field. It is close to the behavior of 

a freely generating spaser. Black line is for a spheroid with an aspect ratio of 3.6 and gain shell with radius aG; for the 

red line the aspect ratio is 4.01 and gain shell thickness is hG. Insets in all panels show the normalized field distribution 

with the orientation of the incident wave and E-field, for the parameters marked by the magenta round or square dots. 
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Abstract- It has been recently shown that optical nanoantennas made of single or paired metallic 

nanoparticles can efficiently couple the propagating light into and from deeply subwavelength volumes. 

The strong light-matter interaction mediated by surface plasmons in metallic nanostructures allows for 

localizing optical fields to a subdiffraction-limited region, thereby enhancing emission of nanoemitters 

and offering the flexible control of nanofocused radiation. Here we theoretically study the nanodipole 

antennas with submicroscopic gaps, i.e. a few nanometers, for which there exists linear and high-order 

nonlinear quantum conductivities due to the photon-assisted tunneling effect. Noticeably, these quantum 

conductivities induced at the nanogap are enhanced by several orders of magnitude, due to the strongly 

localized optical fields associated with the plasmonic resonance.  

In this talk, we will show that by tailoring the geometry of nanoantennas and the quantum well structure, 

a quantum nanodipole antenna with a gap size of few nanometers can induce linear, high-order quantum 

conductivities that are considerably enhanced by the surface plasmon resonance. We envisage here a 

number of intriguing nanophotonic applications of these quantum nanoantennas, including (i) 

modulatable and switchable radiators and metamaterials, with electronic and all-optical tuning (which is 

related to the two photon absorption), (ii) optical rectification for detection and energy harvesting of 

infrared and visible light, which are related to the relevant second-order quantum conductivity, (iii) 

harmonic sensing for the work function and the optical index of nanoparticle, e.g. DNA and molecules, 

loaded inside the nanogap, and (iv) high harmonic generation and wave mixing with nonlinear quantum 

conductivities. 
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Abstract— We present a new numerical method for the analysis of second-harmonic generation
in diffraction gratings containing centrosymmetric materials. Our numerical method extends
the generalized source method (GSM) and incorporates both the surface second harmonic (SH)
polarization and the nonlocal bulk polarization into the algorithm to calculate the optical field
at the SH. We study the convergence characteristics of the nonlinear GSM for plasmonic and
dielectric gratings and investigate the contribution to the nonlinear response of surface and bulk
polarization effects.

1. INTRODUCTION

Nonlinear optical processes allow applications from nonlinear spectroscopy to highly sensitive tech-
niques for probing interface phenomena. We present a new numerical method for the analysis of
second-harmonic generation (SHG) in one- and two-dimensional (1D, 2D) diffraction gratings con-
taining centrosymmetric quadratically nonlinear materials. The nonlinear optical properties of a
material are qualitatively determined by its symmetry properties: non-centrosymmetric materials
(e.g. GaAs, LiNbO3) lack inversion symmetry and therefore allow local even-order SHG in the bulk
of the material, whereas this process is forbidden in centrosymmetric materials. The inversion sym-
metry of centrosymmetric materials (e.g. noble metals, Silicon) is broken at their surface, whence
they allow local surface SHG. Additionally, centrosymmetric materials give rise to nonlocal (bulk)
SHG [1]. For an electric field, E, at the fundamental frequency, ω, these two effects are described
at the SH frequency, Ω = 2ω, by a nonlinear source polarization

PNL = ε0δsurf χ̂
(2) : EE + α (E · ∇)E + βE (∇ ·E) + γ∇ (E ·E) , (1)

where χ̂(2) is the nonlinear surface susceptibility and α, β, and γ are material parameters.

2. THEORETICAL FORMALISM

The generalized source method (GSM, [2, 3]) is a rigorous and efficient numerical method to calcu-
late the optical near- and far-field produced by periodic structures (described by their permittivity
distribution ε), which are excited by an arbitrary electromagnetic (EM) source. The method is
based on an implicit description of the EM field

∇×∇×E− ω2µ0εbE = ω2µ0
(
Pext + Pgen(E)

)
(2)

by means of a simple background structure εb, the known external source Pext, and the generalized
source Pgen(E) = (ε− εb)E, which depends on the solution E itself. A suitable discretization yields
a linear system of equations which can be solved efficiently by an iterative solver. We devised the
nonlinear GSM as a three step algorithm to calculate the nonlinear optical field at the SH in
gratings containing centrosymmetric materials: i) Solve (2) for a given incident wave to obtain
the EM field E at the FF. ii) Evaluate the nonlinear polarization (1). iii) Solve for the nonlinear
polarization PNL to obtain the EM field at the SH. The computational properties and convergence
of the method have been investigated and will be discussed at the conference.
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Figure 1: a) FF (top) and SH (bottom) spectra for a binary Si-grating. b) FF (top) and SH (bottom) spectra
for a binary Au-grating. c) SH-field profile for Si-grating at the resonance wavelength λFF = 1.55 µm. d)
SH-field profile for Au-grating at the wavelength of the surface plasmon resonance, λFF = 0.73 µm.

3. RESULTS AND DISCUSSION

We investigate SHG from binary Silicon (period, Λ = 1 µm, height, h = 220 nm, and width,
w = 487 nm) and Gold gratings (Λ = 0.5 µm, h = 100 nm, w = 300 nm) placed on a Silica substrate.
The Silicon grating is designed such that its linear spectrum for normal transverse magnetic (TM)
polarized incidence (top of Fig. 1a) exhibits a strong resonance at a FF wavelength λFF = 1.55 µm,
which results in perfect reflection (green line) and vanishing transmission (blue line) and absorption
(red line), as well as several less pronounced resonances at lower wavelengths. By contrast, the
spectrum of the emitted SH (bottom of Fig. 1a) possesses a local maximum of the transmitted SH
at the main resonance wavelength and several more pronounced spectral features. The reason for
this transmission peak at the SH is the field enhancement at the FF, which leads to an increase of
the strength of sources of the nonlinear field. The stronger variation of the SH spectrum is due to
the quadratic dependence of PNL on E and also the additional (device-dependent) resonances at
lower wavelengths (λFF <0.8 µm). We found that the SH-field at the main resonance is localized
in the free-space region between the Silicon ribbons of the grating, see Fig. 1c.

The results of a similar analysis for a binary Gold grating under normal TM incidence are shown
in Fig. 1b. The device possesses a pronounced surface plasmon (SP) resonance at λFF = 0.73 µm,
which manifests itself in the linear spectrum (top) by a steep decrease of the transmission, accom-
panied by an increase of the reflectivity and absorption. This strongly affects the SH spectrum,
which exhibits a distinct maximum of radiated power at the SP resonance, an order of magnitude
stronger as compared to the off-resonance case. The SH field (Fig. 1d) at the SP resonance is maxi-
mal at the vertical surfaces of the metallic grating and hence differs significantly from the dielectric
case. In a similar manner, we use the nonlinear GSM to compare the relative contribution to the
SH field of surface and nonlocal bulk polarization and also consider 2D periodic structures.

We believe that the presented method will facilitate a better understanding of SHG in cen-
trosymmetric media and to design novel nonlinear optical devices at the nanoscale.
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Zero-refractive-index metamaterials have been proposed as potential candidates for super-coupling 
applications, where light is confined to sub-diffraction limited length scales on-chip. Such a device 
allows for efficient coupling between disparate modes and compact 90 degree bends, which are 
challenging to achieve using dielectric waveguides. We discuss the simulation and fabrication 
results of all-dielectric on-chip zero-index metamaterial-based couplers. We observe transmission 
normal to all faces, regardless of the structure’s shape, highlighting an unexplored feature of zero 
index metamaterials for integrated photonics. 

There has been strong interest in the confinement of electromagnetic energy in sub-diffraction limit waveguide 
configurations. Such an achievement would offer applications in telecommunications, subwavelength imaging, 
optical memory storage, and on-chip photonic processes. Materials with a refractive index of zero have been 
considered as strong contenders for such “super-coupling” applications.[1,2] Though ε-near-zero and µ-near-zero 
metamaterials, where zero index is obtained by tuning the effective electric permittivity or permeability to zero, 
have been proposed as a possible candidate, their infinite or zero impedance causes large reflections which pose 
a challenge for coupling applications. 

Recently, metamaterials with simultaneously zero effective permittivity and permeability have been 
demonstrated in both out-of-plane and on-chip configurations.[3,4] Both of these configurations take advantage of 
an accidental Dirac cone at the center of the Brillouin zone and an all-dielectric design that offers both 
impedance-matching and low losses.[5] An on-chip implementation of such an ε-and-µ-zero metamaterial offers a 
suitable platform for exploring supercoupling. This design consists of an array of silicon pillars fabricated using 
a standard CMOS-compatible process. We have previously fabricated a prism consisting of this material (Fig. 1) 
through which we are able to observe an unambiguous demonstration of zero effective index.[3]  

 
Figure 1: Schematic showing the design and SEM of the fabricated ε-and-µ-zero metamaterial. The first panel 
shows the cross-section of a unit cell. The second and third panel show a rendering and corresponding SEM of 
the metamaterial at different fabrication stages: I) Silicon pillars on silicon-on-insulator (SOI) substrate, II) After 
deposition of first gold mirror, III) After backfilling of SU-8 matrix, IV) After deposition of top gold layer. 



In this work, we use an ε-and-µ-zero metamaterial to achieve demonstrable super-coupling. Using 
two-dimensional FDTD simulations, we explore S-bend and power splitter configurations of super-coupling 
structures between two separate waveguides for wavelengths within the telecom regime (Fig. 2). The results are 
challenging to explain using conventional photonics. First, we observe full transmission through a pair of 
90 degree bends (Fig. 2a); second, we find that the power exiting the ε-and-µ-zero metamaterial through multiple 
output waveguides scales with the size of the corresponding waveguide cross-section. These are both 
representative features of zero-index propagation and indicate a great potential for successful super-coupling 
demonstration.  

a)  b)  

Figure 2. a) Electromagnetic energy propagating in an S-bend configuration. b) Electromagnetic energy through 
a power splitter configuration. In both figures, ε-and-µ-zero metamaterial is represented as the region within the 
black box and photonic bandgap material is represented as the grey shaded area. 

To experimentally demonstrate super-coupling, we fabricate an optimized low-loss ε-and-µ-zero structure 
with subwavelength cross section coupled to an input and output silicon waveguide. The measured transmission 
is compared to comparable silicon waveguide structures. We expect that these devices will demonstrate the 
future significance of ε-and-µ-zero metamaterials for silicon photonics. 
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Abstract - We report highly-nonlinear metasurfaces based on combining electromagnetically-engineered 

plasmonic nanoresonators with quantum-engineered intersubband nonlinearities. Experimentally, effective 

nonlinear susceptibility over 480 nm/V was measured for second-harmonic generation at normal incidence.  
 

 

I. INTRODUCTION 

 

Nonlinear response from optical metamaterials have opened a new directions in research, with interesting applications 

including super-resolution imaging [1] and efficient frequency conversion and optical control with greatly-relaxed 

phase-matching conditions [2]. Current efforts to produce giant nonlinear response in metamaterials were focused 

mostly on using the natural nonlinear response of plasmonic nanocircuits [3] or by enhancing the nonlinearity of optical 

crystals coupled to plasmonic nanoantennas [4]. These approaches failed, however, to produce nonlinear responses 

higher than that from bulk nonlinear materials. 

It is well-known that intersubband transitions in n-doped coupled multi-quantum wells (MQWs) may be used to 

design nonlinear materials with record second-order nonlinear susceptibilities up to 4-5 orders of magnitude lager than 

in traditional bulk nonlinear materials. These nonlinearities have been successfully integrated into laser waveguides to 

produce efficient frequency conversion [5] and room-temperature terahertz generations [6]; however, the integration 

of giant MQW nonlinearities with free-space optics is very challenging because optical transitions between electron 

subbands are intrinsically polarized along the surface normal to the MQW layers (defined as z-direction). We recently 

proposed and experimentally demonstrated that the limitations of MQW systems may be overcome by combining the 

MQW layer with suitably designed plasmonic nanoresonators to produce wide-area highly-nonlinear ultrathin 

metasurfaces [7,8]. In this approach, virtually any element of the effective nonlinear susceptibility tensor may be 

engineered to have a giant nonlinear response for the free-space optical applications [8].  

Here we report metasurfaces that experimentally demonstrate 6 times enhancement of the MQW nonlinearity. 

Overall, through optimizing both MQW semiconductor layer and plasmonic nanoresonator design, we achieve over 

100 times of improvement in second-harmonic generation (SHG) conversion efficiency over the results reported in 

Ref. [8] for the same level of optical pumping. Our structures display nonlinear susceptibility of 480 nm/V, which is 

by far the largest nonlinear response measured from any nonlinear metasurface to date.      

 

 
Fig. 1. (a) Conduction band diagram of one period of an In0.53Ga0.47As/Al0.48In0.52As MQW structure. The layer sequence (in nm) is 6.0/6.1/1.5/2.3/6.0 

where barriers are shown in bold, and the first 5nm of the first 6nm barrier and the last 5nm of the last 5nm barrier are n-doped to 1.5×1018cm-3. (b) 
Calculated intersubband nonlinear susceptibility of the structure in (a) as a function of pump wavenumber. (c) Top view cross-section of the 

simulated Ez field enhancement monitored in the MQW layer 100nm below the gold plasmonic resonators at FF (top panel) and SH (bottom panel) 

frequency. 
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II. DEVICE DESIGN 

 

A 400nm-thick nonlinear MQW layer that contains 18 repetitions of the In0.53Ga0.47As/Al0.52In0.48As coupled-quantum 

well structure (see Fig. 1(a)) was grown by the molecular beam epitaxy on a semi-insulating InP substrate. The 

designed MQW structure is using slightly off-resonant intersubband transitions which results in higher saturation 

intensity of the intersubband transition 1-2, compared to the fully-resonant structure used in Ref. [8]. The MQW 

structure also has approximately 7 times higher doping, compared to that in [8], which leads to higher intersubband 

nonlinearity. The calculated nonlinear susceptibility of the MQW for SHG as a function of pump frequency is shown 

in Fig. 1(b). To achieve efficient SHG under normal incidence of input pump, the MQW layer is sandwiched between 

a metal ground plane and a patterned array of T-shaped metallic nanoresonators. The nanostructures are designed to 

induce the enhanced local Ez-field in the MQW layer at both fundamental frequency (FF) ω and second-harmonic (SH) 

frequency 2ω for x- and y-polarized input light, respectively, at normal incidence. Figure 1(c) shows that significant 

Ez-field enhancement up to 5 times of input E-field is induced in the MQW layer for FF and SH frequency. In this 

configuration, the highest effective nonlinear susceptibility out of the metasurface is expected for yxx polarization 

combination (the first letter refers to the polarization of the SH wave and the last two letters refer to the polarization 

of the FF input wave). The plasmonic nanoresonators are designed to maximize modal overlap between the resonances 

at ω and 2ω.  

 

III. EXPERIMENTAL RESULTS 

 

For the experiment, the MQW layer was transferred to a gold-coated semi-insulating InP substrate via thermo-

compression bonding and selective chemical etching. A 350μm by 350μm two-dimensional array of plasmonic 

nanoresonators were patterned onto it via e-beam lithography, metal evaporation, lift-off, and ICP-RIE. The strong 

absorption peaks near the FF and SH frequency enable efficient coupling FF light and out-coupling of the SH light as 

shown in Fig. 2(a).  

A pulsed broadly-tunable QCL source and an InSb detector were used for experimental measurements. SHG peak 

power as a function of the FF peak power squared for x-polarized input and y-polarized output is shown in Fig. 2(b). 

The data translates into the effective nonlinear susceptibility of the 400-nm-thick metasurface of (2)eff

yxx ≈ 483nm/V 

(407nm/V) for low FF intensity (high FF intensity), which is approximately 4-5 orders of magnitude larger than the 

typical values of bulk nonlinear crystals and approximately 10 times higher than our results reported in Ref. [8]. As 

shown in Fig. 2(c), we achieved almost 2.3×10-4 power conversion efficiency using pump intensity of only 15 kW/cm2. 

The conversion efficiency is over 100 times higher than that reported in [8] for the same pumping intensity. We note 

that the MQW structure without nanostructures did not produce any significant nonlinear response for normal incidence, 

as expected. The metasurface reported here provide by far the largest nonlinear response measured from any nonlinear 

metasurface to date. Our metasurfaces may have significant practical impact on variety of applications, including 

frequency up- and down-conversion, optical control, and optical phase conjugation.   
 

 
Fig. 2.  (a) Absorption reflection spectrum of the fabricated metasurface at normal incidence for light polarized along x-axis and y-axis as shown in 
Fig. 1(c). (b) SH peak power output as a function of FF peak power squared (bottom axis) or peak intensity squared (top axis) at FF wavenumber of 

1028cm-1 (9.72µm) for yxx polarization combination. (c) SHG power conversion efficiency as a function of FF peak power (bottom axis) or peak 

intensity (top axis) at the same conditions as in (b). 
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Abstract-Periodically arranged pairs of asymmetric silicon nanobars can sustain trapped magnetic 

resonances with a sharp Fano-type transmission or reflection signature. In this work, we 

theoretically present a hybrid graphene/all-dielectric metamaterial device constituted by periodic 

silicon nanobars placed over a silica substrate. One-atom-thick graphene monolayer is sandwiched 

between the dielectric nanobars and substrate. Tunable transmission is obtained at near-infrared 

(near-IR) wavelengths as the doping level of graphene is increased.  

 

All-dielectric metamaterials based on silicon (Si) nanostructures placed over a silica (SiO2) substrate 

promise zero nonradiative Ohmic losses at near-IR frequencies and easily integration to the current CMOS 

technology. The zero-loss properties can lead to very high quality factor (Q-factor) Fano [1] and 

electromagnetically induced transparency (EIT) [2] resonances. These properties are in stark contrast to the usual 

plasmonic nanostructures, which are based on metals and exhibit high joule losses and broader scattering or 

transmission responses. Recently, trapped mode magnetic resonances were reported with an asymmetric silicon 

nanobar configuration to achieve high Q-factor Fano-type transmission and reflection signatures [3]-[4]. In 

addition, similar all-dielectric configurations with broken nanobars can also sustain very strong and localized 

electric fields in subwavelength regions [5]. The combination of high Q resonances and strongly confined fields 

in subwavelength volumes are ideal conditions to enhance the tunability [6]-[7] and nonlinearity [8] of novel 

hybrid metamaterial devices leading to the creation of metadevices. 

In this work, we explore the incorporation of graphene to the aforementioned all-dielectric metamaterial 

nanostructures in order to obtain more efficient tunable operation in transmission or reflection. The recently 

discovered graphene is a two-dimensional (2D)—one-atom-thick— conductive material with zero-bandgap and 

linear dispersion. Interestingly, its properties can be tuned in the entire IR and optical frequency range by 

varying its doping level with chemical, electrostatic and optical ways. In the geometry shown in Fig. 1(a), 

graphene is embedded between the asymmetric Si nanorods and the silica substrate. The dimensions of the 

silicon nanorods are: h1=150nm, h2=200nm, w=750nm, t=150nm. They are separated by distance d=250nm. The 

unit cell has vertical and horizontal periodicities of: ws=hs=900nm. The thickness of the silica substrate is chosen 

to be: ts=600nm. The transmission coefficient of this hybrid graphene/all-dielectric nanostructure is computed 

with numerical simulations [9] at near-IR frequencies and for different Fermi energies of graphene. The 

permittivity of graphene as a function of frequency and Fermi energy, or equivalently doping level, can be found 

in [7]. Silicon and silica are lossless at near-IR and they are modeled with constant refractive indices equal to 

nSi=3.5 and nSiO2=1.44. 

The computed transmission coefficient is plotted in Fig. 1(b) in the near-IR range and an ultranarrowband 



Fano resonance is obtained for highly doped graphene (|EF|=0.75eV). In the case of undoped graphene 

(|EF|=0eV), the Fano resonance gets broader and the Q-factor is rapidly reduced. The difference in transmission 

between highly doped (|EF|=0.75eV) and undoped (|EF|=0eV) graphene can reach more than 60% for a very 

narrow frequency range, as it can be clearly seen in Fig. 1(c).   

 

 

Figure 1 (a) Unit cell of the dielectric metamaterials combined with graphene. (b) Tunable transmission coefficient with a sharp Fano 

resonance signature. (c) Percentage of change in transmission coefficient as we increase the doping level in graphene from |EF|=0eV to 

|EF|=0.75eV. 

 

To conclude, we presented tunable Fano resonant transmission from a hybrid graphene/all-dielectric 

metamaterials nanostructure. The graphene’s Fermi energy or the doping level can be changed with 

electrochemical gating based on ionic liquid electrodes that was used before to gate other hybrid 

graphene/plasmonic structures [7]. Several new integrated nanophotonic components are envisioned based on 

the proposed device, such as new biosensors and efficient electro-optical transmission modulators.   
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Abstract- Nonlinear metamaterials open exciting possibilities for integrated nonlinear optics. We 

show how to obtain exceptional control of nonlinear optical interactions in metamaterials by 

constructing nonlinear metamaterial-based photonic crystals. These allow us to obtain engineered 

nonlinear diffraction, all-optical scanning, focusing and beam shaping of the nonlinear output. We 

also show that multilayered structures can boost the nonlinear conversion by orders of magnitude 

and extend the common analysis of second harmonic generation to arbitrary three wave mixing 

processes.  

 

Non-linear photonic crystals enable control over quadratic non-linear optical interactions [1] and allow 

creating functional optical devices such as frequency converters, switches, beam shapers and optical amplifiers. 

However the miniaturization of these devices is limited by the properties and ease of integration of the nonlinear 

crystals available in nature. Recently a new family of nanostructured plasmonic optical materials, so-called 

metamaterials (MM), with artificial effective tunable nonlinearities, were demonstrated [2]. Controlling their 

nonlinear output can open a whole new area for potential fundamental research and development of efficient, 

active, integrated and ultra-compact nonlinear optical devices. 

We have recently introduced a new family of functional metamaterial-based nonlinear photonic crystals [3]. 

These nonlinear MM are based on plasmonic nano-resonators in which we modulate their quadratic nonlinearity 

indifferentregionsbygeometricmanipulationswhichimposeπphaseshift on the locally generated nonlinear 

signal. This modulation mimics domain inversion in conventional nonlinear photonic crystals and allows 

controlling the nonlinear interaction. We use it to demonstrate numerous manipulation possibilities including 

intense focusing of the nonlinear signal directly from the MM. This is done by designing a non-linear Fresnel 

zone plate, resulting in nearly two orders of magnitude enhanced intensity. Figure 1 (A) shows a scanning 

electron microscope image (SEM) of the outer zones of the binary phase nonlinear Fresnel zone plate lens and 

Fig. 1 (B) shows the emitted second harmonic (SH) at Z=0 and the focused spot 1 mm away from the structure 

which is 73 fold more intense. In addition we demonstrate different schemes of nonlinear diffraction from the 

MM. Figure 1(C) shows a nonlinear metamaterial based photonic crystal with triangular structure which exhibits 

nonlinear emission with hexagonal symmetry (Fig. 1 (D)). We also study the nonlinear dynamics in 

three-dimensional structures formed from stacked multiple MM layers (Fig. 1(E)). We show that this enables 

giant enhancement of the total conversion efficiency and examine the effects of perfect and quasi phase 

matching in these structures.  

Finally in the presentation we will also show results of an extension of the process of second harmonic 

generation in these artificial structures to three-wave-mixing processes in general e.g. sum- and 

difference-frequency generation. This extension is done numerically in the framework of the hydro-dynamical 

model of free electron in metals [5]. The extension can be used to get the following general expression for the 



nonlinear currents generated in the metals by three wave mixing processes: 

 
           2 || 2

, 2
,0

1
ˆ ˆ0 0 2 0 0

2
NL i i i j i j i i i j i j

i j i

i
K i P P t i P P n

n e i


     

 

  


 

 
      
   
  (1) 

Where    marks the induced nonlinear currents at the sum or difference frequency,           are the 

fundamental angular frequency and resulting angular frequencies respectively,   is the collision rate,   mark 

the parallel and perpendicular polarization components. Using this extension we study numerically 

sum-frequency generation processes showing interesting new features (Fig 1F) which agree with recently 

demonstrated mode matching model for SHG in nonlinear SRRs [6].     

 

Figure 1. (A) SEM of outer zones of nonlinear metamateiral-based binary Fresnel Zone plate lens. (B) Second 

harmonic emitted from the FZP and 1 mm away. (C) SEM of triangualr nonlinear metamaterial lattice and (D) 

coprresponding nonlinear diffraction. (E) SH efficiency for multilater structure. (F) Hydrodynamical model 

output for efficiency of sum frequency generation of two beams (FHA and FHB ) polarized along the base of the 

split ring resonators. Values are shown for 3 fixed FHB wavelengths 1100nm, 1300nm and 1500nm.  
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Abstract- We constructed a phononic crystal with a topological transition point in the acoustic band 

structure where the frequencies of an odd mode and an even mode become degenerate. The Zak phases of 

the bulk bands change upon a shift in system parameters across this transition point. This is an analog of 

band inversion behavior in the acoustic system. We present a theoretical framework, together with two 

methods to experimentally determine the Zak phase in this acoustic system.  

 

The unit cell of our acoustic system is shown in Fig. 1(a), which consists of two wider tubes of height dA/2 

sandwiching a narrower tube of height dB. The system is periodic along the axis of the tubes inside which the sound 

wave propagates. The wavelength we are interested is much larger than the radii of tubes and hence this system can 

be effectively treated as a one-dimensional (1D) system. The band structure of this quasi-1D system is shown in 

Fig. 1(c). The black curves represent fundamental modes, which have their pressure gradient along the propagation 

direction (e.g., see Figs. 1(a), 1(b)) and negligible pressure variation along the cross-sectional directions. As our 

system has mirror symmetry with respect to the center cross-sectional plane of the tubes, the eigenfields of the 

band edge states can only be odd or even relative to the mirror plane. We show the eigenpressure fields of an odd 

mode (at 4421Hz) and an even mode (at 3341Hz) in Figs. 1(a), 1(b), respectively. The frequencies of these two 

modes are marked by red dots in Fig. 1(c). The green line in Fig. 1(c) represents a higher order mode that cannot be 

excited with a plane wave source, i.e., deaf mode. We will ignore this mode in the following discussion. 

The eigenfrequencies of the odd mode and the even mode change when we gradually vary the height 

difference between the wider tube and the narrower tube. The results are shown in Fig. 1(d), in which the 

eigenfrequencies of the odd mode (black curve) and the even mode (red curve) are plotted as functions of Δ

d=dA-dB. There exists an accidental degeneracy point between these two modes around Δd=0.49cm. In the 

following paragraphs, we will show that this accidental degeneracy point is a topological transition point in our 

acoustic system. 

Zak phase describes the geometric property of a 1D bulk band. For a 1D system with mirror symmetry, the Zak 

phase is quantized as 0 or π
1,2

. The value of the Zak phase of a band is related to the symmetry types (even or odd) 

of the two band edge states of this band
2,3

. If the two band edge states are of the same type, the Zak phase is 0; 

otherwise, the Zak phase is π. When we tune Δd across the accidental degeneracy point, the symmetry of the higher 

band edge state of the second band changes, and this indicates a change of Zak phase as the lower band edge state 

of that band does not change. The change of Zak phase is confirmed with numerical calculation.  

The topological property of a gap is determined by the Zak phases of all the bands below this gap
3
. As the Zak 

phase of the second band changes across the degeneracy point, the second gaps (color region in Fig. 1(d)) on the 

two sides of the degeneracy point possess different topological properties. In Fig. 1(d), we use different colors to 

illustrate this point. A direction implication of the topological property of a gap is to predict the existence of the 

interface states. This prediction power is confirmed with our experimental setup. The topological property of a gap 



is related to the sign of the reflection phase inside this gap
3
 and this offers us a useful method to measure the 

topological property of a gap, which in turn gives the value of Zak phase of each band. As discussed above, the Zak 

phase of a band is related to the symmetry of the band edge states, so the value of Zak phase can also be obtained 

with the knowledge of the symmetry type of the band edge states. The above two methods give results that are 

consistent with the numerical calculation.     

 

 

Fig. 1 (a) (b) Unit cells with simulated pressure eigenfunctions. (a) An odd mode found at 4421Hz. (b) An 

even mode found at 3341Hz. (c) Band dispersion of the unit cell shown in (a) and (b), where the red dots mark the 

eigenfrequencies of modes shown in (a) and (b), and green curve represents the dispersion of a higher order mode 

which cannot be excited with a plane wave. The parameters used in (a), (b) and (c) are dA=3cm, dB=5.5cm, 

rA=2.4cm and rB=1.5cm. The tubes are filled with air (mass density ρ=1.3kg/m
3
, speed of sound v=343m/s)   (d) 

The eigenfrequencies of the even mode (Red curve) and the odd mode (Black curve) vary when we change 

Δd=dA-dB while keeping the total height of a unit cell constant as used in (c). The second band gap is bound by the 

red and the black curves. Different colors represent different topological properties of the band gaps.    
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Abstract- Topological photonics which study topological properties of photonic crystals or 

periodically modulated photonic materials is emerging recently. However a similar method combining 

the topology and phononic crystals still remains elusive. Our work transfers the classic quantum Hall 

effect into a phononic crystal. The time-reversal symmetry of the phononic crystal is broken by 

introducing a circulating fluid flow in each unit cell. Topologically-protected unidirectional edge states 

are demonstrated at the boundaries of the phononic crystal, being immune to backscattering from 

disorders. 

 

We develop an analogous theory of topological fluid acoustics, and propose a scheme for realizing 

topological edge states in an acoustic structure containing circulating fluids. The propagation of sound 

waves in the presence of such a steady-state non-homogenous velocity background [1, 2] can be 

reduced to a Schrodinger-type equation for a zero-energy electron wavefunction in nonuniform vector 

and scalar potentials under the condition of low Mach number: 

 2[( ) ( , y)] 0effiA V x    .  (1) 

Each acoustic band can be characterized by a topological invariant, the Chern number, similarly in 

photonic systems [3]. We have numerically verified that the two bands of Dirac cone, split by the 

T-breaking, have Chern numbers of 1 . The principle of ‘bulk-edge correspondence’ then predicts 

that, for a finite phononic crystal the gap between these two bands is spanned by topologically 

protected acoustic edge states. As shown in the following Fig. 1, this topologically-protected acoustic 

state goes around the boundaries of an acoustic lattice in fluids, being robust against sharp bend, 

analogous to the electronic edge states occurring in the quantum Hall effect [4].  
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Figure 1: One-way acoustic edge state on the boundaries of a topological phononic crystal. 

Our work transfers the quantum Hall effect into a classical acoustic system. The effect could be 

tunable from audible to even ultrasonic frequencies by appropriately scaling down lattice constant or 

practically operating at higher band gaps with larger Chern number. The phenomenon of disorder-free 

one-way sound propagation, which does not occur in ordinary acoustic devices, may have novel 

applications for acoustic isolators, modulators and transducers. 
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Abstract- We demonstrate the experimental realization of a multi-resonant metamaterial for Lamb 

waves, i.e. elastic waves propagating in plates. The metamaterial effect comes from the resonances 

of long aluminum rods that are attached to an aluminum plate. Using time-dependent measurements, 

we experimentally prove that such a medium exhibits wide band gaps as well as sub- and 

supra-wavelength modes for both a periodic and a random arrangement of the resonators. The 

extraction of the metamaterial dispersion relation allows us to predict this physics through 

hybridizations between flexural and compressional resonances in the rods and slow and fast Lamb 

modes in the plate. We finally underline how the various degrees of freedom of such system paves 

the way to the design of metamaterials for the control of Lamb waves in unprecedented ways. 

 

Composite materials made out of resonant elements, which are also called locally resonant media, owe their 

macroscopic properties to the dispersive nature of their unit cell [1, 2, 3, 4, 5, 6]. They can therefore be 

organized at a scale much smaller than the wavelength, in which case they belong to the family of metamaterials 

[7, 8]. These media can have bands with very high momentum modes that are equivalent to high effective 

parameters [4, 9, 10, 11], or frequency bands with negative effective properties that manifest as band gaps [2, 3, 

5, 6, 12, 13]. The width and efficiency of these exotic frequency bands in locally resonant metamaterials depend 

upon both the spatial density of the resonators and their oscillator strength, which is related to the quality factor 

of the resonance. Indeed, in the limit of small resonators compared to the wavelength, the smaller the resonator, 

the higher its quality factor. This justifies why locally resonant metamaterials classically support sub-wavelength 

modes and band gaps on relatively narrow bandwidths. One solution to overcome this fundamental limitation is 

to sacrifice a dimension of the physical space by creating a uniaxial metamaterial [11, 14, 15]. This allows the 

use of resonators that are small compared to the wavelength in two dimensions, while this restriction is relaxed 

in the third dimension. Such a configuration in perfectly suited for the design of metamaterials for plate waves 

also called metasurfaces.  

In the present work, we take advantage of this idea to present an experimental realization of metamaterials 

for Lamb waves which present richer characteristics than any previously reported one [16, 17, 18, 19]. To do so, 

we study a stadium-shaped metallic plate that behaves as an ergodic cavity for these surface waves. A collection 

of long thin metallic rods are attached on a square portion of the metallic plate. These rods are organized in a 

periodic or a random pattern, hence providing an ordered or a disordered Lamb wave metamaterial. The 

propagation of Lamb waves inside and outside these metamaterials is then mapped across a large frequency 

spectrum. Interestingly enough, both the periodic and the random samples show identical wide band gaps for all 

of the angles of incidence. The designed ordered and disordered metamaterials also support sub-wavelength and 



supra-wavelength modes for frequency bands on the edge of the band gaps. Finally, the measured dispersion 

relations of the metamaterials are compared to those obtained from simulations. While the metamaterial effect 

usually comes from the hybridization of a single propagating mode with a single local resonance, here we clearly 

identify the hybridizations of the slow (A0) and the fast (S0) Lamb waves, with the compressional and the 

flexural resonances of the metallic rods. 
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The boost experienced by acoustic and elastic (phononic) metamaterial research during the past 

years has been driven by the ability to sculpture the flow of sound waves at will. Motivated by the 

desire to engineer artificial structures in the form of metamaterials and the quest to map quantum 

mechanical phenomena onto classical waves such as sound has led to vast possibilities in material 

designs for control of wave motion and the potential for engineering applications. Some striking 

material properties have shown in the past to be able to leave an objective acoustically concealed, 

hence they are cloaks of “unhearability”. Also, fascinating materials have been designed to be able 

to bend a ray of sound the “wrong” way when, for example, a loudspeaker turned on irradiates such 

artificial structure with a negative refraction index. In this talk, I like to review some of the key 

achievements made in this field and wish to address some of the unanswered questions that might 

lead to a breakthrough in the future. 
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Abstract—

Homogenization theory is often limited to static or quasi-static low frequency and long wave
situations and unfortunately these are not really the parameter regimes of most interest in elas-
tic, acoustic or electromagnetic wave settings. Often for photonic crystals and metamaterials
created from periodic, or near periodic, arrangements of elementary cells one observes effects due
to multiple scattering and/or resonance phenomena. By combining physical ideas based upon
Bloch’s theorem with mathematical techniques based around the method of multiple scales a
formal separation occurs between the microscale and macroscale; the result being at an effective
macroscale equation emerges that encapsulates the microscale. Examples taken from acoustics,
elasticity and electromagnetism are presented showing that this methodology captures dynamic
anisotropic effects at high frequencies amongst much else.

The basic theory is contained in [2] that described how one takes a field, say, u(x) and then
consider the space x to consist of a shortscale ξ = x and a longscale X = ǫx where ǫ ≪ 1. The field
is then u(ξ,X) and ξ and X are now considered to be independent. The upshot is that a hierarchy
of equations occur at different orders in ǫ and at leading order

u(ξ,X) = U0(ξ; Ω0)f(X). (1)
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Figure 1: Dispersion curves and asymptotics for traction free holes of radius 0.4 in an elastic medium (taken
from [1].

Here U0(ξ; Ω0) is a Bloch eigensolution evaluated at a frequency Ω0 where a standing wave
occurs, i.e. at a band-gap edge or the edge of a Brillouin zone. This shortscale, possibly highly
oscillatory, eigensolution is then modulated by a longscale envelope function f(X) that satisfies a
partial differential equation posed entirely on the longscale

Tij

∂
2
f

∂Xi∂Xj

+Ω2

2f = 0, (2)



where Tij is a tensor constructed of integrals, associated with the eigensolution, over the elementary
cell.

One can then use this longscale equation to construct, for instance, asymptotics of the dispersion
curves, see Fig. 1, thereby validating the scheme, or perhaps more interestingly one can then
simulate arrays using this effective theory and compare with full finite element simulation (see Fig.
2). Fig. 2 clearly shows that dynamic anisotropic effects occur in elastic systems at particular
frequencies and this can be anticipated from the asymptotic theory. Both of these figures are taken
from [1] where the full elastic vector problem is treated and similar accuracy and insight can be
done for other related wave systems in electromagnetism and acoustics.

Figure 2: Directive emission in horizontal and vertical directions, caused by a point compressive source at
frequency Ω = 2.19, in a doubly periodic array of square cells with circular holes of radius r = 0.4, clamped
at their surface. Panel (b) shows FEM calculations and panel (a) reproduces the effects using this effective
theory). Taken from [1].
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Abstract— The effective equations governing the spatial and time modulations of travelling
waves in periodic media are obtained using an extension of the high frequency homogenization
approach of Craster, Kaplunov and Pichugin. The effective moduli entering these equations can
be obtained by solving appropriate equations at the cell level.

Classical homogenization is a well established procedure for obtaining the effective equations
governing the macroscopic behavior of periodic materials when the wavelength is much larger than
the unit cell of periodicity. The effective moduli can be obtained by solving appropriate equations
at the cell level. A natural generalization of the homogenization technique to the case where
the wavelength is comparable to the cell size was discovered in 2010 by Craster, Kaplunov and
Pichugin [1]. Their analysis was for frequencies close to the frequencies at which there are standing
waves which are periodic with the periodicity of the cell, or double the cell. Here we extend their
analysis to travelling waves at arbitrary frequencies, and we obtain effective equations governing
the macroscopic modulations of the waves both in time and space. The analysis applies to the
equations of acoustics, elastodynamics, and electromagnetism, and the effective moduli entering
the effective equations can be obtained by solving appropriate equations at the cell level.
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Abstract— We present a method to achieve perfect total absorption for a wall with local
admittance (thin coating) by putting inhomogeneities in front of the wall. The first step, using
the eigenvectors of the Dirichlet-to-Neumann Admittance operator, is to construct a solution
with only outgoing waves from a wall with a local gain admittance. Then, by conjugating this
solution, we get a new solution where the incident wave is perfectly absorbed by a wall with a
local absorptive admittance.

An important problem for any type of waves is still to find ways to get efficient absorption of
incident waves on a wall. One solution to get total absorption is to use critical coupling where
modes that are quasi-trapped on the wall have a precise balance between leakage and loss [1],
and, with metamaterials, many different strategies have been recently used to achieve near-perfect
absorption [2, 3, 4]. In this work, we present a method to obtain perfect absorption at a wall with
local absorptive admittance; it is based on the conjugation of a solution with local gain admittance
and waves radiating from the wall.

Figure 1: Principle of the method to obtain total absorption.

For the sake of clarity, the 2D waveguide case will be considered here, but the idea can be
applied to other type of wall (e.g. periodic or grating). We start from the acoustic equation in the
harmonic regime (convention e−iωt)

4p+ k2p = 0, (1)

with hard wall boundary conditions (Neumann) on the lateral boundaries of the waveguide (black in
Fig. 1). The longitudinal axis of the waveguide being along x, the multimodal admittance method
is then used to compute the Dirichlet-to-Neumann Admittance (DtN Admittance) operator Y (x)
[5]. This operator links at each cross section x the pressure p and the normal derivative ∂xp:

∂p

∂x
= Y (x) ? p. (2)

In a waveguide with varying cross-section, Y can be expressed as a matrix in the local transverse
mode basis and it is governed by a Riccati equation [5],

dY

dx
= −K2 − Y 2 + Y F − F TY, (3)



where K(x) is the diagonal matrix constructed with the local wavenumbers of the transverse modes
of the waveguide, and F (x) is a coupling matrix due to the inhomogeneities of the waveguide. This
Riccati equation allows to obtain the ”radiation admittance” operator for a wall with inhomo-
geneities in front of it. With a condition of outgoing waves from the wall (top of Fig. 1), at each
x0, we can look at the eigenvalues µn and associated eigenvectors φn of the DtN Admittance:

Y (x0) φn = µn φn.

The principle of the method to obtain total absorption is to use the eigenvalue µ as a local
admittance at the wall; it is summarized in Fig. 1. First, from one eigenvector of Y (x0) we can
construct a solution pS with outgoing waves and a local admittance with gain µ at the wall located
at x = x0 (top of Fig. 1). In a second step, by conjugating this outgoing solution, we obtain a new
solution ψe that has only ingoing waves and a local admittance with loss µ at the wall (bottom of
Fig. 1). This new solution corresponds to a scattering problem with perfect total absorption of
the incident wave. Two exemples of pressure fields with perfect absorption are shown in Fig. 2.
They correspond to the eigenvalues µ0 and µ2 of the DtN Admittance, for a low frequency case
kh0 = 0.4π, where h0 is the width of the waveguide at x→∞.

Figure 2: Solutions (modulus |φ(x, y))|) for incident wave from the right with total absorption for the two
eigenvalues µ0 and µ2 of the admittance matrix at frequency kh0 = 0.4π (h0=1). Note that the modulus is
constant (equal to 1) at the right showing that there is no reflected wave (incident wave is e−ikx).

Concluding remarks: The method we present allows to enhance the absorption capabilities of
wall with local admittance. In particular, it can be applied to obtain efficient absorption by thin
coating at low frequencies in the sub-wavelength regime.
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Abstract— We demonstrate that a gold split-ball resonator in the form of a spherical nanopar-
ticle with a cut supports optical magnetic and acoustic modes, which are strongly co-localized
near the cut, enabling strong opto-mechanical interactions. We simulate the excitation of the
acoustic vibrations through laser heating and optical forces induced by the optical magnetic res-
onance, and determine that a laser pulse which gives 100K temperature change yields acoustic
oscillations resulting in 10% modification of the optical scattering.

Designing the magnetic response of light is an essential ingredient to the development of multiple
applications based on meta-materials. It was recently shown that metallic spheres with a specially
designed nano-cut called Split Ball Resonators (SBRs) can provide a strong magnetic response at
visible optical wavelengths combined with ultra-high near field enhancement [1]. On the other hand,
it was shown that controlled phonon excitations in nanoparticles can have multiple applications for
spectroscopy and sensing [2, 3]. In this work, we predict that strong opto-mechanical interactions
can occur in SBRs with a specially designed nano-cut, enabling an efficient way for the controlled
phonon excitation by photons.
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We demonstrate that a split-ball resonator in the form of a spherical nanoparticle with a cut, supports optical magnetic 
dipole and acoustical modes which are strongly localized near the cut, enabling strong opto-mechanical interactions. We 
simulate excitation of acoustic oscillations through laser heating and optical forces, and determine that optical field which 
gives 100K temperature change induces acoustic oscillations resulting in 10% modification of the optical scattering.

Designing the magnetic response of light is an essential ingredient to the development of multiple applications 
based on metamaterials. It was recently shown that metallic spheres with a specially designed nano-cut called Split Ball 
Resonators (SBRs) can provide a strong magnetic response at visible optical wavelengths combined with ultra-high near 
field enhancement  [1].  On the other  hand,  it  was shown that  controlled phonon excitations  in  nanoparticles  can have 
multiple applications for spectroscopy and sensing  [2,3].  In this work, we predict a potential for highly efficient opto-
mechaical interactions in SBRs.

We find that an SBR made of gold supports magnetic optical and acoustic eigen-modes, both of which have highly 
confined field around the cut [Figs. 1(a,b)]. Such localization away from the bottom of the particle positioned on a substrate 
is  expected to lead to much higher quality factors  of  acoustic  oscillations compared to the previous studies involving 
nanoantennas [2,3]. As a result, when a plane-wave pulse excites the optical resonant mode, it can then efficiently drive the 
acoustic vibration through laser heating or optical forces. The mean quantity of heat, see Fig. 1(c) inset for distribution, is 
given by the time-averaged rate of change of the energy since the SBR is made of gold which is dispersive and absorbing at 
optical wavelength and the optical energy dissipates while it is oscillating. The optically induced force is estimated by the 
time averaged Lorentz force density which is located at the boundary due to the bounded charges and in the volume due to 
the induced currents in absorbing materials [Fig. 1(d), inset].

We calculated the mechanical deformation magnitude through time-dependent simulations using solid mechanics 
module of COMSOL software.  Under a plane wave pulsed pump, the excited acoustic oscillations,  represented by the 
displacement of points at (x=±7.5nm, y=0nm, z=99.7184nm), are shown in Figs. 1(c,d). We choose the pump power which 
gives 100K temperature change to the nanoparticle. Both the laser heating and optical forces lead to the excitation of the 
same  acoustic  mode  with  different  magnitudes  of  200pm and  10pm,  respectively.  Such  deformations  lead  to  a  large 
scattering modification, 10% and 0.5% respectively.
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Fig.1 (a) Schematic of optical excitation of acoustic resonance in SBRs of 100nm radius and 15nm wide nano-cut.  (b) Normalised 
electric, polarisation and magnetic field distribution, from left to right, in y=0 plane. Temporal profile of acoustic oscillations excited 
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Our results show that the SBRs support strong opto-mechanical coupling and are promising in applications such as 
surface-enhanced Raman spectroscopy and detection of localised strain. 
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We demonstrate that a split-ball resonator in the form of a spherical nanoparticle with a cut, supports optical magnetic 
dipole and acoustical modes which are strongly localized near the cut, enabling strong opto-mechanical interactions. We 
simulate excitation of acoustic oscillations through laser heating and optical forces, and determine that optical field which 
gives 100K temperature change induces acoustic oscillations resulting in 10% modification of the optical scattering.

Designing the magnetic response of light is an essential ingredient to the development of multiple applications 
based on metamaterials. It was recently shown that metallic spheres with a specially designed nano-cut called Split Ball 
Resonators (SBRs) can provide a strong magnetic response at visible optical wavelengths combined with ultra-high near 
field enhancement  [1].  On the other  hand,  it  was shown that  controlled phonon excitations  in  nanoparticles  can have 
multiple applications for spectroscopy and sensing  [2,3].  In this work, we predict a potential for highly efficient opto-
mechaical interactions in SBRs.

We find that an SBR made of gold supports magnetic optical and acoustic eigen-modes, both of which have highly 
confined field around the cut [Figs. 1(a,b)]. Such localization away from the bottom of the particle positioned on a substrate 
is  expected to lead to much higher quality factors  of  acoustic  oscillations compared to the previous studies involving 
nanoantennas [2,3]. As a result, when a plane-wave pulse excites the optical resonant mode, it can then efficiently drive the 
acoustic vibration through laser heating or optical forces. The mean quantity of heat, see Fig. 1(c) inset for distribution, is 
given by the time-averaged rate of change of the energy since the SBR is made of gold which is dispersive and absorbing at 
optical wavelength and the optical energy dissipates while it is oscillating. The optically induced force is estimated by the 
time averaged Lorentz force density which is located at the boundary due to the bounded charges and in the volume due to 
the induced currents in absorbing materials [Fig. 1(d), inset].

We calculated the mechanical deformation magnitude through time-dependent simulations using solid mechanics 
module of COMSOL software.  Under a plane wave pulsed pump, the excited acoustic oscillations,  represented by the 
displacement of points at (x=±7.5nm, y=0nm, z=99.7184nm), are shown in Figs. 1(c,d). We choose the pump power which 
gives 100K temperature change to the nanoparticle. Both the laser heating and optical forces lead to the excitation of the 
same  acoustic  mode  with  different  magnitudes  of  200pm and  10pm,  respectively.  Such  deformations  lead  to  a  large 
scattering modification, 10% and 0.5% respectively.
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electric, polarisation and magnetic field distribution, from left to right, in y=0 plane. Temporal profile of acoustic oscillations excited 
through (c) laser heating and (d) optical force represented by the displacement in x direction at point (x=7.5nm, y=0nm, z=99.7184nm) 
(solid) and (x=-7.5nm, y=0nm, z=99.7184nm) (dotted). The distribution of heat power density and optical force density are shown in the 
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Our results show that the SBRs support strong opto-mechanical coupling and are promising in applications such as 
surface-enhanced Raman spectroscopy and detection of localised strain. 
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Figure 1: (a) Schematic of optical excitation of acoustic resonance in SBRs of 100 nm radius and 15 nm
wide nano-cut. (b) Normalised electric, polarisation and magnetic field distribution, from left to right, in
y = 0 plane. Maximum amplitude in each figure is normalised to unity (dark red) and minimum to zero
(dark blue). (c,d) Temporal profiles of acoustic oscillations excited through (c) laser heating and (d) optical
force represented by the displacement in x direction at the nanocut tip points (x = 7.5 nm, y = 0 nm,
z = 99.7184 nm) (solid lines) and (x = −7.5 nm, y = 0 nm, z = 99.7184 nm) (dashed line). The time axis
is normalised to T = 1/1.33GHz, the period of the acoustic eigen mode shown in (a). The distributions of
the heat power density and the optical force density are shown in the insets of (c) and (d), respectively.

We find that an SBR made of gold supports magnetic optical and acoustic eigen-modes, both of
which have highly confined field around the cut, see Figs. 1(a,b). Such localization away from the
bottom of the particle is expected to lead to a much higher quality factor of the acoustic oscillation
comparing to the nano-antennas involved in previous studies [2, 3] when the particle is positioned
on a substrate, since in our case the anchor loss is suppressed. As a result of the strong opto-
mechanical coupling ensured by the highly co-localized fields, when a plane-wave pulse excites the
optical resonance mode, it can then efficiently drive the acoustic vibration through laser heating or
optical forces. We model the mechanical vibration with the following equation,

ρ
∂2u(r, t)

∂t2
= ∇ · {C :

(∇u(r, t))T +∇u(r, t)

2
}+ F(r) · pls(t) (1)



where the driven force distribution F(r) can be either due to the the local temperature change or the
Lorenz force density, or the sum of both. The local temperature rises from the ambient temperature
because the SBR is made of gold which is dispersive and absorbing at optical wavelengths. The
mean quantity of heat absorbed into the gold SBR, see Fig. 1(c) inset for distribution, is given by
the time-averaged rate of change of the optical energy [4]. The optically induced force is estimated
by the time averaged Lorentz force density which is located at the boundary due to the bounded
charges and in the volume due to the induced currents in absorbing materials, see Fig. 1(d) inset
for force density profile in the y = 0 plane.

We simulate the acoustic oscillation in a SBR with radius of 100 nm and nano-cut width of
15 nm under the optical excitation through laser heating and optical forces, considering these effects
separately to identify their relative contributions. The time-dependent simulations are performed
with the solid mechanics module of COMSOL software using the parameter values of Young’s
modulus E = 70 GPa, poisson ratio ν = 0.44 and mass density ρ = 19300 kg·m−3 assuming
a moderate mechanical quality factor of 10. Under a plane wave pulsed pump, we observe an
excitation of the acoustic eigen mode at frequency 1.33 GHz, shown in Fig. 1(a), which is confined
at the top of the lobes at each side of the cut with an anti-symmetric deformation with respect
to x = 0. We thus characterize the mechanical deformation magnitude of the excited acoustic
oscillation by the displacement of the tips of the lobes, the points at (x = ±7.5 nm, y = 0 nm,
z = 99.7184 nm), and show the time evolution of the acoustic vibration in Figs. 1(c,d) using time
axis normalized to the period of 1/1.33GHz. The deformation induced by laser heating, shown in
Fig. 1(c), features opposite offsets at opposite sides of the cut representing its thermal expansion
nature whereas the Lorentz force drives the lobes oscillating anti-symmetrically around their original
positions, see Fig. 1(d). Under a single pulse excitation heating up the SBR by 100 K, the acoustic
vibration induced by laser heating changes the nano-cut edge position by 200 pm and the acoustic
vibration induced by optical forces shifts the nano-cut edge by 10 pm. We note here the acoustic
oscillation amplitude can be further enhanced though excitation by a laser pulse train with the
repetition rate matching the eigen-frequency of the acoustic mode. The enhancement factor will
be proportional to the mechanical quality factor, which in an SBR is expected to be quite high (up
to ∼ 103) due to the absence of the anchor loss on a substrate.

The effect of excited acoustic oscillations on optical waves is then calculated by the simula-
tion of optical scattering cross section of the deformed SBRs. The maximum sensitivity of the
scattering response is 0.05% pm−1 and it is achieved at the lower half maximum frequency of the
optical resonance. This result confirms the efficient opto-mechanical coupling and suggests that
10% modification of total scattering can be detected by a probe laser.

In conclusion, we predict strong opto-mechanical coupling in SBRs. Under an optical pulsed
pump which induced 100K temperature change of the nanoparticle, both the laser heating and the
optical forces lead to the excitation of the same acoustic mode with different magnitudes of 200 pm
and 10 pm, respectively. Such deformations lead to a total scattering modification of 10% for a
proble laser. Such strong opto-mechanical coupling in SBRs suggests promising applications such
as surface-enhanced Raman spectroscopy and detection of localized strain.
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Abstract-Manipulation of various physical fields, including optics, electromagnetics, acoustics, 

thermotics, etc. through different materials has been a long-standing dream for many researchers over 

the decades. Analogous to invisible cloak and wave-dynamic illusion, thermal metamaterials can 

potentially transform an actual perception into a pre-controlled perception, thus empowering 

unprecedented applications in thermal cloaking and camouflage [1-3]. Here we report our recent 

works about thermal cloak and multi-physics invisible sensor [4]. The approach can be readily 

extended and applied in other static fields.  

Considering the electric and thermal conduction equations   

( ) 0T   ,       ( ) 0V                                               (1) 

where κ and T denote the thermal conductivity and temperature, and σ and V denote the electrical 

conductivity and electrical potential. If we aim to hide a sensor without reducing its sensing ability, we 

need to enforce it to fit the surrounding thermal and electric signatures. Inspired by the composite 

theory of "neutral inclusion", the material parameters of the concealed sensor (core), shell and 

background in thermal and electric fields must satisfy  
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in which a is the radius of the sensor, bthermal and belec are the required radius of shell in thermal and 

electric fields. κ1, κ2 and κb are thermal conductivities of sensor, shell, and background, respectively. σ1, 

σ2 and σb are the corresponding electrical conductivities. To achieve dual field camouflage, the 

material parameters of camouflaged sensor (core), shell and background in electric field must satisfy 

bthermal=belec. In this work, we show that some natural materials can be tuned to fulfill this goal, which 

was considered not possible before [1]. 

The experimental setup and results are shown in Figure 1. The sensor (yellow color), shell and 

the background are made of pure copper, stainless steel and magnesium alloy, respectively. It is seen 

that the electric current and heat flux can smoothly enter and pass through the sensor without 

disturbing the original trajectories, rendering the sensor entirely invisible. Consequently, the sensor is 

camouflaged in the dual physical fields and cannot be detected or localized.  



 

 

 

Figure 1. 2D thermal and electric camouflage with unprocessed materials. 

For a special case, considering the sensor is made of insulating layer, that is κ1=0, Eq.(2) reduces 

to 2
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. Such thermal cloaking was realized experimentally in our previous work [5].  

In conclusion, we have theoretically and experimentally presented a two-dimensional isotropic 

shell made of naturally available materials operating in both electrical and thermal fields, providing a 

dual-field camouflaging capability. On the basis of these results, we explored the possibility of 

avoiding detection by infrared thermal imaging camera and electrical impedance scanning. The 

camouflage shell is very thin and homogenous, which is easy to fabricate in practice. 
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Abstract- We designed and prepared nanolayered composites containing gold nanorods as 

plasmonic sensors and azobenzene-polyelectrolytes as opto-acoustic transducers. The multilayered 

structure of Azobenzene-containing polymer is prepared by the layer-by-layer spin coating 

procedure. A sound wave is triggered by excitation of Azobenzene molecules and then detected by 

gold nanorods, due to the sensitivity of their plasmon resonance to the surrounding media.  

 

Azobenzene is a photosensitive molecule that switches its isomerization state under excitation by a range of 

wavelengths around 370nm. There is a wide range of Azobenzene - derivatives and their applications in 

molecular engineering, optical patterning and information storage1. We propose to use Azobenzene as a 

transducer for hypersound. In our experiments we succeed to create, analyze and characterize a sound wave 

created by a multilayer structure of PAH/PAzo polyelectrolytes deposited on a quartz substrate. The molecular 

rearrangement triggers a hypersound-wave that can efficiently transmit to the substrate, were we analyze the 

phonon amplitude and spectrum in the 20 – 50 GHz range by broadband time-domain Brillouin scattering.2 In 

this experiment 10dl of PAH/PAzo has been deposited onto the quartz substrate. The sample has been pumped 

from the film side and probed from the substrate side.3 400nm light has been used for the excitation, and white 

light was used for probing.  

 In order to achieve understanding of the behavior and properties of the PAH/PAzo layer under excitation, 

we also measured transient reflection and transmission in case where pumping and probing was performed from 

the polymer side. In this case we observe a decrease of the refractive index of the PAH/PAzo which corresponds 

to «optical contraction », while physically the layer is expanding. The simultaneoulsly measured transient 

absorptions spectrum carries information on the vibronic excitation of the Azobenzene-chromophore.  

 The other part of the presented work is demonstrating the application of gold nanorods as a sensor. Gold 

nanoparticles are known for their unique plasmon resonance properties. We have extended the analysis of 

plasmonic responses using layer-by-layer spin coating4 from spherical nanoparticles to nanorods, which show 

much larger effects of the plasmon resonance on the surrounding medium. Especially the longitudinal plasmon 

resonance shifts by more than 100 nm when the rods are deposited on the surface in comparison to fully 

embedded rods in the same polymer.5 We use this high sensitivity of gold nanorods to the dielectric surrounding 

to detect the hypersound pulses created by our molecular switches. As the pulse is arriving it is changing the 

optical properties of the surrounding media of the gold nanorods, which we observe in the transient reflection 

data.  

In conclusion, we present a new way to fabricate nanolayered hybrid structures for generating and detecting 

hypersound waves with wavelengths below 100 nm. 
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Abstract We have adapted the concept of transformational thermodynamics, whereby the 

flux of temperature is controlled via anisotropic heterogeneous diffusivity, for the diffusion 

and transport of mass concentration. The n-dimensional, time-dependent, anisotropic 

heterogeneous Fick's equation is considered, which is a parabolic partial differential 

equation also applicable to heat diffusion, when convection occurs, for example, in fluids. 

We initially used finite-element computations to model liposome particles surrounded by a 

cylindrical multi-layered cloak in a water-based environment, and for a spherical 

multi-layered cloak consisting of layers of fluid with an isotropic homogeneous diffusivity, 

deduced from an effective medium approach [1]. Independent research groups have applied 

our model to applications implicating the protection of steel by protecting concrete against 

chloride ions penetration [2] as well as for the design of water-based invisibility cloaks [3]. 

We now investigate the utility of the biocloak for vectorization of drugs [4].   

 

Shorter version:  

We have adapted the concept of transformational thermodynamics, for the diffusion and transport of mass 

concentration.  We initially used finite-element computations to model liposome particles surrounded by a cylindrical 

multi-layered cloak in a water-based environment [1]. Independent research groups have applied our model to 

applications implicating the protection of steel [2] as well as for the design of water-based invisibility cloaks [3]. We 

now investigate the utility of the biocloak for vectorization of drugs [4]. 
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Abstract- We will review our recent work on metamaterials for different types of waves. 
Transposition of transform optics to water waves and bending waves on plates will be considered 
with potential applications of cloaking to water waves protection and anti-vibrating systems.  

 
We will show using simple a shallow water model that transposition of invisibility concepts developed in 

electromagnetism to water waves is straightforward. Experiments on water waves cloaks and carpets will be 
presented [1,2]. Although we started this work with the aim of popularizing the invisibility concept we will show 
that it may have some applications for water wave's protection. 

 

 
 

Figure 1 : A waterwave cloak (the diameter of the cloak is equal to 20 cm).  
 

A second type of waves we will review is bending waves. We will consider a thin-plate model and show that 
cloaking of waves on such plate is possible with potential applications to anti-vibrating systems [3-4]. Other type 
of control of bending waves will also be presented [5]. It also open the way to earthquake protection that will be 
presented in a separate talk [6]. 

 
 



 

Figure 2: Cloaking of bending waves on thin plates. Left: amplitude of the bending waves when diffracted 
by a clamped obstacle. Right: same when the obstacle is surrounded by a multilayered cloak.  
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Abstract: We investigate both experimentally and theoretically how to generate the acoustical 

analogue of the Electromagnetically Induced Transparency. This phenomenon arises from Fano 

resonances originating from constructive and destructive interferences of a narrow discrete 

resonance with a broad spectral line or continuum. Measurements were realized on a double-cavity 

structure by using a Kundt’s Tube. Transmission properties reveal an asymmetric lineshape of the 

transmission that leads to acoustic transparency. 

 

Resonances are phenomena that cut across a plenty of physical fields, and researches around them have not 

ceased to reveal effects with promising applications. With the advent of metamaterials, the field of acoustics is 

taking a new twist, improving our ability to develop acoustic devices having a higher sound flow control. 

Recently, various studies involving resonators have shown how to create acoustic opacity 1,2, or even acoustic 

transparency 3, with resonators taking different shapes depending on the context. For relatively simple systems, 

these resonances remain classical, in the sense that they exhibit symmetric Lorentzian lineshapes. However, 

since this past century, resonances with asymmetrical lineshapes have been highlighted: they are referred to as 

Fano resonances. Ugo Fano explained them as originating from the constructive and destructive interference of a 

narrow discrete resonance with a broad spectral line or continuum 4. Since then, numerous studies have allowed 

a better understanding of Fano resonances in others fields of physics such as electromagnetism, plasmonics 5, 

and more recently acoustics 6, through the acoustical analogue of the Electromagnetically Induced Transparency 

7. 

The aim of this work is to study how the coupling between two resonators, with different quality factors, can 

lead to Acoustically Induced Transparency (AIT). For this purpose, we present experimental results obtained 

using a Kundt’s Tube. The transmission measurements of a wave impinging our structure along its axis of 

symmetry are compared to transmission calculations realized using the Finite Elements Method FEM. In this 

work, the structure we propose is constituted of two endcapped cylinders, one centrally embedded inside the 

other. The inner cavity acts as an acoustic quarter wave, as well as the second cavity which is characterized by 

the inter-wall space of both cylinders. Indeed, taken separately, the inner and the outer cavity are slightly 

detuned resonators. They both exhibit a total reflection (when considering hard boundaries) at their resonance 

frequencies, respectively with a low and a high quality factor. The quality factor of each resonator can be tuned 

through geometrical parameters, and particularly inter-wall spaces. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By combining these two resonators, a coupling is created when excited by an incident wave, which leads to 

an asymmetric Fano lineshape in the transmission spectra. Geometrical parameters can then be chosen to find the 

good configuration for AIT. Figure 1 shows such an asymmetric lineshape leading to AIT. We clearly observe 

that the structure is acoustically transparent at the normalized frequency of 0.25, result of the coupling of two 

resonant modes slightly detuned. At this frequency, we reached quasi-total transparency by using a structure 4 

times smaller than the relevant wavelength. 
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Figure 1 Transmission spectra obtained by using FE method calculation for a double-cavity 

structure (red curve), and for an isolated cavity (green curve). 
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Abstract— Negative index materials have received considerable attention in recent years since
they offer many potential applications to manipulate waves in unusual ways. Here we present
theoretical, numerical and experimental results on several simple devices based on negative re-
fraction.

Negative refraction has received a considerable attention since the seminal work of Pendry in
2000[1]. A negative index material is defined as a material in which the wave vector is antiparallel
to the energy flux direction.

(a) (b)

Figure 1: (a) Schematic showing the Veselago lens geometry. (b) Principle of a double negative corner: A
subset of the rays diverging from a source is enventually returned to the source and circulates around the
system for ever.

Negative refraction has paved a way towards the notion of perfect lens and the ability of over-
coming the diffraction limit. It has also given rise to the notion of complementary media and the
ability to cancel the propagation of waves by adjoining two region of opposite refractive indices[2].
Recently, Bramhavar et al.[3] have demonstrated negative refraction of Lamb waves. Designing a
plate with a stepped thickness change, they have been able to convert a mode of positive phase
velocity into a mode of negative phase velocity, hence mimicking negative refraction.

Here, we propose to implement several devices based on negative refraction that allows to ma-
nipulate guided Lamb waves in unusual ways. In particular, a flat negative refracting lens and a
negative corner resonator have been designed and implemented experimentally. Such devices are
investigated theoretically, numerically (Fig 2. (b)) and experimentally (Fig 2. (a)).



(a) (b)

Figure 2: (a) Figure courtesy of Claire Prada[3]. Experimental measurement of the vertical displacement
field over the surface of the plates at the frequency of the crossing point. (b) Field computed numerically
for a point source in the top left quadrant confirming the functionality of the double negative corner.
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The talk will present some general framework for elastodynamic cloaking, with an emphasis on a
markedly enhanced control of solid waves in heterogeneous anisotropic media. The importance of
this theoretical work lies in its potential application in seismic wave protection by detouring coupled
pressure and shear waves around a region one would like to protect. We shall give a brief review on
spherical elastodynamic cloaks with a rank-4, asymmetric, elasticity tensor. We shall also discuss
the importance of geometric transforms in the design of perfectly matched elastic layers without
which numerical analysis of cloaking would be unfeasible.

Concepts of cloaking for elastodynamic waves [1, 2] have been developed in conjunction with the earlier works by
Milton, Briane and Willis (cloaking preserving the symmetry of the elasticity tensor [3]), Brun, Guenneau and Movchan
(cloaking with an elasticity tensor without the minor symmetries [4]) and Shuvalov and Norris (most general framework
for elastic cloaking theory [5]). We shall give a brief review of the first numerical results for spherical elastodynamic
cloaks with a rank-4 elasticity tensor without the minor symmetries with [1] and without [2] singularities. Potential
applications of elastodynamic cloaks are in seismic metamaterials [6, 7]. One of the key ingredients in the numerical
analysis of spherical cloaks is the design of perfectly matched layers (PMLs), which are well-known in the context of
electromagnetic waves [8], and much less so for elastic waves [9]. Indeed, it seems clear that one cannot study the
emission of an elastic source in a bounded computational domain (and even less so in the presence of a scattering
obstacle and a cloak) if there is no way to avoid reflection of waves on the boundaries, which is what PMLs do.
Fortunately, one can design invisibility cloaks and PMLs using similar geometric transforms, so that once the path
toward elastic cloaking has been understood, PMls do not present another conceptual difficulty (in a sense, one kills
two birds with one stone). We show in Figure 1 that the spherical PMLs which we designed do their job properly
(see middle column, where a point source generated spherical wavefronts as one would expect). One can then observe
some shadow region behind a stress free obstacle when the source lies in its close neighborhood (see left column).
Surrounding the obstacle by a cloak leads to a wave pattern identical to the one in free elastic space, see right column.
We emphasize that a different study is necessary in order to estimate the level of protection of an object placed inside
the stress free sphere: We have done so in [2] and found that cloaking does not necessarily lead to wave protection.
And well on the contrary, we discovered that a cloak surrounding an object could enhance the elastic field within
the object, instead of suppressing it an effect reminiscent of localised modes found by the group of Greenleaf in the
context of cloaking for quantum matter waves [10]: This rather mathematical work was in fact inspired by an earlier
analysis of approximate cloaking by blowing up a small sphere on a larger one [11].
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Abstract: We investigate the propagation of elastic bending waves in pinned platonic plates. We 
first recall and summarize the most conclusive results in the literature, especially regarding the 
analytical and numerical aspects. We explain afterwards in detail through the calculation of the 
band diagram, transmission loss and group delay how to perform highly confined long flexural 
waves within sub-wavelength interspacing between nails (screws). Long-waves frequency 
demultiplexing is highlighted as a potential application.     

 
Periodic structures have attracted a particular attention during the last two decades thanks to their capacity to 
control the propagation of waves usually in connection with band gaps. The concept covers practically every 
kind of waves regardless whether it is optics, acoustics or mechanics. Roughly speaking, periodic structures 
could be divided in two main families. In the first one, the expected mechanism could be observed when the 
involved wavelengths have a definite relation with periodicity [1]. They are thus customary termed phoTonic 
and phoNonic crystals to steer photons and phonons, respectively. The frequency range was extended further 
to higher frequencies in order to include diffraction. Band gaps in phononic crystals are usually wide enough 
to achieve basic functionalities such as guiding and trapping elastic energy and lean on the contrast between 
the physical parameters (velocity and density) and geometrical features involved (filling fraction and 
inclusions’ shape). The second family is called meta-materials since the wavelengths are huge compared to 
periodicity with locally resonant scatterers [2-5]. Unlike for the former case, these locally resonant photonic 
and sonic crystals could be applied to overcome the use of cumbersome devices. However, their main 
drawback is the limited frequency range of the operating resonators (even for low quality factor ones).  
 
By analogy with zero frequency stop band discovered in arrays of dilute metallic fibers [2,3], a new class of 
periodic structures has proven its ability to open up very wide zero frequency band gaps for sonic waves and 
plays, in a way, an ancillary class of phononic crystals. The Dirichlet-like condition applied to a freestanding 
plate enables the structure to operate when the wavelength is of the same order of magnitude of the pitch and 
to prohibit the elastic wave propagation under the long wavelength conditions. Although wave propagation 
in structured plates with stress free inclusions (boreholes) and pillars has already given rise to the 
experimental demonstration of interesting effects [6,7], few works have been reported to date to investigate 
wave propagation in pinned plates [8-10]. 

 
In this work, we report the possibility to achieve highly confined elastic energy of bending waves within 
pinned platonic structures by means of coupling resonators. After having established the zero frequency 
band gap position, we calculate the band diagram corresponding to a usual waveguide designed by removing 



the central inclusion of a super-cell. It is numerically demonstrated that guiding bands occur inside the band 
gap area. Nevertheless, this guiding process is limited to frequencies located nearby the upper edge of the 
band gap and a new frequency cut-off is observed, accordingly. To go beyond this limitation, we suggest to 
place high quality resonators inside the waveguide and to study the channeling effect of longer waves 
through the overall sub-wavelength device. It is also shown that the process is accompanied by a significant 
decrease of energy velocity that may serve to potential applications such as interactions between photon and 
phonon enhancement. A complete study will be presented including the effect of the filling fraction, the 
impedance match between pillars and the host pinned plate and finally, the geometrical properties of the 
resonators. 

                                                          
    Figure 1: An example of channeling long waves through pillar based defects in pinned platonic crystals.  
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Abstract- We investigate flexural wave localization following two different routes. The first approach 

consists in structuring thin plates to force elastic energy in specific locations. We show that regions of 

wave localization can be predicted from the knowledge of the constraints imposed on the plate. 

Reciprocally, the inverse problem is solved and the positions of fixed points are found which force the 

confinement in a predetermined region. The second approach is to introduce resonant scatterers to 

confine energy by multiple scattering.  

 

The key ingredient to understand the physical properties of most vibratory systems, whether they are mechanical, 

acoustical, optical, or quantum, is the knowledge of the eigenmodes and eigenvalues of their spatial wave 

operator. Yet, in the presence of a disordered medium or a complicated geometry, the prediction of the spatial 

distributions of the stationary waves remains an open problem. In particular, a puzzling feature exhibited by 

irregular or inhomogeneous vibratory systems is wave localization, i.e. the ability to maintain standing waves in 

a restricted region of the domain, without any confining potential. This intriguing phenomenon governs e.g. the 

noise absorption in abatement devices of irregular geometry, the vibratory spectrum of complex mechanical 

structures, and the transition between conducting and insulating states in disordered alloys. 

 

1 - Localized modes in a structured plate 

It was shown in [1] that the landscape derived from the Dirichlet problem defines the regions of localization of 

low frequency eigenmodes of flexural waves in a thin plate. This theory allows one to predict the topology of the 

confined vibrational regions through the properties of one geometrical object. On the other hand, one can define 

a region where the wave is to be confined and ask what should be the topology of fixed points which provides 

with the corresponding landscape. 

Here we first consider a structured square plate with clamped edges and different clamped zones within the 

square limits. The landscape is obtained experimentally by a static measurement where the plate is put under air 

pressure and the plate deformation is measured via a standard holographic technique. We confirm that the 

landscape defined weakly coupled regions of localization delineated by boundaries which correspond to the 

valleys of the landscape. Modes are optically-measured using heterodyne holographic interferometer [2] and 

simulated using a finite element method. The correspondence is almost perfect. As the frequency is increased, 

the boundaries open and modes extend over larger region of space, as predicted by theory. [3] 

In the second part of this work, we address the inverse problem. Given a region of localization, for instance an 

X-shape region, and given N fixed points, we use an optimization algorithm to find the position of these N points 



that produce a landscape as close as possible to the targeted region. The solution is tested both numerically and 

experimentally and the modes are shown to be confined within the targeted region. The sensitivity of the 

solutions to a perturbation of the position of the fixed points is tested. [4]  

 

2 - Flexural wave localization by disorder 

In disordered systems, multiple scattering of waves may lead to Anderson localization. Since the seminal work 

by P. W. Anderson in the fifties [5], wave localization has raised strong interest in various fields, from optics [6] 

to microwave [7], and also in acoustics [8,9]. However, its observation remains challenging as strong scattering 

is required to reduce the mean free path and confine the modes. In order to enhance scattering, one can take 

advantage of large scattering cross section of resonator around their resonance frequencies [10]. Blind holes turn 

out to be efficient resonators for plate waves. A collection of 3400 randomly-positioned 1mm-diameter identical 

blind holes has been designed on a 4” silicon wafer. An acoustic pulse is generated by laser pulse and the 

vertical displacement is measured using an interferometric laser probe. The wafer itself is enclosed in a vacuum 

chamber to reduce air-coupled losses.  

We observe localized modes at frequencies around the hybridization gap opened at the resonance frequency of 

the blind hole. The energy is localized both inside the blind holes and in between them. However, modes on each 

side of the gap are of different nature with different phase relation between the resonators and the plate. Here we 

investigate the nature of these modes using numerical simulation and relate them to the negative refractivity of 

the material.  
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Abstract-Starting from the very simple example of a soda can metamaterial (an acoustic medium 

made of Helmholtz resonators), we explain the propagation of waves in locally resonant media 

without claiming homogenized parameters. This allows to highlight the importance of multiple 

scattering even at this deep subwavelength scale where usually the quasi-static approximation is 

performed. This then permit us to envisage exotic phenomena such as subwavelength control of 

waves, slow waves or even negative refraction with a single negative medium.  

 

 

In this talk, we show how going beyond the homogenization paradigm usually introduced in the context of 

locally resonant metamaterials permits to enrich the physics associated with them in a drastic way. Starting from 

the very simple example of a soda can metamaterial (Figure 1), that is, a very simple Helmholtz resonator based 

composite medium, we first underline that its physics can be entirely understood at the light of polaritons in solid 

state physics. We show, using a microscopic approach based on the transfer matrix that the metamaterials 

properties are strictly governed by interferences and propagation effects1. Namely, the physics of the system 

solely depend on Fano interferences between the 

scattered and the unscattered, and multiple scattering 

of waves between the unit cells of the metamaterial.  

We then demonstrate how this observation allows 

one to tailor this kind of composite media at the scale 

of the unit cell, hence going much further than in the 

homogenization approximation. Specifically, we 

show how this allows one to design various 

components such as cavities, waveguides, filters, that 

present deep subwavelength dimensions, much 

smaller than that of their phononic crystal 

counterparts1. We discuss the possibility to slow 

down waves drastically using this kind of components, through a comparison with recent microwave 

experiments2. 

Starting again from our microscopic approach of locally resonant metamaterials, we show how it can 

underline new effects that are totally hidden by other ones. In particular, we explain how a single negative 

Figure 1. Typical resonant acoustic metamaterial made 

of soda cans as subwavelength Helmholtz resonators. 



metamaterial can be turned on a double negative medium thanks to multiple scattering, provided that it is rightly 

structured3.  

Finally, to conclude, we present a few exotic ideas that are direct consequences of the previous results and of 

a relatively new understanding of the physics of locally resonant metamaterials. For instance, we show how a 2D 

soda can metamaterials can be turned into a sheet of “acoustic graphene” whose Dirac cone can be positioned at 

will within a given frequency range.   
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Abstract-The concept of controlling seismic waves is in progress and first full-scale experiments 

had confirmed the interest which we can have for this new axis of research. The possibility of 

imagining a seismic 2D or 3D metamaterial made of a grid of inclusions or empty boreholes in the 

soil, interacting with a part of the earthquake signal is becoming realistic. Here we show the 

dynamic response of a meter-scale grid of vertical empty cylindrical holes, under the excitation of a 50 

hz source. 

 

The idea of seimic metamaterial is flowing from results obtained with breakwater device for waves propagating 

over sea and ocean as a potential application of photonic crystal at the meter-scale domain [1]. Non-overtopping 

dykes for ocean waves can be also envisaged with meter scale invisibility carpets for water waves [2]. Then the 

possibility of imagining seismic 2D device in the soil became realistic.  

We distinguish long period surface waves (low frequency, i.e. < 1 Hz) travelling along the Earth’s surface, on the 

crust, and short ones (< 10 Hz) mainly generated in case of site effects described above or by human activities at 

the Earth surface. An important fact is the low value of surface wave velocity, generated by natural seismic source 

in superficial and under-consolidated recent subgrade: sometimes less than 100 m/s. In these soft soil layers, 

wavelengths of induced surface waves are shorter than direct P and S waves ones: from few meters to hundreds of 

meters. This order of wavelength is similar to those of buildings so we can expect building’s resonance in case of 

earthquakes [3]. The objective is to conceive seismic metamaterials whose size could be close to those of the 

building project (figure 1). 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Concept of structured soil with vertical elements. These elements could have two roles: increasing 

the bearing capacity of the soil and interacting favorably with seismic vibrations. 

 

In this paper, we present a dynamic interpretation of results [3] obtained thank to a meter-scale grid of 



vertical empty cylindrical holes, excited in vibration by a monochromatic 50 hz source (figure 2). 

 

 

 

Figure 2: Grid of holes and seismic sensors during the seismic test of Grenoble in 2012 [1]. 
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Abstract: We propose a graphene-based infrared beam-former based on the concept of surface leaky-wave. The 

excitation of infrared surface plasmon polaritons over an acoustically modulated one-atom-thick graphene monolayer is 

typically associated with intrinsically slow light. 

THz antenna made of a graphene sheet with a high-density bias circuitry has been proposed to realize the beam-steering 

and beamforming of THz waves. Thanks to the tunability of graphene’s conductivity [1], the use of multiple-cascaded 

gates can modulate the surface reactance by biasing each gate with a given voltage [see Fig. (a)]. For no-bias condition, 

the graphene sheet generates a slow GSPP wave. When the gate-electrodes are conveniently biased, a “digitized” 

sinusoidal modulation can be applied to the surface reactance of graphene, introducing thus high-order spatial 

harmonics that can support a fast-wave-leaky-mode. Varying the modulation periods using different bias-setups lead to 

the steering of the THz beam over a wide range of scan-angles [see Fig. (b)]. 

c)     d) 

a) b) 

 

Figure (c) plots the effective GSPP wavelength for different Fermi energies, for a flat graphene sheet. It shows that 

GSPP are confined to the graphene surface and can be hardly excited. We overcome this problem using flexural elastic 

waves [2]. Figure (d) shows that the directivity of the antenna can be greatly enhanced by increasing the mobility of 

graphene, and thus lowering the associated plasmonic losses [3]. This antenna will result in fast switching of infrared or 

THz beams to various space channels, facilitating thus the integration of graphene-based plasmonic devices into 

applications such as switching, spatial multiplexing, or holography. 

[1] K. S. Novoselov et al., Science 306, 666–669 (2004). 
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Abstract. In this work, the feasibility of an innovative passive isolation strategy for seismic waves 

based on large scale acoustic metamaterials is numerically investigated and experimentally proved 

on a scaled demonstrator. Results prove the strategy to be practical for civil structures, 

demonstrating considerable attenuation of surface acoustic waves via finite element analyses and 

experimental measurements. 

 

The design of buildings and other structures capable of withstanding vibrational events has been the focus of 

researchers for many decades. This is particularly important for strategic facilities such as hospitals, skyscrapers, 

long span bridges, etc. Among all the possible natural and man-made hazards that can induce buildings to vibrate, 

certainly earthquakes are the most devastating events. Seismic waves are superposition of inhomogeneous 

acoustic waves with various wavelengths, comprising (i) bulk waves (BWs), in the form of Primary (P) and 

Secondary (S) waves, and (ii) surface acoustic waves (SAWs), i.e. Rayleigh (R) and Love (L) waves. SAWs are 

the most destructive because of their low frequency, long duration, and large amplitude. In fact, SAWs travel 

and decay slower than BWs, resulting in the main cause for partial or even total collapse of buildings and 

strategic structures (the main cause of extensive damage and loss of lives during earthquakes)1. 

Although a variety of isolation systems (passive, active, hybrid and semi-active) have been developed and 

shown to be effective in tests, some problems still exist with these systems and a commonly accepted method for 

the design of seismic-resistant buildings and structures has not been developed up to now. 

Based on recent developments of acoustic metamaterials (AMMs)2, in this work, the feasibility of an 

innovative passive isolation strategy for seismic waves based on gigantic AMMs is numerically investigated and 

experimentally proved on a scaled demonstrator. The main idea is to exploit AMMs peculiarity to act as 

stop-band filters, i.e. attenuate mechanical waves over entire frequency bands, commonly known as band gaps 

(BGs), in order to inhibit the seismic waves before they reach the structure (see Fig. 1a). In particular, first an 

extensive numerical campaign aimed at finding proper unitary cell configurations capable to nucleate large BGs 

in the target frequency range3 (0.1 − 50 Hz) is performed (Fig. 1b) making use of finite element methods (FEM). 

For each unitary cell, band diagrams are computed by applying Floquet-Bloch periodic boundary conditions. 



Next, finite element time-transient analyses are performed to study the influence of the phononic region length 

on the wave propagation (Fig. 1c). Finally, measurements on ad-hoc scaled demonstrator are performed and 

compared to numerical results, proving the existence of the predicted BGs and providing a direct observation of 

the attenuation phenomena involved within the BGs. 

 

 

 
Figure 1. (a) Schematic representation of the gigantic AMMs arrangement in the ground. (b) AMMs unitary cell (steel 

cylinders hosted in a loose sandy soil) and (c) stresses comparison between shielded (left) and ordinary (right) 4-story 

frames exposed to a seismic wave. 

  

In conclusion, this study aims at contributing to a new generation of earthquake-proof barriers capable to 

inhibit the seismic waves before they reach the structures. Results prove the strategy to be practical for civil 

structures, demonstrating strong attenuation of seismic waves via finite element analyses and experimental 

measurements. In addition, a parametric study highlights the possibility of tuning such systems in accordance to 

the mechanical properties of the soil where the device is supposed to be installed. 
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Abstract. Many biological systems show extremely efficient structural as well as dynamic 

properties achieved through their structure, which is often hierarchical. In this study, such a 

hierarchical structure is introduced in ordinary acoustic metamaterials (AMMs) to investigate 

partial and complete BGs modifications due to increasing structural complexity at different scale 

levels. 

 

Recently, scientists focused their attention on a new class of composite materials (so called acoustic 

metamaterials - AMMs) exhibiting novel physical properties, such as banded dispersion structure, negative 

refraction1 and acoustic focusing2. The presence of frequency bands (or band gaps - BGs), within which only 

evanescent waves can exist, is their most attractive and studied peculiarity3. AMMs can nucleate complete BGs 

(if they inhibit wave propagation regardless of the wave incidence angle) or partial BGs (if they inhibit 

directional waves). 

As the BG nucleation derives from the overall AMM structure rather than from their composition, it is not 

hard to imagine that introducing hierarchical structure levels (i.e., creating a system characterized by the 

existence of structures at different length scales) may produce BGs nucleation/annihilation/shifting phenomena 

on the ordinary AMMs dispersion map at multiple frequency scales4. 

In this study, different hierarchical structure levels are introduced in ordinary AMMs (Fig. 1) to assess 

partial and complete BGs modifications due to increasing structural complexity5. 

In particular, a numerical campaign is performed to extract dynamic behavior and vibrations modes for 

different unitary cell configurations via finite element methods (FEM). An ideally suited hierarchical level to 

open larger BGs is highlighted. In addition, bioinspired multilayered hierarchical structured AMM with N = 3 

levels of hierarchy are analysed. Ultrasonic time-transient FE analyses are executed to capture the dropping trend 

of the transmission power spectrum with reference to the number of unitary cells and hierarchical level 

constituting the AMMs. 

Results highlight the hierarchical AMM potential in establishing partial as well as complete BGs at multiple 

frequency scales. This may lead to a new class of acoustic metamaterials with enhanced filtering and reflection 

properties, suitable for various applications, such as acoustic filters, sound and vibration insulators, ultrasonic 

silent blocks, and ultrasonic array transducers. 

  



 

Figure 1. (a) Schematics of an ordinary acoustic metamaterial and (b) its first hierarchical level. (c) Banded 

diagram for unitary cell presented in (a). (d,e) Extension of the circular inclusions to elliptical form. (f) 

Illustration of a bioinspired multilayered hierarchical structured AMM with N = 3 levels of hierarchy.  
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1Aix Marseille Université, CNRS, Centrale Marseille, Institut Fresnel, UMR 7249, 13013 Marseille, France
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Abstract— We analyse several thermal devices such as thermal cloaks or concentrators de-
signed via different geometric transforms. We evaluate quantitatively in the frequency regime
the effectiveness of these thermal devices through the calculation of the standard deviation of
the isotherms and of the heat flux distribution. Through homogenization process, we also study
the effectiveness of engineered multilayered thermal devices using concentric or orthoradial layers.
Thus, we determine the number of layers required to approach ideal thermal devices effectiveness.

In 2006, Pendry, Schurig and Smith [1] showed that upon a transformation applied to a certain
region of space, one could obtain a phenomenon of optical invisibility via highly heterogeneous
and anisotropic meta-materials whose permittivity and permeability directly result from the space
transformation. Other transformations were investigated such as geometric transforms leading to a
concentration effect. Since then, similar geometric transforms have been applied to other fields such
as heat diffusion and recent experiments [2, 3] confirmed its feasibility. This paper is focused on the
analysis of the cloaking and concentration effectiveness in the case of heat diffusion in the frequency
regime. To reach this goal the effectiveness of the cloaks is here characterized by a root-mean square
calculated on the line fluxes, a value which would vanish in the case of a homogeneous medium. The
ability of the concentrators to enhance the heat flux is also evaluated. Such characteristics allow
us to compare different homogenized devices [4, 5] and emphasize their advantages and weaknesses
at different angular frequencies.

We solve the transformed heat equation written in the frequency domain:

div(κ′∇u) + jωρ
′
c
′
u = 0 , (1)

where the transformed conductivity and transformed product of heat capacity and density [4] result
from changes from polar coordinates (r, θ) to radially stretched polar coordinates (r′, θ′) = (f(r), θ)
and are written

κ
′ = κR(θ)

(

κ
′
rr 0
0 κ

′

θθ

)

R(θ)T , ρ
′
c
′ = ρc

g(r′)g′(r′)

r′
, (2)

where we denote

κ
′

rr =
g(r′)

r′g′(r′)
, κ

′

θθ =
1

κ′rr

. (3)

Here, g is the reciprocal function of f , g′ is the derivative function of g, R is the rotation matrix
through an angle θ and R

T its transpose. Depending on the linear transformation f , we can design
a cloak or a concentrator.

Homogenization process inspired from [6] allows us to approximate the heterogeneous anisotropic
thermal conductivity κ

′ by a set of concentric layers for cloaks and by a set of orthoradial layers
for concentrators. In order to determine the functionality of the multi-layered thermal devices, we
need to define effectiveness criteria. For thermal cloaks, we have defined the effectiveness as the
ratio between the standard deviation of the isotherms of a bare object (without any cloak) and the
standard deviation of the isotherms of the studied cloak:

standard deviation ratio =
std(bare object)

std(studied cloak)
. (4)

The better the cloaking, the higher the standard deviation ratio. Indeed a perfect heterogeneous
anisotropic cloak would give a zero standard deviation for the isotherms. On the other hand, the
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Figure 1: Standard deviation ratio of Pendry’s cloak (red), a 10-layer homogenized cloak (green), a 20-
layer homogenized cloak (black) and a 50-layer homogenized cloak (magenta) at angular frequencies ω =
0 and 1 rad.s−1. T = 1 K on the left boundary and T = 0 K on the right boundary of the computational
domain.

perfect concentrator surrounding an object enhances the heat flux on this object and the multi-
layered concentrator is evaluated on its ability to reproduce the heat flux existing within the object
with the perfect concentrator. Thus, we shall see that the ratio of heat flux on the object is a
criterion for the effectiveness of a multi-layered concentrator.

For instance, Fig. 1 shows the standard deviation ratio for several homogenized cloaks compared
to Pendry’s perfect cloak [1]. We see that the effectiveness for the homogenized cloaks is limited to
low values, reaching 101 to 102 of standard deviation ratio compared to the 105 of Pendry’s perfect
cloak at ω = 0 rad.s−1. To understand this gap, we performed additional simulations evaluating
the L2-norm of the temperature and the standard deviation as a function of the number of layers
N . We found that the logarithm of the L2-norm of the temperature and of the standard deviation
varies linearly with log(N). With a basic linear fitting, we found that a number of nearly 104 layers
is needed to achieve the effectiveness of Pendry’s cloak [7]. Similar simulations are made for the
concentrator.

Our results demonstrate that one can compare engineered thermal devices effectiveness against
the ideal thermal devices. This makes it possible to determine how the effectiveness of an engineered
thermal device varies with the number of layer used. We will see which compromise must be found
to propose successful experiments. This study highlights the fact that engineering thermal devices
remains a challenging issue.
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Abstract- In this work, the use of transformation thermodynamic techniques is applied for the 

design of a mass flux concentrator. We study the effect of different design parameters (number of 

layers and volume fraction of the materials) on the performance of the device; the objective of this 

work is to extend the ideas of optical and thermal metamaterials to mass-transfer manipulation 

devices.  

 

Manipulation of mass flow is critical in a large number of engineering systems. In addition to traditional 

approaches that control mass transport through the manipulation of the diffusion coefficient and boundary 

conditions, recent developments in metamaterials have shown that these novel engineered materials could be 

used to manipulate mass flux
1,2

. Metamaterial design for heat and mass flux control relies on the techniques 

developed in the pioneering works by Pendry3 and Leonhardt4. As the equations that describe heat and mass flux 

are form invariant under coordinate transformation, we can use the same approach as in transformation optics1,5. 

Manipulation of heat flux by metamaterials is a research area that has been explored intensively during last 

years6. However, the application of transformation thermodynamics to mass diffusion problems has been largely 

limited1,2.  

The mass diffusion equation in steady state with no sources, in an isotropic inhomogeneous media, can be 

represented by equation (1). When this equation is transformed to a set of different coordinates, we obtain 

equation (2), which is equivalent to (1).  By using this transformation, one can calculate the properties of 

engineered metamaterials that in real physical space would control mass flow in the way established by the 

transformation applied. In steady state we only need to consider the diffusivity, which can be calculated from 

equation 3 (where J is the Jacobian of the transformation matrix).   

Ñ· D(x)ÑC(x)( ) = 0   (1) 

Ñ·(D(x)* ÑC( )) = 0    (2) 

D* = JKJT
     (3) 

In principle, the space can be transformed in infinite ways; however, transformations that lead to cloaking, 

concentration and rotation devices have received particular attention in heat transfer manipulation6. As one can 

see from equations 2 and 3, the metamaterial obtained is inhomogeneous and anisotropic, these conditions are 

very difficult to realize in practice. For concentrators and cloaking devices, the material requirements can be 

simplified by noting two important points: first, the product of the radial and azimuthal conductivities is always 

constant7; second, the anisotropic behavior of the material can be obtained using a multilayer structure 



employing only isotropic materials6.  

In order to be able to design and optimize metamaterial devices for mass flow manipulation, it is important 

to fully understand the influence of the different design parameters on the performance of the mass flux 

controlling device. In this talk, we present the behavior of a concentrator for mass transfer and we analyze the 

effect of the number of layers used to discretize the ideal structure and the ratio of the two materials used in the 

effective medium approach. Some of our results are presented in figures 1 and 2. All simulations were performed 

using COMSOL multiphysics 4.4 software, assuming a background medium with unitary diffusivity and 

boundary conditions of no flux in the upper and lower boundaries and 1 mol/m3 to the left and “0” mol/m3 to the 

right side.  

 

 

Figure 1. Mass concentration profiles (a) Ideal (b) 40 layers (c) 20 layers (d) 10 layers 

 

Figure 2. Effect of radial conductivity and volume fraction of high conductive material on the mass 

concentration gradient. 

 

The results presented lead to three main conclusions: mass concentration can be obtained even with 10 layers, 

but severe distortion on the iso-concentration lines is observed when the number of layers is reduced. The mass 

concentration gradient can be manipulated by changing the radial conductivity as well as the volume fraction of 

the constitutive materials, this is an effective tool that can be employed to influence the contrast required to 

observe the mass concentration effect.   
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Abstract-Two applications of locally resonant elastic metamaterials are here presented. In the first one, 
we introduce a directional cloak that both protect from elastic waves and cancel the back scattering 
produced by an obstacle over a broad frequency band. In the second study we introduce the results from 
numerical simulations and actual seismic observations showing how locally resonant metamaterials can 
successfully control surface waves in a typical seismological context characterized by a semi-infinite 
halfspace and forest-tree resonators. 

 
Elastic metamaterials are attracting increasing attention in various branches of wave physics for their capacity of 
controlling elastic waves almost at will. A very promising subset of these metamaterials is represented by those based 
on local resonance effects [1]. They are realized using so-called sub-wavelength resonators because of their 
characteristic size (in the plane of interest), far smaller compared to the wavelength. Laboratory experiments and 
numerical simulations have shown that when such metamaterials are excited by elastic or acoustic sources they give 
rise to two types of phenomena (1) band-gap effects, i.e. frequency bands in which elastic energy cannot propagate, or 
(2) sub-wavelength focusing, i.e. energy conversion on wavelength much smaller than the original propagated signal 
[2].  
These early experiments have been conducted on a cluster of closely spaced aluminium beams rigidly mounted on a 
thin aluminium plate excited by a source in the kHz’s frequency range that excites A0 Lamb waves in the plate.  
We now present a further development of this locally resonant metamaterial aimed to tackle the cloaking of flexural 
waves in the plate. 
With the help of large 3D spectral element simulations and supercomputing facilities, we designed a directional 
invisibility cloak for backward-scattered elastic waves propagating in a thin plate [3]. The directional cloak is based 
on a set of resonating beams that are attached perpendicular to the plate and are arranged at a sub-wavelength scale in 
few concentric rings. Numerical simulations clearly show that for certain beam configurations (i.e. beam’s length), no 
back scattering and no penetration of elastic waves inside the cloak are obtained over a large frequency band.  
This type of device could potentially be used in seismic engineering applications to shield structures without creating 
dangerous sources of back-scattered energy. 
To prove that this type of elastic metamaterials, currently limited to plates or acoustics cases, can crossover to the 
realm of surface waves we show some recent results obtained propagating Rayleigh waves through a set of resonators 
that have a lengthscale relevant for seismic applications. 
A vertical point source located at the surface of a 2D semi-infinite half-space, 150 m long and 30 m deep, excites 
Rayleigh and body waves over a large frequency band (10-120 Hz). While the body waves disappear in the depth, the 
Rayleigh waves propagate along the surface toward a row of closely and randomly spaced resonators, which have 
properties similar to forest trees. Through numerical simulations we show how the propagation of the surface waves is 



deeply modified and characterized by large band gaps.  
Our numerical results fit well the observations obtained from accelerometers placed in the forest that inspired the 
numerical model. Finally, through Bloch analysis we unveil some of the physics underlying this new and promising 
seismic metamaterial.   
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Abstract-In this paper, by using 1-D beam composed of membrane-type or bulk-type elastic 

metamaterial with magnets, we experimentally demonstrate the possibility to tune the bandgap 

frequency of elastic metamaterial by external magnetic force. The experimental results is well 

matched with theoretical analysis and numerical simulations. With the help of laser Doppler 

Vibrometer, we visually tune the vibration shapes and Frequency Response Function of the beam 

with the external magnetic force. Our work demonstrates a unique noncontact way to tune the 

properties of elastic metamaterials with a very high efficiency. 

 

The interest about Metamaterials is increasing since 2000 [1] because of its artificial properties, which cannot 

be provided by nature. And the working mechanism of elastic metamaterial combines the traditional 

mechanical vibration absorber and metamaterial, which using local resonators to change the frequency behavior 

of whole structure including prevent elastic wave in specific frequencies from propagating forward [2-3]. 

Elastic metamaterial’s properties can be actively adjusted by external contact stimuli such as electricity [4-5]. 

However, the contact methods has many limitations, therefore it is significant to study noncontact tuning 

methods such as magnetically control [6]. In this paper, we demonstrate that active elastic metamaterials beam 

with magnetic tunable vibration resonators can be realized, all the theoretical results are validated with 

simulations and experiments. We design an elastic metamaterial including magnets so that the frequency of 

bandgap can be shifted by external magnetic field. This noncontact tuning method is very promising because of 

its fast response, stability and feasibility. For membrane type elastic metamaterial beam, more than 50% 

frequency shift can be achieved when the external force is only less than 0.01N. Fig.1.(a) shows the vibration 

shape of an elastic metamaterial beam when the excited frequency is in bandgap, strong vibration attenuation 

can be observed that the right-side end of the beam keeps still when shaking the left part. And it’s very obvious 

from Fig.1.(b) to find the bandgap frequency shift from about 110Hz to 165Hz when add external magnetic 

field. To conclude, our work demonstrates the bandgap’s frequency of elastic metamaterial can be tune by 

external magnetic force and the efficiency of tuning is very high. 

 

 



 

 

 

 

 

 

 

 

 

Figure1| a), The vibration shape of an elastic metamaterial beam when the excited frequency is in 

bandgap. b), The compare of elastic metamaterial beam’s Frequency Response Function when 

without/with external magnetic field. 
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Abstract— Symmetry is one of the most fundamental properties of an object: it both identifies
the object and classifies its properties. An example would be a crystal whose translational
symmetry allows us to classify electrons states by their Bloch wave vector. However, sometimes
symmetry is hidden from view. We employ the new technique of Transformation Optics as a tool
to reveal hidden symmetries in plasmonic systems, and to calculate their optical properties.

Symmetry principles can be amongst the most powerful principles in physics. They are especially
useful in situations where detailed analytical calculations are difficult or impossible. Plasmonics
is a field often lacking analytical solutions due to the widely different shapes of the nano-particles
considered. Yet, symmetries are rarely the subject of theoretical considerations in plasmonics.

In this talk we will show how Transformation optics can be used to reveal hidden symmetries
in plasmonic nano-particles. This will enable us to classify the system in terms of the eigenmodes
generated by the hidden symmetry and calculate its optical properties. Here we will focus on three
particular systems, but the results are more general and other systems where this approach can be
applied are certain to exist.

The first two systems we are interested in are prolate and oblate spheroids. We show in [1]
how spheroids can be transformed to spherical shells. It is the underlying spherically rotational
symmetry of the spherical shell that allows us to classify the eigenmodes of the spheroids in terms

$\boldsymbol{\epsilon_m}$

$R_{out}$

Figure 1: Transformation of a 3-D oblate spheroid to a spherical shell [1] (top) and transformation of a 2-D
periodic grating to a 2-D slab (bottom).



of angular momentum numbers [1]. In turn this allows us to calculate optical properties of the
spheroids, such as their absorption and scattering spectra, with relative ease. The transformation
needed here is shown in figure 1.

The third system is a two-dimensional periodic grating. It can be related to a semi-infinite slab
via the conformal map shown in figure 1. Again, the eigenmodes and optical properties of this
system are solely determined by the symmetry of the underlying slab structure. Moreover, the
transformation in figure 1 contains two free parameters (y0 and w0 are not independent). One, γ,
simply scales the size of the system, w0, however, sets the strength of the grating’s modulation.
Nevertheless, all gratings generated by varying γ or w0 are related to the same infinite slab and
hence possess the same eigenmodes. Thus we can treat a whole class of periodic gratings by a single
transformation.

The three examples given above nicely illustrate the power and the elegance of the Transfor-
mation optics in revealing hidden symmetries of nano-particles. It is particularly intriguing that a
single two-dimensional transformation can generate a whole class of periodic gratings from a single
underlying ‘mother’ structure. Given the broad range of periodic transformations available to us,
the number of classes we can treat with this approach should be fairly large and the approach quite
general.
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Abstract-Modeling the response of nanoantennas excited by a localized emitter is extremely 

computational intensive. Transformation optics can ease this task. Here we show the conformal 

transformation required to model a plasmonic bow-tie as a parallel-plate plasmonic waveguide. The 

eigenmodes of a parallel-plate plasmonic waveguide can be calculated analytically, enabling the 

calculation of the eigenmodes and the absorption cross section of the original bow-tie via the 

transformation. Full-wave simulations corroborate the approach.  

 

Originally proposed for radio-frequency and microwaves, antennas have been scaled down in size to reach 

infrared or even optics [1]. At optics, unfortunately, metals can no longer be treated as perfect electric 

conductors, and thus, modelling nanoantennas is more challenging. Analytical solutions exist for simple 

nanoantennas such as rods, discs and their dimer counterparts [2]–[5]. However, there is not yet an analytical 

solution for the widely used bow-tie nanoantennas. This forces researchers working with bow-ties nanoantennas 

to rely on computationally intensive full-wave methods. 

 

Given the plasmonic response of metals, nanoantennas are deeply subwavelength at the resonance frequency. 

In this situation, analytical quasi-static approaches [6] can be used to model the response of them. In particular, 

one can use a specific conformal transformation that converts the bow-tie into an analytically solvable 

configuration such as the parallel-plate waveguide. Here we follow this methodology to calculate the absorption 

cross section of a bow-tie nanoantenna.  

 

Let us assume that we have a bow-tie nanoantenna in the xy space with arm lengths of 10 nm and a gap 

between arms of 1 nm. Furthermore, a localized emitter is placed 1 nm away from the center of the dimer. See 

Fig. 1(a). By applying the following conformal transformation, the bow-tie is converted into a parallel-plate 

waveguide in the x’y’ space, with the localized emitter placed at the position x’y’ = (0,0): 

                                     zz ln'                                  (1) 

where z’(x’,y’) and z(x,y) correspond to each point in the parallel-plate domain and bowtie antenna, respectively. The 

energy of the emitter couples to the eigenmodes (surface plasmons) of the parallel-plate waveguide. Given the 

finite physical length of the parallel-plate waveguide, the SP modes are distributed at discrete frequencies 

satisfying a Fabry-Perot condition, which coincide with the absorption peaks in the absorption cross section of 



the bow-tie nanoantenna. 

Figure 1(b) shows the analytically and numerically computed absorption cross section for a bow-tie with 

angle  = 20º for both, vertical and horizontal dipole. Simulation where carried out using the commercial 

software Comsol Multiphysics. The bow-tie antenna was immersed in a box of air of 300 nm  300 nm and a 

customized mesh was applied with a minimum mesh cell of 0.003 nm. Also, a mesh refinement was applied to 

the antenna to accurately calculate the absorption. An agreement between both approaches is evident. However, 

while the Comsol simulation takes 45 minutes to give the result, the analytical method implemented in 

Mathematica takes less than a minute in the same computer.   

 

Figure 1. (a) Schematic representation of the bowtie antenna (left) and the resulting parallel-plates (right) when the 

conformal transformation is applied. Analytical (solid lines) and simulation (dotted lines) results of the normalized 

absorption for a bowtie antenna with  = 20º when a vertical (black) and horizontal (green) dipole is used as a local emitter. 
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Abstract-Recent advances in the field of Transformation Optics (TO) have renewed the interest in 

gradient-index (GRIN) optical systems. By transforming a classically-inspired aspherical lens to a 

flat geometry using TO, we can achieve a design with better field-of-view performance than 

traditional radial GRIN lenses. In order to understand the underlying physics of this performance 

improvement, we decompose the TO solution into a 2D-polynomial basis and propose to analyze its 

wavefront error to determine which terms minimize oblique-angle optical aberrations.  
 

Transformation Optics (TO) provides the mathematical framework for representing the behavior of 

electromagnetic radiation in a given geometry by “transforming” it to an alternative, usually more desirable, 

geometry through an appropriate mapping of the constituent material parameters. Using a quasi-conformal 

mapping (qTO), the restrictions on the required material parameters can be relaxed allowing isotropic 

inhomogeneous all-dielectric materials to be employed. This approach has led to the development of a new and 

powerful design tool for gradient-index (GRIN) optical systems. Using qTO, aspherical lenses can be 

transformed to simpler spherical and flat geometries or even rotationally-asymmetric shapes which result in true 

3D GRIN profiles. However, these qTO-derived GRIN profiles have no known analytical representation. 

While traditional flat GRIN lenses which typically feature radial index profiles can achieve 

diffraction-limited focusing performance at normal incidence [1], their performance suffers at oblique angles of 

incidence thus limiting their field-of-view (FOV). qTO-enabled designs standout over traditional radial GRIN 

lenses in this aspect because they can be created by flattening classically-inspired lenses which are known to 

possess an optimal FOV while maintaining much of the original (pre-transformation) performance. To showcase 

this, we have optimized three lenses: a homogenous aspherical, flat radial GRIN, and a flat qTO-derived GRIN, 

using CMA-ES, a single-objective optimizer that has seen great success in the field of electromagnetics [2], so as 

to minimize the sum of their spot sizes at 0, 1, and 2 degree angles of incidence. A summary of their 

performances is provided in Tab. 1.  

Table 1: Summary of oblique incidence angle performances 

Lens 
RMS Spot Size (µm)  

0 deg 1 deg 2 deg ∑ spots �� 
Homogeneous Aspherical 3.1632 1.2590 11.6030 16.0252 0 
Flat Radial GRIN 1.4440 9.8461 22.3601 33.6503 0.0986 
Flat qTO-derived GRIN 5.3939 6.0255 11.8738 23.2932 0.1327 

 

Both the homogeneous aspherical and flat qTO lenses had 6 optimization variables: the front and back surface 

radii of curvature along with 2 asphere terms per surface, while the radial GRIN had 3 optimization variables. 

The homogenous aspherical, flat radial GRIN, and a flat qTO-derived GRIN lenses achieved minimum 



sum-of-spots sizes of �16, 34, and 23 µm, respectively, indicating a marked improvement of the qTO-derived 

solution over the radial GRIN. But to answer the question of why the qTO-derived lens performs so much better 

than the radial GRIN lens, we need to compare the two profiles more directly. To do this, we decompose the qTO 

solution into a 2D polynomial basis and see which terms are present in its index profile. The performance of the 

polynomial decomposition along with the ray-trace diagrams of the three designs are shown in Fig. 1. 

 

Figure 1: (a) Ray-trace diagrams of the three lenses, (b) a comparison of the qTO-derived index profile 

and its 4th order polynomial fit (b), and (c) the quality of the polynomial fit vs. polynomial order N.                             

The qTO-derived GRIN profile can be modeled within 1% of its index range �Δ�� by a 4th order 2D polynomial 

containing 15 terms. The ability to transform from 6 input variables to 15 terms in a polynomial-basis is extremely 

appealing and to blindly optimize a GRIN lens defined by such a polynomial would be inefficient, likely leading to 

difficulties finding the global best solution. We intend to shed light on why the qTO-derived solutions perform as they 

do by analyzing which terms in its 2D-polynomial basis representation help to minimize the presence of FOV-limiting 

wavefront aberrations such as coma and field curvature. 
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Abstract- A new approach is applied to the discussion of perfect imaging by a Veselago Lens. This 

is based upon the eigenstates of Maxwell’s equations. Sub-wavelength resolution is obtained, but 

not at the geometric optics foci. This is related to an incipient divergence of the local electric field 

which occurs when ε1 =  ε2 . 

 

The Veselago Lens is analyzed by expanding the electric field of a time dependent point charge in a 

complete set of eigenstates of Maxwell’s equations for a two-constituent composite medium with electric 

permittivities ε1, ε2  and a magnetic permeability equal to 1 everywhere which has the appropriate microstructure, 

i.e., a flat slab of ε1 < 0 material in an otherwise uniform ε2 > 0 material. An exact expression for the local 

electric field in the form of a one dimensional integral is obtained from which we are able to calculate that field 

numerically very rapidly and with great precision. In the quasistatic regime it was found earlier that this field 

diverges in some parts of the system when ε1/ε2 = –1 and ε1, ε2  are both real
1
. That is precisely where the 

Veselago Lens had earlier been predicted to provide imaging the resolution of which is not limited by the 

wavelength
2
. Moreover, the dissipation rate then also diverges sometimes.  Among the surprising results found 

already in a previous quasistatic calculation is the fact that the best sub-wavelength resolution is obtained not at 

the geometric optics foci of the Veselago Lens but at points on the ε1, ε2 interface
3
. This is due to the fact that the 

divergence of the local electric field when Im()0 is strongest at that interface. Extension of the previous 

discussion to the non-quasistatic regime of Maxwell’s equations will be presented.  
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Abstract— A technique for the synthesis of arbitrary radiation patterns using leaky-wave
modes is presented. Complete control of the antenna aperture magnitude, phase, and polarization
is demonstrated using impedance surfaces consisting of cascaded sheet admittances separated by
dielectric layers and backed by a ground plane.

1. INTRODUCTION

Since the introduction of transformation electromagnetics in 2006 [1, 2], a variety of transformation-
designed devices have been proposed. Examples include invisibility cloaks, polarization rotators,
wave collimators, and beam benders. However, these devices often require bulk materials with
complicated electromagnetic parameters [3].

Recently, the manipulation of electromagnetic wavefronts has been explored using metasurfaces,
whose 2D nature results in simpler designs. In 2011, beam refraction was demonstrated using a
surface textured with optical antennas [4]. This work was followed up by the concept of metama-
terial Huygens’ surfaces in 2013 [5], which introduced the possibility of reflectionless metasurfaces
for wavefront control. Furthermore, metasurfaces consisting of cascaded, tensor electric sheet ad-
mittances allowed extreme polarization control [6]. However, the magnitude of the transmitted
wavefront could not be controlled without reflecting the incident wavefront. In this paper, control
of aperture magnitude, phase and polarization is explored using leaky-wave surfaces consisting of
cascaded, tensor electric sheet admittances separated by dielectric layers and backed by a ground
plane. Inhomogeneity and anisotropy allow the magnitude, phase, and polarization of the radiated
wavefront to be arbitrarily controlled. As a result, arbitrary radiation patterns can be synthesized.

2. ARBITRARY LEAKY-WAVE SYNTHESIS

The proposed leaky-wave structure is depicted in Fig. 1(a). The leaky-wave impedance surface
consists of cascaded, tensor electric sheet admittances separated by dielectric layers and backed by

a ground plane. The surface current �Js present on an electric sheet admittance is related to the

tangential electric field �Et by a sheet admittance tensor Y:

�Js = Y �Et (1)

The stack of cascaded sheet admittances can be treated as a single ABCD (transmission matrix)
boundary condition atop a ground-backed dielectric layer, as shown in 1(b). The relationship
between the ABCD parameters and the sheet tensor values is discussed in [6]. From the ABCD
boundary condition, the dispersion equation and an expression for radiated polarization can be
derived. Using these expressions, the sheet tensors required for an eigenmode of desired polarization
and transverse wavenumber k‖ = β‖ − jα‖ can be found.

By varying the leaky-wave eigenmode along the antenna, an arbitrary radiation pattern can be
produced. To demonstrate this, two 1D antenna designs are presented here: (1) a TM-polarized
antenna with a flattop radiation pattern and (2) a right-handed circularly-polarized (RHCP) an-
tenna radiating at θ = 50◦ from broadside with an aperture magnitude distribution corresponding
to a Hamming window for sidelobe suppression. Far-field simulations of the designs were performed
using COMSOL Multiphysics and are shown in Fig. 2.

3. CONCLUSION

A technique for the synthesis of arbitrary radiation patterns using leaky-wave modes was briefly
discussed. Complete control of magnitude, phase, and polarization was demonstrated by two
example leaky-wave antenna designs. A detailed design procedure for such leaky-wave surfaces will
be presented at the conference.
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(a) The structure consists of stacked, tensor sheet admittances
atop a ground-backed dielectric layer. This structure is capa-
ble of producing circular polarization, as depicted in the figure.
Three sheet admittances are depicted here.
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(b) The structure can be analyzed as an ABCD boundary con-
dition atop a ground-backed dielectric layer.

Figure 1: The proposed leaky-wave antenna structure.
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(a) Antenna designed to produce a flattop beam shape in the
range θ ∈ (20◦, 60◦). The antenna employs the following pa-
rameters: f = 10 GHz, L = 24.6 cm, h1 = 1 mm, ε1 = ε0,
ε2 = 4ε0, and h2 = 1.27 mm.
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(b) Antenna with an aperture magnitude distribution corre-
sponding to a Hamming window and RHCP fields. The angle
of radiation is θ = 50◦. Patterns are provided for the RHCP
and LHCP components. The antenna employs the following
parameters: f = 10 GHz, L = 24.6 cm, h1 = 1 mm, ε1 = ε0,
ε2 = 10.2ε0, and h2 = 1.27 mm.

Figure 2: Far-field simulation results for the leaky-wave antenna designs.
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Abstract- Metamaterials have provide great flexibility in manipulate electromagnetic wave, and 

many methodologies have been proposed to designed novel devices, such as geometrical optics, 

quasi-conformal mapping and transformation optics. In this presentation, we presented several 

metamaterial devices, including flat lens antenna, flattened Luneburg lens, invisible cloak and 

illusion devices. (Abstract). 

 

Summary  

The physical properties of metamaterials are derived not only from the chemical composition, but also from 

the cellular architecture. By tuning the structure, geometry and size of the unit cell in the periodic structure of 

metamaterials, many properties which are difficult to realize with traditional or natural materials have been 

observed. It could also be easily applied to implement designed inhomogeneous material, where the propagation 

of electromagnetic wave could be manipulated with the spatially changing of material parameters. Various 

methodologies have been introduced to design the required inhomogeneous medium, and the gradient-index 

metamaterials was proposed first based on geometrical optics and have been successfully applied to the design of 

flat lens antenna. Later, according to the form-invariance of Maxwell’s equations, transformation optics has been 

introduced and provided more probabilities. However, transformation optics always leads to anisotropic 

permittivity and permeability tensors with extreme values, which are highly dispersion with narrow band. To 

avoid such limitation, quasi-conformal mapping has been studied to optimize the transform and minimize the 

anisotropy. 

In the talk, several metamaterials devices will be presented to verify the capability of the inhomogeneous 

metamaterials to control electromagnetic waves, including flat lens antenna based on gradient-index 

metamaterials, illusion devices based on transformation optics, and flattened Luneburg lens and invisible cloak 

designed with quasi-conformal mapping. The devices have all been verified through simulation and experiment 

results. 
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Abstract - We present a general approach for ray tracing in 3D omnidirectional concentrators with 
the refractive index distribution being conformally scaled from the exterior boundary up to the 
absorbing core. We illustrate our theory with examples of trapping the obliquely incident light in 
cylindrical, spherical, and spheroidal concentrators. The proposed approach can be used for modeling 
conformally scaled graded index lenses for arbitrary incidence angles; the method is essential for 
non-imaging optics applications in IR-sensing, mobile photovoltaics, and microwave focusing. 

 
We take a broader approach to our previous theoretical results [1-3] that describe ray tracing in circular and 

elliptic cylinder, spherical, oblate and prolate spheroidal omnidirectional concentrators with isotropic refractive 
index. A more global transformation optics framework of anisotropic scaling has been already discussed in [4] 
pertinent to imaging and light concentration [5-8]. The proposed framework gives a general insight and a 
universal simulation approach to ray tracing in devices with isotropic conformally scaled graded index 
(CS-GRIN) lenses. In-plane ray tracing within circular cylinder geometries with a radially-dependent refractive 
index has attracted quite some interest and experimental prototypes following the initial circular designs [1, 2] 
have been successfully fabricated for the microwaves and the visible range [9, 10]. We note though that along 
with the classical work of Luneburg [11] analyzing the first CS-GRIN designs, the initial conceptual application 
of 3D helical rays trapped in GRIN cylinders was considered at Bell Labs for the direct transmission of 
compressed images over optical fibers [12] and dates back to 1970. In our effort, we are concerned with the full 
3D ray tracing in CS-GRIN lenses as the most viable for non-imaging optics in unattended and mobile 
photovoltaics, multi-color IR-sensing, and microwave applications. 

First, we compare ray traces in two types of omnidirectional CS-GRIN lenses - (i) the classical circular 
designs (i. e. the circular cylinder and sphere) with radially-dependent refractive index n [1-2] and concentric 
circular and spherical cores versus (ii) our recently proposed elliptic cylinder [3] and oblate spheroidal 
concentrators with elliptic distribution of the refractive index and conformal flattened absorbing cores. The 
results are presented for a selection of parallel incident rays impinging at a given oblique angle on the CS-GRIN 
lenses. We demonstrate perfect agreement between the ray traces obtained from the analytical and numerical 
simulations stemming from our theory and numerical simulations using an explicit finite difference scheme and 
the ray tracing with the Ray Optics module of COMSOL Multiphysics (COMSOL) commercial solver. Figure 1 
depicts the ray tracing results for three omnidirectional concentrators with CS-GRIN lenses - a spherical lens of 
radius rs, an oblate spheroidal lens (eccentricity 0.5, major semiaxis a = rs), and a circular cylinder lens of the 
same radius rs. To emulate absorption, the rays are truncated once they enter a boundary of a virtual conformal 
core. 

Then, we add realistic absorptive cores to the omnidirectional concentrators and study their absorption 



performance using full-wave propagation of an obliquely incident focused non-paraxial Gaussian beam (NPGB). 
Full wave simulations are done using the finite-element method (FEM) in the Wave Optics module of COMSOL. 
The NPGB and the Poynting vector trajectories obtained with the full-wave FEM analysis are in good agreement 
with our ray tracing theory and numerical models. 

 
Figure 1 Representative ray tracing analysis of the spherical (left), spheroidal (center), and circular cylinder (right) 

omnidirectional concentrators. For visualization purpose a virtual emulation of absorbing cores is added.  
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Abstract— The use of a generalized and orientation dependent refractive index allows us to
model the entirety of possible ray-based transformation devices, including cloaks and carpets. We
show here how such ray devices generate constitutive parameters that match full wave theories
design to a remarkable extent; notably in the cases of electromagnetism and pressure acoustics.
However, comparative full wave FDTD simulations reveal that boundary impedance matching –
as in e.g. the original invisibility cloak – is not sufficient to achieve perfect invisibility.

Ever since the start of the transformation optics programme in 2006, there has been a competi-
tion between proponents of wave cloaks [1] and ray cloaks [2]. Of course, ray cloaks have up until
recently all been restricted to ordinary refractive index profiles – i.e. being conformal cloaks – and
so contain an inherent restriction to a chosen incident direction. Nevertheless, some non-cloak ray
transformation devices, notably the geodesic lenses (Maxwell fisheye, Eaton, Luneberg) [3] are not
direction sensitive.

We have recently proposed a generalized ray theory which is not restricted to a purely scalar
refractive index n(r), and therefore premits the design of general all-angle ray cloaks and other
transformation devices. Consider a transformation device – e.g. a cloak – being designed using
a mathematical transformation that pushes (or “morphs”) one field and material configuration
into another. Mathematically, this transformation is known as a (diffeo)-morphism (here denoted
ϕ). Given a ray or set of rays in the original space, they can be rearranged into their desired
configuration using ϕ : R3 → R3; likewise other objects such as sheets or volumes are also modified.
We then find that our generalized index is given by

nϕ(P) =

[
gP(v,v)

gϕ(P)(ϕ∗v, ϕ∗v)

]1/2
, (1)

where ϕ∗v is the so-called push forward of v. Although the generalized index is a scalar quantity,
it carries an angular dependance through the choice of the direction of the vector v. Notably, as a
consequence of its construction, it is also polarization independent. This concept of the generalized
index seems to lie at the heart of all ray-based transformation theories (e.g. transformation optics,
transformation acoustics, etc.).

We can compare this to standard (wave) transformation optics, where the the morphism usually
defines an electromagnetic medium with matched permittivity ε and permeability µ. These are

ε = µ =
JJT

det(J)
= κ say, (2)

where J is the Jacobian associated with (i.e. derived from) the morphism ϕ. In this case we find
that the generalized refractive index is given by

n(θ, φ, r) =
[
det

(
κ−1⊥

)]1/2
, (3)

where ⊥ indicates a projection perpendicular to the direction defined by the angular variables θ
and φ. In fact we find that n(θ, φ, r) defines an ellipsoid at each point r; note that this ellipsoid is
distinct from the usual index ellipsoid used in birefringent media. Turning the argument around,
given some n(θ, φ, r), say the generalized index distribution for an optical cloak, we can derive the
principal coefficients of the associated electromagnetic medium via

κ1 =
n2n3
n1

, κ2 =
n3n1
n2

, κ3 =
n1n2
n3

, (4)



where the ni are the principal indices associated with n(θ, φ, r).
This specification of a medium using constitutive properties (e.g. ε, µ in EM, or B, ρ in pressure

acoustics) to generate an index, however generalized, attaches no additional approximations to a
ray theory. However, if we are instead interested in a wave theory – whether optics (EM) or another
theory such as acoustics – then there is also an impedance property attributable to the medium
which needs to be considered. In many cloaking schemes the impedance is treated as a degree of
freedom – not because it is such, but simply as a way of moderating the technical challenges of
actually building the desired transformation device itself. But it must be noted that the supposed
“ideal” prescription of ε = µ does not – cannot – of itself guarantee global impedance matching,
and hence cannot ever guarantee perfect cloaking. A step change in impedance causes a distinct
reflection in waves trying to cross that boundary – but even if such step changes are avoided,
impedance gradients will also cause a degree of wave scattering or distributed reflection.

Here we will address these issues in a unified way – showing how an index-like wave transfor-
mation design process can be mapped onto the ray transformation design process, the morphism-
dependent set of index-preserving impedance scalings, and a quantification of how impedance rescal-
ing affects performance. Example transformation design systems include a local field distorter, a
“logarithmic” radial cloak, and a standard carpet cloak. Finally, the extention of these concepts
into spacetime transformation designs [4,5] will be addressed.
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AbstractIn this paper we describe the acceleration of series expressing the potentials due to 
periodic vertical currents in layered media. This computation is relevant to the numerical study of 

periodic structures for synthesizing artificial materials or surfaces. Asymptotic extractions are 

performed, leading to faster-converging expressions. These extracted terms are then efficiently 

computed through a modified Ewald summation method, thus achieving Gaussian convergence. 

 

Computationally efficient expressions for Green’s functions in layered-media are of paramount important for 

the application of method of moments (MoM) through mixed-potential integral equation (MPIE) formulation [1]. 

While extensive work has been carried out for a single dipole source, periodic sources are more difficult to 

handle. This is due to the presence of a series of images, requiring ad-hoc acceleration due to very slow 

convergence features. These kinds of Green’s functions are necessary to study periodic structure embedded in a 

layered medium, such as artificial media (e.g, wire media) or metasurfaces (periodic elements printed on a 

substrate). 

On one hand, when the currents induced on a periodic structure are horizontal, asymptotic extractions 

require the computation of homogeneous-medium periodic Green’s functions for arrays of horizontal dipoles. 

These Green’s functions can be efficiently computed using well-known methods such as the Ewald summation 

method [2]. On the other hand, if the structure contains vertical current elements, the extracted terms no longer 

correspond to an array of dipoles in a homogenous medium. Hence, new acceleration techniques are needed. 

We propose here an approach for the more difficult case of Green’s functions arising from vertical currents 

in a multilayered medium. In order to fix the ideas, we imagine a 1-D array of cylindrical objects embedded in a 

layered medium (such as a wire medium, see Fig. 1(a)). On the other hand, the same methods can be applied 

with limited corrections to 1-D and 2-D arrays of three-dimensional objects. The corrective potential component 

Pz , for example, can be expressed as 

     Δ1
, ; , xnjk x

z z xn
n

P P k z z e
p






  r r   (1) 

where p is the spatial period and 0 2 /xn xk k n p   is the wave-number of the nth harmonic. zP  is a spectral 
Green’s function, known in closed form for any kind of stratification. 

The convergence of the series in (1) slows dramatically as z z  at an interface between media. A common 

approach to accelerate the convergence of the transverse potentials is the asymptotic extraction of quasi-static 

images [3],[4]: 
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where the extracted terms are spectral homogeneous-medium Green’s functions g divided by the factor kz. Due 

to this factor, the functions gz can be related to homogeneous-medium periodic Green’s functions g through 

integration along the stratification direction (z): 

  
Δ

Δ ζz

z

g gd


 r  (3) 

that is, the potential due to an array of half-plane currents. A suitably modified Ewald method can be applied in 

order to accelerate the computation of gz. 
In Fig. 1(b) the magnitude of the reflection coefficient vs. the incidence angle is shown for a plane wave 

impinging on a dielectric slab with an array of metallic rods having a square cross section. Further results will be 

discussed at the conference that quantify the obtained acceleration in terms of computation time. 
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Fig. 1  (a) Geometry studied in this paper. (b) Magnitude of the reflection coefficient of the 0th harmonic of a TMz uniform plane wave as in Fig. 1(a) vs. 

the angle of incidence inc. Our approach (solid lines) and HFSSTM (squares). The cross section of each scatterer is a square of edge length l = 10 mm (in 

black) and l = 7.85 mm (in gray), in a dielectric slab with thickness h mm and r = 10.2. The period is p = 20 mm, the frequency is f = 4 GHz. 
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Abstract-A controlling laser produces inhomogeneous refractive index inside a waveguide through 

the photothermal effect. The trajectory of waveguide beam is continuously tuned. This work 

provides an approach toward optical control of transformation optical devices. 

  

Figure1 (a) The schematic of experiment sample; (b)  

The induced refractive index distribution under the 

controlling laser at the power 2.8W; (c) the induced 

refractive index gradient. 

Figure2 (a-d) The deflection of waveguie beam with 

different impact parameter distance, with the controlling 

laser power at 2.8W; (e-h) the corresponding simulation 

results. 

A various transformational devices and effects based on such inhomogeneous metamaterials have been proposed 

including invisibility cloaks [1-2], photonic black holes [3], etc. Different approaches are invented to realize 

transformation optics. Recently, we apply inhomogenous waveguide to transformation optical effects, such as 

mimicking gravitational lesning [4] and bending light beam [5].  

In this work, we propose an enhanced photothermal effect facilitated by a Fabry-Perot (FP) cavity to achieve 

light-controllable transformation optics devices. The schematic of the experiment is illustrated in figure1(a). A 

planar silver/PMMA/silver FP cavity is fabricated. In the experiment, a Gaussian pump laser beam is incident 

normally on the cavity and induces a change in the refractive index of PMMA layer due to thermal heating. The 

refractive index and its gradient are provided in the figure 1 (c-d). A probe laser beam with wavelength of 457nm 

is coupled into the silver/PMMA/silver waveguide through a grating. The structure can be seen as a 

transformation optical lens, the refractive index is spatially continuously changed and the light beam is bending 

continuously at different locations. As the refractive index is non-uniform, the bending angle of light beam will 

be quite different for different input light beam. Here, we can define the distance between light beam and center 

of lens as impact parameter distance 𝑟0. In the experiment, we continuously move the light beam from a distance 

to the center of lens through changing the location of laser spot of 457nm laser on the grating. The results show, 

for different 𝑟0, we can obtain different trajectory of light beam around the transformation lens. In figure 2, we 

give four experimental pictures of light beam bending for four different 𝑟0. In figure 2 (a), the beam is far away 

from the lens (𝑟0=48.25μm), the bending effect is very weak and 𝜃𝑑 is very small. When the light beam 

approaches the lens, the refractive index shows more and more change. The beam will be feel stronger bending 

force. In figure 2 (b), for 𝑟0=15.05μm, the bending angle reach the value 𝜃𝑑=2.4 . But 𝜃𝑑 is not always 



increased when the beam approaches the center. In figure 2 (c), impact parameter distance is further reduced to 

𝑟0=9.79μm, the bending angle is decreased to 𝜃𝑑=1.8  instead of increasing. At last, when the beam pass 

through the center (𝑟0=0), there is almost no bending effect to the laser beam (𝜃𝑑=0). Actually, the bending effect 

of laser beam is not determined by the change of 𝑛, but by the change gradient of 𝑛.  

In conclusion, this work reported a flexible method to fabrication transformation optical medium. The 

refractive index of the polymer inside the cavity is inhomogeneously changed. This is used to change the 

trajectory of light beam inside the polymer layer. Such a method can be extended to fabricate many other 

transformation optical medium. All these potential expansibility of this system provide new ways to develop 

various multifunctional transformation devices in the future. 
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Abstract-We present experimental results about a new class of optical metasurfaces which exhibit 
omnidirectional near-zero reflectance in the optical frequency region. The zero reflectance film 
shows optimal plasmonic sensing performance, exhibiting the largest spectral shift per unit 
refractive index. These metasurfaces can be manufactured at large scales through cost-effective 
self-assembly methods, making them potential candidates for widespread applications. 

 
Two-dimensional metasurfaces comprised of planar metamaterials with dimensions much smaller than the 

wavelength of light have exhibited exceptional abilities for controlling the flow of light, enabling new 
applications in a broad range of areas, such as imaging, sensing and quantum information processing1. Here we 
report a new class of optical metasurfaces that can manipulate the light-matter interaction at sub-wavelength 
scales so that the reflectance of light approaches to zero at certain frequency in the visible range. The plasmonic 
resonance of such metasurfaces is sensitively dependent on the refractive index of surrounding medium. 
Interestingly, it is found that devices with zero reflectance are most sensitive in plasmonic sensing. Such devices 
could have important implications in a number of applications, such as light-harvesting, sensing and 
anti-reflection displays. 

 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1 (a) SEM image of an optical metasurface. (b) Near-zero reflectance of the optical metasurface. Inset: optical 

images of the metasurface embedded in air and in water respectively, showing a drastic color change.  
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The samples were composed of monodispersed Au nanoparticles self-assembled on reflective substrates 
(such as silicon, Figure 1a). Optical properties of such two-dimensional monolayer metasurfaces are crucially 
dependent on the average interparticle spacing distance, which can be controlled through self-assembly 
processes2. Both the substrate and the nanoparticles alone are highly reflective/scattering. However, the 
metasurfaces that are proper combinations of these two reflective structures provide exceptional control of the 
flow of light. Optical reflectance can be tuned to be near zero percentage at certain nanoparticle density (Figure 
1b), which is independent on the incident angle and the polarization of the incident light. In addition, the optical 
properties of such metasurfaces are found to be sensitively dependent on the surrounding medium. When the 
sample was embedded in water, it shows a vivid color change that can even be directly viewed by naked eyes 
(inset, Figure 1b), indicating that the metasurface devices are ideal candidates for colorimetric plasmonic sensors, 
e.g., for developing point-of-care devices for the detection of food contaminants. More interestingly, 
metasurfaces that show zero reflectance are found to be most sensitive in plasmonic sensing, exhibiting the 
largest plasmonic shift per unit refractive index. Such metasurface devices can be cost-effectively fabricated at 
large scales through bottom-up self-assemblies, enabling them for wide applications, e.g., light-harvesting, 
molecular sensing and anti-reflection films. The experimental results are in good agreement with results of 
theoretical models. 
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Abstract- Geometrical optics allows for an analogy between flat and curved two dimensional 

geometries to be made, when radially dependent refractive index profiles are employed. This paper 

examines the applications of this equivalence, which include cloaking, conformal lensing and 

removing singularities in refractive indices. Examples of each will be given, and will be illustrated 

with both numerical and experimental data. 

 

It has been shown that geometrical optics can provide a link that connects geometry and material properties 

for systems that exhibit rotational symmetry [1]. In the context of electromagnetics, if the wave propagation is 

restricted to two dimensions, it is possible to deform a flat 2D surface into the third dimension, enabling a new 

degree of freedom to control the optical path length of a ray traveling on it. If the refractive index is chosen 

appropriately so that the optical ray path is equivalent on a curved and a flat surface, then in the limit of 

geometrical optics, the two systems will exhibit the same propagation behavior. This technique has been used to 

design or modify a number of devices that would have otherwise been exceptionally difficult or impossible to 

realise. One example is surface wave cloaking [2], where a design that avoids the use of anisotropic media, as 

required in previous designs, becomes possible. A cloak employing a dielectric waveguide structure over a 

metallic ground plane, where the index is varied by changing the thickness of the guide, is shown in figure 1. It 

can be seen that while the cloak corrects the wavefront shape so that they are cylindrical after the perturbation, 

the curvature induces radiation of the guided wave away from the surface. This will be investigated in further 

detail during the presentation. 

 

Figure 1: Left: The electric field map on the surface of a dielectric guide of constant thickness (inset) 

positioned over a ground plane with a curved bump. Right: Electric field map on the surface of a dielectric guide 

of varying thickness, acting as a cloak for the bump present in the ground plane. 



Another application of this technique is to modify existing lens profiles, such as the Luneburg lens or the 

Maxwell fish eye lens so that they operate accurately when applied to a curved surface, to be used in the design 

of surface wave antennas [3]. Furthermore, it is possible to perfectly reproduce the operation of lenses with 

singular refractive indices in their profiles by creating a tip in the surface, where the tip has the same influence 

on the wave propagation as does the singularity in the flat surface profile [4]. Additionally, the index contrast can 

be arbitrarily low, enabling the fabrication of various singular devices. This is an alternative technique to the 

transmutation previously reported that requires anisotropy [5]. This presentation will illustrate various examples 

of the applications given here, including experimental verification of these devices, utilising varying thickness 

dielectric waveguides fabricated in a 3D printer. 
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Abstract- A theoretical study of whispering gallery mode of a slot channel running the equator 

of the sphere for sensing application is presented. The calculations are accomplished using 

numerical technique based on the spherical basis functions (BLF technique).  The existence of 

intense electric field within the channel enhances the sensing of the external ambient medium.  
 

 

WGM spherical sensors are based on the interaction of the evanescent wave with material on the 

surface of the sphere. Changing the refractive index of the material on the sphere surface will 

result in a phase shift of the resonance wavelengths.  If a slot waveguide is build inside the 

sphere, see figure 1, then stronger WGMs field will be available to detect the refractive index 

change of the ambient medium of the channel. The technique used is based on the expansion of 

the dielectric and the field using spherical basis functions. The expanded dielectric and field are 

then inserted into the wave equation written in spherical space to build an eigenvalue problem, 

from which the resonance wavelengths and profile are determined. Details of the technique used 

are presented in [1]. The resulting resonance modes are scalable. Therefore, results can be used 

for both microwave and optical sensing applications. The study shows the resonance WGM 

wavelengths change in response to the ambient medium, high sensitivity is expected. Most recent 

results will be presented.  
 

 

 
 
Figure 1: Side view of the purposed WGMs slot waveguide structures. The sphere has high dielectric 

value with squared slot channel filled with air or low dielectric (Left). The slot channel has wedges 

shape (Right). 
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Abstract 

With the advent of lightweight, low cost and spatially 

stationary metamaterial-based microwave scanning/imaging 

systems, key questions remain as to their imaging quality 

effectiveness.  Methods such as varactor-controlled 

metamaterials and metasurfaces provide distinctive 

approaches in shaping the microwave radiation, yet their 

robustness to operational bandwidth, loss tangents, and off-

axis deployment may limit their utility in various 

operational setting such as in remote sensing, scanning, 

radar and communication systems.  This paper compares the 

analytic scaling to numerical estimation of such system 

focusing properties. 

1. Introduction 

With the advent of new metamaterial-based focusing lenses, 

fundamental questions remain on the effectiveness of their 

use in microwave focusing, and image acquisition systems. 

Making such systems compact both in longitudinal focusing 

and transverse physical dimensions relative to its operating 

wavelength give rise to focusing alteration and image 

quality impacts (Figure 1). For example, for transverse 

shortened apertures, the result is a reduction in the effective 

focal length of the lens as derived from Gaussian optics. On 

the other hand, longitudinal reductions as defined by small 

F/# systems demand strong index changes across the 

aperture that potentially results in radial transmission 

variability across the lens that affects the Point Spread 

Function (PSF) of the aperture. Therefore, two design 

properties impacting the imaging properties of metamaterial 

lenses: the optical compactness in size relative to its 

operating wavelength and the longitudinal Compactness as 

defined by the operating F/# of the imaging system. 

Transverse compact metamaterial-based microwave 

image acquisition systems require the use of low Fresnel 

number configurations [Figure 2b], where the number of 

wavelengths spanning across the collection aperture is 

small. Much work has been reported on optical low-loss 

low-Fresnel number systems [1, 2, 3, 4 and 5] with detailed 

mathematical models first introduced in [6 and 7]. 

 

 

 
 

 
Figure 1: Imaging performance of the metalens is 

impacted by transverse and longitudinal compactness. 

Under small Fresnel number conditions, the best focus 

was found to occur somewhat closer in toward the lens than 

what classical Gaussian optics would suggest [6]. Figure 2a 

illustrates the impact of this focusing effect for different 

cases where the aperture-to-wavelength fill ratio is changed 
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(see Figure 2b for definitions). As the number of 

wavelengths decreases across the lens, the location of best 

focus is translated closer to the lens. For the special case of 

F/1 system, the number of wavelengths spanning the lens 

diameter equals the Fresnel number N. 

 

 
 

Figure 2: Definition of the Fresnel number and its 

impact on the location of best focus 
[6]

. 

 

Yet to achieve a longitudinal compactness, an internal 

index can be introduced within the metalens that results in a 

radial dependent transmission across the aperture. In 

previous works [6,7], an optical formulation was bench-

marked, regardless of Fresnel number, on a pupil 

transmission function that is constant (often times unity) 

across a normalized circular aperture. Therefore, the 

underlying transmission invariance assumption is violated 

for some types of metamaterial-based lenses and is the 

subject of this paper. 

Recently, several works have examined the use of 

metamaterial lenses for operations in the microwave 

regime. In general, such lenses are made by altering the 

local dielectric properties of the structure, so that when a 

plane wave passes through it, the structure imparts a 

differential phase lag mimicking that of a normal lens. In 

many of such designs, unit cells instilling the local 

dielectric properties are composed of such structures as split 

ring resonators with varactor control or double-ring 

structures. 

In split-ring resonators with varactor control, the local 

index is altered by electrically adjusting of the varactor 

capacity [Figure 3 a]. For such resonators, the transmission 

function is radially invariant whose fractional transmission 

is less than one. 

In the case of double-ring structures, the radial change 

of the local index is achieved  by altering capacitance 

depended on the inner radius of the unit cell [Figure 3b]. 

This results in a radial dependent transmission function for 

the lens. 

 

  
                  (a) (b) 

Figure 3: Split ring resonator where varactor can  alter the 

capacitance of inner, outer, or between ring gap (a); Double 

ring resonator where the gap between the rings alter 

capacity of the local unit cell (b). 

 

Therefore, there are two fundamental types of 

metamaterial lenses that give rise to radial dependent and 

invariant index mappings. Such differences impact the 

shape of the point spread function (PSF) at the best focus. 

This paper expands the diffraction calculations of [6 and 

7] to address compact the focus and imaging systems with 

radially dependent transmission characteristics. 

Specifically, it refines the diffraction estimation of the field 

distributions near the focal region by incorporating a 

modified kernel to the diffraction integral formulated by 

weighted radial transmission functions. 

To illustrate the effectiveness of this approach, a 

specific example is provided where a multi-ring radial 

varying unit cell is configured to produce a fast F/1 

microwave lens. Here, the field distribution will be 

compared to near focus using both the analytic model 

developed here and rigorous numerical estimations 

provided from HFSS. It shows that the location of best 

focus are in a good agreement with each other and provides 

good estimation in the shift of the Gaussian focus. It also 

compares the field distributions as measured at the best 

focus and at the classical Gaussian focus. 

2. Diffraction Model 

2.1. Summary of Past Work (Unobscured Aperture) 

The present model is an extension on the work of Li and 

Wolf 
[6]

 for modeling of the intensity distribution near focus 

of a lens. The same notation is adapted here with the 

extended notation when necessary. Consider the following 

optical geometry of a lens system (Figure 2b). 

Li and Wolf describe the generalized field distribution 
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for an unaberrated focusing system where a circular 

aperture function had a unity transmission function. In 

particular, they show that the field distribution is given 

by
[6]

: 

 

 
                                                                    ----------------- (1) 

 

where the following definitions will be used: 

 

 

 

Pupil function 

 

 

 

 

 

 

 

 

 
 

 

 
 

 
 

Li and Wolf
[6]

 showed that the resulting diffraction field 

from Equation (1) can be expressed in terms of Lommel 

functions. They however made the assumption that the pupil 

function was exactly 1 when inside the aperture and zero 

elsewhere. For metamaterial lens unit cells, this assumption 

does not apply and need to be accounted for when 

evaluating Equation (1). 

2.2. Obscured Aperture Model 

In general, the pupil function can be expressed as 

polynomial of the form: 

 

 

where  can vary between zero and 1. Therefore, for an 

arbitrary n-th element in the series the integral in Equation  

(1) is given by:  n+1
. 

 

 
 

The integral is complicated to solve in general, but can 

be examined for the situation where N  << 1. 

For the Bessel function Jo (N ) approaching the value 

of 1, the error in this approximation is on the order of 2% 

where N  takes values of 0.2 or less. This limit is valid 

near focus when (/)(a/f)
2
 r << 1, which can be written as 

(r/) << F
2
, thus the off-axis distance as measured in 

waves is small compared to the F number of the lens. In 

addition, this requirement shows that the region surrounding 

the optic axis where this approximation applies, grows as 

the F
2
. 

In this limit, the diffraction integral takes on a simple 

form and can be evaluated directly. To evaluate this 

integrate we note that: 

 

 
 

where F is a generalized Hypergeometric function. 

 

In a similar way, the Sin term of equation can be 

evaluated: 

 

 
 

Therefore, the diffraction integral of an obscured pupil 

can be expressed as: 

 

-------------- (2) 

 

 
 

 

, 

where  is the highest order (i.e. integer number) in the  

power expansion. 
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In the limit where the pupil transmission is a constant, 

the above results simplify back to Li and Wolf's expression 

except for a scalar fraction associated with the constant 

transmission value across the aperture. Such a simplified 

case exists for the split-ring resonator with varactor control. 

This is not the case for double ring structures where the 

transmissions vary across the aperture. For this case 

Equation (2) must be used. 

3. Simulation Results 

Several simulations were performed to understand the 

impact of spatially distributed transmission obscuration and 

aperture-to-wavelength fill factor on three imaging 

performance parameters; best focus location, spot shape, 

and side-lobe suppression. 
 

 
 

 

 
Figure 4: Geometry of the RF double-ring lens (a) detailing 

the ring transmission (b) and phase retarding properties (c). 

To illustrate the modeling capability of this model, we 

have compared the focusing predictions of this approach to 

the rigorous calculations of HFSS. Figure 4 provides the 

data that is used in this comparison. 

    To assess the impact of zonal-type obscuration on 

imaging performance, the following case was examined 

(Table 1). 

 

Table 1. Baseline Use Case Summary 

Lens Attribute Value 

Lens radius 151.5 cm 

Lens focal length 303 cm 

RF wavelength 33 cm (9 GHz) 

Fresnel Number 2.3 

 

In this model, there are approximately 2.3 waves that 

span across the aperture diameter for this F/1 system. For 

the special case when n = 0, the aperture is transparent 

across the circular aperture as reported by
[6]

. The resulting 

on-axis intensity distribution using their formalism is shown 

in Figure 5. 

 

 
Figure 5: PSF depended on the distance from the Gaussian 

focus. 

As expected, the location of the best focus is directed 

inward by the lens by about 50mm from the classically 

predicted Gaussian focus. At the Gaussian focus the field 

strength drops by as much as 20%. A comparison of PSF 

shapes as a function of distance from Gaussian focus is 

illustrated in Figure 6. 

 

 
Figure 6: The on-axis intensity profile around the Gaussian 

focus with selected PSF shapes at three locations. 
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4. Inclusion of Radial Transmission Function 

Double-ring metamaterials provide one method that is 

used to manufacture RF lenses. In order to adjust the phase 

correctly, the inner radius of the double ring needs to be 

carefully adjusted, Figure 7a. These adjustments change in 

the radial direction across the lens insuring the resulting 

wavefront as a spherically contracting shape. By adjusting 

the inner rings, the transmission function is change, Figure 

7b. 

The radial dependency result of the inner radius of the 

double-ring structure, provided by HFSS and regression 

analysis  are used to provide an analytic estimate of the 

pupil function. In this study, a 4th order regression was 

performed and is shown in Figure 7b. The coefficients were 

plugged into the model to compute the resultant field and 

intensity distributions, Figure 8. 

 

 

Figure 7: Double-ring inner radius profiles (a) with the 

associated transmission profile (b). 

Figure 8a shows the relative on-axis intensity profile for 

the unobscured (red) and obscured (blue) pupil function 

cases. Notice that there is essentially no change introduced 

in the focal position resulting from the pupil obscuration. 

What does change is the relative magnitude of the field 

distribution along the optic axis. 

Figure 8b shows the intensity distribution across the 

{z,r} plane. In general, there are only very subtle changes in 

each distribution except for the fact that in the pupil 

obstructed case, there is more energy being directed to a 

side lobe. 
 

 
(a) 

 

 
(b) 

 

Figure 8: Comparison of the on axis intensity distribution 

for the unobstructed (red) and obstructed (blue) pupil 

functions (a). The 2D {r,z} intensity distribution for the 

unobstructed and obstructed pupil functions (b). 

 

Comparison with HFSS simulations show similar 

performance with the location and depth of focus of the 

metalens. Figure 9 shows that absolute location of the peak 

focus at the nominal 9 GHz operational frequency as well as 

at 8.5 and 9.5 GHz. Since the nominal Gaussian focus is 

300 mm, the relative shift of the focus is approximately at 

250 mm which is what the analytic model also predicts. The 

impact of the relatively low number of waves extended 

across the apertures is effectively addressed in the current 

analytic model. Therefore, the impact of small Fresnel 

number systems agrees well with both analytic modeling 

and those provided with HFSS. 

Further examination of the intensity axial profile 

between the analytic and HFSS simulation also show 

similar shapes with a strong drop-off on intensity as one 

moves closer to the metalens (relative to best focus) then 

when moving away from the metalens. 

 

 
Figure 9: HFSS on-axis intensity results in absolute space 

showing similar focusing results to that of the analytic 

model. 

 

Yet there is one major difference that is seen between 

the two approaches, HFSS predicts a narrower depth of 

focus that what the analytic model suggest. Exact 

quantitative estimates are currently being performed and 

will be reported in a subsequent publication. A possible 

cause for this effect is in the analytic treatment could be the 
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thin-lens approximation where all the refraction is 

performed across a single thin layer. In actuality, there are 

five layers that span the metalens thickness that is providing 

a distributed phase lag to achieve the F/1 metalens 

performance. 

Another area of interest is the actual predicted shape of 

the PSF. Specifically, taking a closer look at the small 

differences of the PSF resulting from the unobstructed (red) 

and obstructed (blue) pupil function, one sees that the 

obstructed provides a slightly tighter beam diameter at the 

expense of great energy into the side-lobes. This is similar 

to the observed PSF profiles in astronomical telescopes. 

Refractor telescopes, which have no obscuration, show 

similar PSF shape as those found in unobscured pupil 

functions here. On the other hand, Cassigrain telescopes 

with a central obscuration caused by the secondary mirror, 

has a tightened central PSF with energy going out to the 

outer rings of the Airy disk. Therefore, the impact of the 

central obscuration is observed and it follows classical 

prediction of slightly widened PSF performance. 

 

 
Figure 10: Comparison of the resulting PSF under 

unobstructed (red) and obstructed (blue) pupil functions. 

Double-ring structures used to control the distributed 

RF phase lag differs from varactor-based metalens 

structures where the obscuration is spatially invariant across 

its structure. We expect these structures to exhibit PSF 

performance characteristics similar to that of refractor 

telescope optics where the PSF will exhibit more Airy disk 

type profiles. 
 

5. Conclusions 

An analytic on-axis focus model for both small and 

large Fresnel focusing systems has been developed 

extending the works of Li and Wolf to partially obscured 

lenses. This extension is important to understand the 

focusing properties of certain types of RF metamaterial 

structures. The model's basic assumption is that (r/) << 

F
2
,
 
which limits the extent off-axis in which the diffraction 

calculations, was applied. The paper shows that under such 

conditions, the diffraction integral simplifies to a series 

solution of weight Hypergeometric functions where the 

weighting terms are associated with the fit coefficients of 

the radial pupil function. 

This model is then used to assess the focusing properties 

of a double-ring metamaterial lens. Because of its 

compactness relative to its wavelength of operation, the 

effective focus was shifted toward the lens away from the 

normal Gaussian focus which is associated with high 

Fresnel number systems. The shift in focus was consistent 

with rigorous numerical modeling performed by using 

HFSS. 

In addition, an examination of the PSF shows minor 

changes to that of unobstructed lenses having Airy disk PSF 

profiles. The model shows that some of the central energy 

in the obscured pupil function is redistributed into the wings 

of the PSF, but it also tends to a slightly tighten central 

diameter. This is to be expected based upon previous work 

of secondary obscuration in telescope systems. 

The difference in the depth of focus between the 

analytic and HFSS results remains an open question. This 

may be the result of the actually metalens is modeled as an 

infinitesimally thin layer rather that a thicker five-layer 

matalens. This additional complexity will be added to the 

analytical model and will be reported  elsewhere. 
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Abstract-Surface plasmon polaritons (SPPs) provides the capability of manipulating light within 

nanoscale dimension. Here we will present our recent work on the design of novel plasmonic 

waveguides based on graphene and metal-insulator-semiconductor capacitor. Their potential 

applications have also been briefly discussed. 

We firstly introduce a slow light waveguide structure based on graphene plasmons. Conventional slow light 

systems [1] can operate within a very limited bandwidth near the resonant frequencies due to the restriction of 

delay-bandwidth product. Here, we propose to employ silica-graphene-silica on a sloping-silicon substrate [see 

Fig. 1(a)] to realize broadband slow light at infrared frequencies. For a fixed bias voltage, the chemical potential 

of graphene can be tuned continuously along the propagation direction, thus leading to gradual variation of the 

dispersion curve along the propagation direction. Figures1(b-g) show the simulated electric field intensity 

distributions for six different frequencies, which can be localized at different positions on the graphene due to 

the significant reduction of propagation velocity. 
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Fig. 1. (a) Schematic of a silica-graphene-silica on a sloping-silicon substrate. (b-g) Simulated electric field intensity distributions 

for six different frequencies for 
1

d =67.8 nm, 
2

d =132.2 nm, w =50 nm, Vbias=113.4 V. (b) 150 THz, (c) 155 THz, (d) 160 THz, 

(e) 165 THz, (g) 170 THz. 
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Fig. 2. (a) Cross section of a hybrid plasmonic terahertz waveguide. The excitation wavelength is 100 um (3 THz). w  is fixed at 

20 um. The thickness of five graphene layers is presented by t ( t =2.5 nm). (b-e) Electromagnetic energy density distributions for 

(b) [ d , h ]=[0.5, 7] um, (c) [ d , h ]=[0.5, 30] um, (d) [ d , h ]=[5, 21] um, and (e) [ d , h ]=[10, 30] um.  

We have also proposed and investigated a graphene-based hybrid plasmonic waveguide at terahertz 

frequency, which is analogous to the concept of hybrid plasmonic waveguide based on noble metal [2]. By 



utilizing the strong coupling between the dielectric waveguide and plasmonic modes, the proposed hybrid 

plasmonic terahertz waveguides [see Fig. 2(a)] that not only significantly suppress the mode field confinement, 

but also maintain a compact size. Figures 2(b-e) show the electromagnetic energy density distributions are varied 

with d  and h . 

We propose the use of the MIS structure to gather the field induced charges at the surface of heavily doped 

semiconductor to obtain negative real permittivity at optical frequencies, in an effort to realize electrical control 

of plasmonic field in the optical communication window around 1550nm.  

The MIS capacitor as shown in Fig. 3(a) is studied as a plasmonic slab waveguide. Theoretical calculations 

show that, with proper design of the MIS capacitor, the electron density near semiconductor surface can be 

increased by of 2~3 orders by changing the gate voltage. As a result, that the physical properties near the 

semiconductor surface can be changed from semiconductor-like to metal-like. Mode analysis shows that MIS 

capacitor can not only trap electrons in the accumulation layer, but also can squeeze electric field in the same 

region and control the localization position within nano-scale, as can be seen in Fig. 3 (b ,c). The propagation 

properties of the plasmonic mode in MIS capacitor are given in Fig. 4. The maximum FOM (defined as the ratio 

of the propagation length to the model size) of MIS plasmonic mode is more than 1 order of magnitude larger 

than that of the hybrid surface plasmonic waveguide reported in [2], indicating that the MIS structure can be a 

controllable and highly localized SPP waveguide with relatively low-loss. 
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Fig. 3 (a) Schematic diagram of the MIS structure, (b, c) Ey-component of SPP mode and real relative permittivity εr distribution 

for gate voltages of 0~4V and 5~10V respectively. 
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Fig. 4 (a) Normalized modal size and propagation length as well as (b) FOM for different gate voltages. 
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Abstract-We propose a new experimental technique to accurately measure the plasma frequency of 

metallic layers and notably doped semiconductors. The technique is based on reflectance 

measurements evidencing a resonant dip near the plasma frequency. Based on Fresnel coefficients 

in the case of transverse electromagnetic waves, we propose that this resonance is due to the 

excitation of a leaky electromagnetic mode, the Brewster "mode", propagating in the metallic layer 

deposited on a dielectric material. 

 

Highly doped semiconductors make it possible to develop plasmonics compatible with complementary 

metal-oxide semiconductor (CMOS) technology which is an important point to address when considering 

industrial applications for plasmonics. It is also fundamental to monitor the doping level and the plasma 

frequency, p, of doped semiconductor to achieve plasmonic resonances in the considered range of frequencies. 

Current experimental techniques to measure p are complex (electron energy loss spectroscopy - EELS) or need 

specific and destructive sample processing (Hall effect). We propose an easy way to monitor p: p-polarized 

angular reflectance experiment. 

Fig. 1 shows simulated (Fig. 1-a) and experimental (Fig. 1-b) p-polarized reflectance dispersion curves for a 

1 µm thick InAsSb layer grown lattice-matched onto its GaSb substrate and doped with Si at 2 x10
19

 cm
-3

. The 

white circles correspond to wavenumbers associated to the dispersion relation calculated with eq. (3) of ref. 1. 

The red vertical dashed-line is a section of the dispersion relation for n = 0.8 µm
-1

. The corresponding spectra are 

represented in the inset of each figure. For Fig. 1-b the white spectrum of the inset is obtained under normal 

incidence. The plasma wavenumber, p, of the sample is near 0.142 µm
-1

. Beyond p the InAsSb layer behaves 

like a dielectric, one can see interferences due to the multilayered structure of the sample (InAsSb/GaSb), 

whereas below p (red part) the InAsSb layer behaves like a metal. We can identify the resonance under 

p-polarized light that we attribute to the Brewster mode (near the white circles). We have developed simulations 

based on Fresnel coefficients in the case of transverse electromagnetic waves. Solving the dispersion relation of 

the structure (white circles in Fig. 1) or using matrix transfer model [1] (Fig. 1-a) allows demonstrating that this 

resonance is due to the excitation of a leaky electromagnetic mode, the Brewster "mode", propagating in the 

metallic layer deposited on a dielectric material.   

We observe a good agreement between experiment and simulation (Fig. 1). This mode can be used to 

monitor the doping level of deposited layers during device heterostructure fabrication. Fig. 2 shows an example 

of plasma frequency versus carrier density in the case of Si doped InAs. The black squares correspond to data 



extracted from ref. 2. The red dashed line is a power law derived from the above analysis. Excellent agreement is 

achieved with experimental data. . 

 

Fig. 1: Reflectance dispersion under TM or p polarization of sample B obtained by angular resolved reflectance 

a) simulation or b) experiment. The white dashed line is the light line in air. The white circles correspond to 

wavenumbers associated to the dispersion relation calculated with eq. (3) of ref. 1 with sample B parameters. 

Insets correspond to the spectra for k = 0 (white) or 0.800 µm
-1

 (red) corresponding to the red dashed line of the 

2D image. 

 

 

Fig. 2: Critical wavelength, p, versus the carrier density in the case of InAs. The red dashed line corresponds to 

the power law extracted from Ref. 1. The grey part of the figure corresponds to the Reststrahlen band due to 

optical phonon. 
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Abstract-  

 

Electromagnetic absorbers are important optical components required by a variety of applications. 

While there is great interest in achieving highly absorptive materials exhibiting large broadband 

absorption using optically thick, micro-structured materials, it is still challenging to realize 

ultra-compact subwavelength absorber for on-chip optical/thermal energy applications. In this 

presentation, we will discuss nanocavity enhanced light-matter interaction in thin-films and 

ultra-thin films with engineered and freely tunable absorption band. These on-chip absorbers can 

easily be integrated with other on-chip electronic/optoelectronic devices, which is promising to 

create new regimes of optical/thermal physics and applications.  

 

 

In most thin-film light harvesting/conversion applications, there is a long-existing trade-off between 

optical absorption and thickness of active materials. Particularly, research on two-dimensional (2D) atomic 

crystals and Van der Waals heterostructures receives intense efforts in recent years, which is promising for the 

development of new functional ultra-thin electronic and optoelectronic energy efficient devices, such as 

photodetectors, phototransistors and light sources. However, due to their atomically thin nature, the optical 

absorption is inherently weak, making the long-existing conflict even more intense. Consequently, absorption 

enhancement strategies will introduce revolutionary advances to these ultra-thin-film materials/devices [1]. Here 

we propose a nanocavity design by inserting a lossless spacer layer between an ultra-thin absorptive material and 

a metal reflector to realize spectrally tunable resonances absorbed in the top ultra-thin layer, as shown in Figure 

1 [2]. As the incident light is coupled into this structure, the reflected components will cancel each other at the 

top surface, resulting in a destructive interference absorber. Since the bottom metal reflector does not absorb 

much light, most energy will dissipate in the top ultra-thin layer resulting in the significant absorption 

enhancement. By tuning the thickness of the spacer layer, the destructive interference resonance is spectrally 

tunable for ultra-thin absorptive materials down to atomic thickness, and therefore overcoming the conflict 

between the optical absorption and film thickness of energy harvesting/conversion materials. According to our 

experimental validation, over 75% energy at the resonant wavelength can be absorbed by a 1.5-nm-thick Ge 

film. This principle exploits the wave property of light in ultra-thin absorptive nanocavities and will pave the 

way towards the spectrally tunable absorption enhancement of ultra-thin materials including semiconductor 

photovoltaic films [3] and monolayers of 2D atomic crystals [4].  

 



 

Fig 1. We demonstrated that a 1.5-nm-thick Ge film on nanocavity can absorb over 75% energy of the resonant wavelength 

[4]. 
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Abstract-We developed an ultra-broadband super-absorbing metasurface substrate for SERS 

sensing. In contrast to conventional substrates working for limited excitation wavelengths, this 

structure can work for almost “all” available laser lines from 450 nm to 1000 nm. 

 

Although Raman spectroscopy has been 

commercialized, SERS substrates with localized 

enhanced electromagnetic (EM) field that can excite 

strong Raman scattering are heavily required. Currently 

dominant fabrication techniques such as electron beam 

lithography are expensive and complicated to fabricate 

high quality SERS substrates over large areas. 

Furthermore, most SERS substrates can only be used for 

individual excitation wavelengths [1] which are not 

suitable for multi-wavelength sensing. Here we report 

an ultra-broadband super absorbing metasurface 

substrate for broadband enhancement of SERS signals. 

Most frequently used excitation wavelengths for SERS 

(e.g. from 450 nm to 1000 nm [2]) are all covered due to 

the broadband light trapping and local field 

concentration.  

Fig. 1(a) illustrates the metasurface with a 

150-nm-thick Ag ground plate, a 70-nm-thick SiO2 

spacer layer, and a layer of Ag nanoparticles which was 

deposited by direct sputtering and thermal annealing 

processes [see Fig. 1(c)]. As shown by the solid blue 

curve in Fig. 1b, a strong absorption peak of 96.2% was 

obtained at the wavelength of 661 nm with the 80% 

absorption band of 414-956 nm. To interpret the 

mechanism, we characterized the effective optical constant and thickness of the Ag nanoparticle layer using a 

spectroscopic ellipsometer. The optical absorption modeled based on ellipsometry data shows total peak 

absorption of 100.0% at 668 nm, as shown by the solid red curve in Fig. 1(b), agreeing very well with the 

experimental data. The dotted red line of Fig. 1(b) plots the exclusive absorption in the surface Ag nanoparticle 

 

Fig. 1 (a) Schematic of metasurface substrate. (b) 

Absorption spectra of the metasurface under normal 

incidence. The solid blue curve is characterized 

absorption spectrum. Solid and dotted red curves are 

modeled absorption spectra of the entire three-layered 

system (solid) and exclusive absorption of the Ag 

nanoparticles (dotted) on the surface, respectively. (c) 

SEM image of the top nanoparticles (middle) and 

electric field enhancement distribution at the excitation 

wavelengths of 514 nm (left) and 785 nm (right), 

respectively. 



film, indicating the major 

confinement of 98.1% incident 

energy in the nanopattern layer. The 

localized field distribution is then 

modeled at 514 nm (left) and 785 

nm (right) by loading the SEM 

image, showing remarkably strong 

localized field (see Fig. 1(c)), 

which is highly desirable for 

vibrational spectroscopy.  

We employed this metasurface 

to test SERS enhancement effect by 

adsorbing 

1,2-Bis(4-pyridyl)-ethylene (BPE) 

molecules on top. The metasurface 

chip and a commercial SERS 

substrate (rSERS, claimed to work 

for excitation wavelengths of 532 

and 785 nm, Raman Systems®) 

were both applied with 1 mM BPE 

ethanolic solution. The SERS 

measurement was performed using a bench-top confocal Raman microscope. All spectra were recorded in the 

spectral range of 900~1700 cm
-1

. The Raman intensities at 1200 cm
-1

 from an area of 100 μm × 100 μm were 

obtained at 30 randomly-picked locations on the metasurface excited by the excitation wavelength of 785 nm. 

The Raman intensities are tabulated in a histogram, showing a Gaussian distribution (see red fitted curve in Fig. 

2(a)). The experimentally-determined SERS enhancement factor and variation of the metasurface are 5.3×10
7
 

and 14.5%, respectively. To confirm this observed uniformity, we then automatically map a 20 μm × 20 μm area 

(containing approximately 3600 pixels) excited by another laser of 671 nm. As shown in Figs. 2(b)-2(d), the 

intensities at 1013±3 cm
-1

, 1200±3 cm
-1

 and 1636±3 cm
-1

 peaks were measured and normalized with the mean 

value. According to the statistical analysis, the standard deviation of the Raman map is σ~22.7%.  

Finally, we employed five laser lines at 514 nm, 532 nm, 633 nm, 671 nm and 785 nm to excite the 

metasurface, as shown by solid curves in Fig. 2(e) with obvious “fingerprint” signals of BPE molecules at 1014, 

1200, 1342, 1608 and 1639 cm
-1

. In contrast, SERS signals from the commercial substrate which were measured 

under identical experimental conditions are much weaker than those from the proposed metasurface sample. This 

comparison clearly demonstrated the enhanced SERS performance of our broadband metasurface chip. Due to 

the broadband light trapping feature as shown in Fig. 1(c), any wavelength between 400 nm and 1000 nm should 

work well for this metasurface chip, which is promising to overcome the cost barrier of current commercial 

products and generate new market for medical diagnostics, food safety, homeland security, etc.  
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Fig. 2 (a) Histogram of Raman intensities at the 1200 cm
-1

 Raman line 

obtained at 30 different locations on the metasurface excited by the laser line 

at 785nm. (b-d) Histograms of Raman intensities at (b) 1013±3 cm
-1

, (c) 

1200±3 cm
-1

 and (d) 1636±3 cm
-1

. Inset: Raman maps of metasurface within 

an area of 20μm × 20μm excited by 671nm at these three Raman lines. (e) 

SERS signal comparison of BPE molecules on the metasurface chip (solid 

curves) and a commercial product, rSERS (dotted curves) excited by 514, 532, 

633, 671 and 785 nm, respectively. Inset: Chemical structure of BPE 

molecules. 

 

 

 

 

 

 

 

 

Fig. 2 (a) Histogram of Raman intensities at the 1200 cm-1 Raman line obtained at 30 different 

locations on the metasurface excited by the laser line at 785nm. (b-d) Histograms of Raman 

intensities at (b) 1013±3 cm-1, (c) 1200±3 cm-1 and (d) 1636±3 cm-1. Inset: Raman maps of 

metasurface within an area of 20μm × 20μm excited by 671nm at these three Raman lines. (e) 

SERS signal comparison of BPE molecules on the metasurface chip (solid curves) and a 

commercial product, rSERS (dotted curves) excited by 514, 532, 633, 671 and 785 nm, 

respectively. Inset: Chemical structure of BPE molecules. 
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Abstract-Different numerical techniques, both time-domain and frequency domain algorithms, for 

simulating surface plasmonics will be reviewed. Various applications, such as solar cells, 

bio/chemical sensing, and nonlinear phenomena will be illustrated.  

 

Surface plasmon resonances, a collective oscillation of electrons at metal-dielectric interfaces with 

interaction with electronmagnetic waves, can be fully described by the Maxwell’s equations. Therefore, 

finite-difference time-domain method (FDTD), a direct solution to the Maxwell’s solutions can model any 

phenomena described by Maxwell’s equations, including dispersion, plasmonic resonance, as well as 

nonlinearity.  

While there is no doubt that FDTD is a powerful algorithm, FDTD can require a lot of computational 

resources in terms of both computer memory and computation time making it less practical for large structures. 

Based on different applications, the Maxwell’s equations can be simplified into different forms by making 

certain assumptions and solved by a different method more efficiently. For instance, under the continuous wave 

assumption, Maxwell’s equation can be reduced to the Helmholtz equation. The steady-state and eigen-state can 

be solved by either rigorous numerical methods, such as finite-element method or finite-difference method, or by 

semi-analytical methods, such as eigen-mode/plane wave expansion methods. 

In the following examples it will be shown that modeling and simulation of surface plasmonics plays a 

critical role in different applications. It provides physical insight and guidance as well as optimization in the 

design. 

 

1. Surface plasmon enhancedsolar cell 

     

(a) Field intensity distribution     (b) Absorption spectra w and w/o silver clusters  

Fig. 1. Surface plasmon enhanced solar cells 

 

With Ag clusters 

Without Ag clusters 



Because surface plasmons are localized at the metal surface, silver clusters doped inside solar cell can 

enhance light absorption[1]. Shown above on the left is the field intensity distribution inside the solar cell, 

calculated by FDTD, which clearly shows that the field concentrates around the silver clusters. Shown above on 

the right are the normalized absorption spectra, with (in red) and without (in blue) silver clusters. It is clearly 

demonstrated that the absorption is enhanced significantly.  

 Electronic co-simulation also confirms that the quantum efficiency has been improved dramatically and overall 

cell efficiency has been increased by 38%.   

  

2. Surface plasmon for nonlinear applications 

Because of the field enhancement from surface plasmons, some weak nonlinear phenomena, such as four 

wave mixing (FWM) and Raman scattering, become significant. Shown below is the surfaceenhanced Raman 

scattering (SERS) for DNA sensing application[2]. 

 

 

  

 

(a) SERS for DNA sensing     (b) Shift of Raman spectrum as sensing environment  

Fig. 2. Surface plasmon enhanced Raman scattering 

 

The Raman spectrum can be successfully predicted by simulating a pulse response of the structure by FDTD.  

Its dependence on the environment material to be sensed can be simulated by changing the refractive index of 

the background material, as shown above on the right.  

 

In summary, it has been demonstrated that different applications of surface plasmonics can be successfully 

simulated by different algorithms. More application examples, such as optical interconnect, structured color, etc. 

will be shown during the presentation. 
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Abstract- We propose and demonstrate a hybrid photonic-plasmonic nanolaser that combines the 

light harvesting features of a dielectric photonic crystal cavity with the extraordinary confining 

properties of an optical nano-antenna. For this purpose, we developed a novel fabrication method 

based on multi-step electron-beam lithography. We show that it enables the robust and reproducible 

production of hybrid structures, using a fully top-down approach to accurately position the antenna. 

Coherent coupling of the photonic and plasmonic modes is highlighted and opens up a broad range 

of new hybrid nanophotonic devices.. 

 

Over the past 10 years, we have witnessed an explosion in the number and diversity of nanophotonics 

applications. The downscaling of photonic devices that can efficiently concentrate the optical field into a 

nanometer-size volume holds great promise for many emerging applications that require tight confinement of 

optical fields, including information and communication technologies, sensors, enhanced solar cells, and lighting. 

Photonic crystals are key geometries that have been studied for many years in this respect, as they provide full 

control over the dispersion of light by engineering the momentum of light k(ω). Furthermore, photonic crystal 

cavities have shown strong confinement of light, leading to nanoscale on-chip lasers, light-emitting diodes, and 

platforms to probe the quantum interaction between light and matter. In a photonic crystal, the sub-wavelength 

scale modulation of the dielectric constant results in large spatial and frequency variations of the local density of 

optical states (LDOS), corresponding to either strongly inhibited or enhanced light emission at well-defined 

emitter locations and frequencies. Although conventional dielectric cavities can be designed to have ultrahigh Q 

factors, the physical size of the optical mode is diffraction-limited and is always larger than the single cubic 

wavelength (λ/n) 3. In photonics and optoelectronics, metals were for decades perceived as being rather dull, 

devoid of interesting or useful optical properties that could be harnessed for optical components and devices. 

They have recently attracted considerable interest, however, in the framework of plasmonics. Ultrasmall mode 

volumes and high local field enhancement are achieved by exploiting the surface plasmon resonances of metallic 

nanostructures. The capability of plasmonic systems to control light–matter interaction at the sub-wavelength 

scale offers remarkable opportunities to generate many novel concepts and applications in nanophotonics. 

However, practical implementations have been hampered by limited resonance strength (or confinement time) as 

a result of optical losses induced by metal absorption and radiation to the free space continuum. To overcome 

this challenge, we propose a new hybrid photonic-plasmonic nanocavity that exploits the coupling between the 

localized surface plasmon resonance (LSPR) of a bowtie antenna and a photonic mode provided by an active 



photonic crystal structure. The working principle combines the light harvesting ability of the high-Q dielectric 

microcavity with the extraordinary confining properties of the plasmonic element. Although integrating the two 

systems on a single hybrid platform is at present challenging, it constitutes a powerful route to producing novel 

functional devices with synergetic assets. 
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Abstract— This talk will discuss our efforts in nanophotonics for enhancement and in plasmon
rulers to detect nanoscale biological information. The first part will focus on the integration of
photonics with narrow band quantum dot light emitters to achieve high concentration ratios in
luminescent solar concentrators, which enhance the performance of solar cells under direct and
diffuse illumination. The second part will discuss the design of chiral nanoparticle assemblies
that exhibit tunable circular dichroism and may be used as nanoscale sensors.

The integration of nanophotonics with solar energy conversion devices has both fundamental
and practical benefits. Solar concentrators offer important benefits for improving the cost per
efficiency ratio of photovoltaic devices, and luminescent solar concentrators (LSCs) hold particular
advantages in concentrating both direct and diffuse light onto devices. The first part of this talk
will discuss the development of LSCs with high concentration ratios, enabled by the combination
of materials synthesis and photonic materials.

The traditional LSC uses a lumophore to absorb incident sunlight, and re-emits it at a longer
wavelength, which is trapped by total internal reflection and directed onto an adjacent solar cell.
Typical conversion losses include non-unity quantum yields, re-absorption of emitted light by the
lumophore due to insufficient Stokes shift, and inefficient light guiding to the solar cell.

Recent work has shown that core-shell quantum dot heterostructures can be designed to posses
large effective Stokes shifts. The core consists of a CdSe seed, and the shell a wider bandgap CdS.
For nanorod heterostructures based on fixed seed size and varying aspect ratio, the increasing CdS
shell volume leads to increased Stokes shift with a red-shift in the emission maximum. For LSC
applications one of the key benefits of such materials is their narrow emission bandwidth, which
may be combined with photonic structures to tune light propagation inside the LSC. Experiments
show that increased nanorod volume leads to longer propagation lengths. With the aid of a ray
tracing Monte Carlo model, we also show that the performance of such narrow band emitters can
exceed that of higher quantum yield dye counterparts.

Figures ?? and ?? show the basic design and advantage of narrow band emitters when combined
with a wavelength-selective Bragg mirror. The wavelength-selective mirror is designed to transmit
blue light and reflect emitted red light, trapping it within the polymer layer (Fig. ??). In Fig. ??
the reflection spectrum of the photonic mirror is shown at normal incidence and just before the total
internal reflection angle. Emission spectra from the quantum dots are shown along with emission
spectra from a standard high quantum yield dye molecule. The narrower emission spectrum of
the quantum dot can be reflected at all angles up to the total internal reflection angle, while
emission from the dye is too broad and cannot be completely trapped using this photonic design.
This photonic design is most useful for the thick shell nanorods with the largest effective Stokes
shifts. In the smaller nanorods, additional reflections inside the LSC increase the re-absorption,
which combined with the non-unity quantum yield, is less effective for overall conversion. This talk
will consider additional ways that the loss mechanisms inside a LSC change with and without the
photonic mirror. The advantages of alternate photonic designs will also be discussed.

The second portion of this talk will discuss the design of plasmonic elements for application as
nanoscale structural sensors. Plasmonic nanostructures can be designed to form chiral assemblies,
whose optical response is highly dependent on structural arrangements. These assemblies may be
used as plasmon rulers to detect nanoscale interactions. In the first example, tetrahedral assemblies
of nanoparticles are formed by DNA-directed synthesis. These assemblies are designed considering
synthetic constraints imposed by the DNA-assembly method. In this design, targeted interactions
on a single DNA strand cause an inversion in handedness of the CD spectrum, and combined with
shifts in intensity and spectral position this information can be used to detect nanoscale distances
with better resolution than standard achiral plasmon ruler dimers. The potential for using these
designs in detecting biological interactions with DNA is discussed.



Wavelength-selective Mirror

Solar 

Cell

Mirror

Luminescent

Material

Figure 1: Schematic of a photonic luminescent concentrator. Absorbed light is re-emitted at a longer
wavelength, where it may be re-absorbed and re-emitted several times before reaching the solar cell. A
wavelength-selective mirror on the top of the device traps emitted light within the LSC.
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Figure 2: Reflectivity of photonic mirror at normal incidence and close to the total internal reflection angle,
shown with the emission spectra of asynthesized quantum dot lumophore and a reference dye molecule.
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Abstract- Metallic nanoantennas and gratings can couple efficiently incident optical beams to 

surface plasmon polaritons (SPPs). Such nanostructures ensure strong field overlap with active 

regions when formed on semiconductors while operating simultaneously as a device electrode. The 

excitation of SPPs thereon alters trade-offs between modulation/speed in modulators, or 

responsivity/speed in photodetectors, because the active region can be shrunk to the nanoscale 

while maintaining good performance due to field enhancement. Surface plasmon enhanced 

photodetectors and modulators on silicon are reviewed and discussed. 

 

Metallic nanostructures such as optical antennas [1] and sub-wavelength gratings [2] can be designed to 

operate efficiently as coupling structures for incident optical beams to surface plasmon polaritons (SPPs) 

propagating thereon. On a semiconductor, nanostructures such as these can act simultaneously as a device 

electrode while ensuring strong optical field overlap with the active region. Additionally, SPP fields can be 

confined to sub-wavelength dimensions and significantly enhanced relative to the exciting field. These features 

are very attractive for nano-scale optoelectronic devices such as photodetectors [3-9] and modulators [10-13] as 

the excitation of SPPs alters conventional trade-offs between responsivity and speed, or modulation and speed, 

respectively. This is due to the facts that sub-wavelength confinement enables the active region to be shrunk to 

nano-scale dimensions yet good optoelectronic performance can be maintained due to the SPP field enhancement. 

In this paper we discuss recent progress on surface plasmon enhanced photodetectors and modulators, 

particularly a recent proposal for a high-speed reflection modulator based on a metal-oxide-semiconductor 

capacitor structure exploiting the carrier refraction effect in Si [12,13]. 
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Abstract- Here we demonstrated the all-optical switching in a cascade of two silicon microdisk 

resonators integrated with metal-insulator-metal (MIM) absorbers. The tuning of the individual 

silicon microdisk is induced by the localized heat generation in the continuous-wave (CW) laser 

pumped MIM absorber. Such a design requires no buffer layer and enables localized heat injection 

on the selected device, which provides a promising route to the densely integrated micro-resonator 

switch array with fast temporal response and low switching power. 

 

Silicon integrated photonic circuit is the most promising technology for optical interconnect in data centers, 

where requirements of high bandwidth, compact size, and low power consumption have to be fulfilled. 

Electro-optic effect, light induced optical nonlinear, and thermo-optic effect have all been applied in the 

functional silicon photonic devices, to achieve modulation, switching and signal processing of the light. 

Although intrinsically slow, thermo-optic (TO) effect of silicon has been widely used in photonic circuits for 

precise tuning resonance wavelength of the optical cavities and reconfigurable switching in wavelength division 

multiplexing (WDM) devices. TO silicon photonic devices are elementary in design and compact in size, due to 

the relatively large thermo-optic coefficient (TOC) of silicon (around 1.80×10-4 K-1 at room temperature). 

Generally, the heat in a TO silicon device is generated by an electrically-driven metal-strip resistive heater, 

which is fabricated close to the silicon device but separated by an insulator buffer layer [1, 2]. In order to 

improve the switching speed of the TO silicon devices, several methods have been demonstrated, including 

differential signal driving [1, 3] and suspended device structures [4].  

Superior to electrically-driven heating, photothermal heating has the capability to inject heat in a 

well-confined volume within a limited time, without the need of buffer layer and feed lines. 

Metal-insulator-metal (MIM) three-layer structures with nanoscale thickness have been demonstrated being able 

to efficiently absorb infrared light at certain resonance wavelength [5]. The so-called MIM light absorbers are 

ideal candidates for direct integration in the silicon devices and efficient generation of localized heat, when 

pumped by infrared light at the resonance wavelength. Numerical simulation and experimental demonstration 

has been carried out in this work, to achieve the photothermal tuning of a silicon disk resonator assisted by the 

MIM absorber. The optically dynamic tuning of the disk is resulted in the on-off switching of the transmitted 

telecommunication probe light in the photonic circuit. In such a way, all-optical switching in a silicon disk 

integrated with MIM absorber is realized, with measured response time of 2.6 µs and switching optical power of 

0.5 mW [6]. MIM absorbers can also be applied in photothermal switching of micro-ring add-drop filter [7] and 

Mach-Zehnder interferometer [8].   



 

Figures (1) The schematic diagram of the metal-insulator-metal (MIM) absorber integrated silicon 

microdisk resonator, with photothermal pump light (1064 nm) focused on the MIM absorber from the top and 

the telecommunication probe light (1550 nm) coupled in the waveguide by a grating. (2) The microscopic 

image of a cascade of two Si microdisk resonators. The right-hand-side one with a resonance wavelength of λA 

is photothermally pumped with a CW laser from the top. The other one (on the left) with a resonance 

wavelength of λB is not pumped. (3) The normalized transmission spectra of the cascade of two resonators. One 

of the resonators (λA) is photothermally tuned by a CW laser with power ranging from 0 to 4 mW. The 

resonant wavelength of the other resonator (λB) is barely changed.  

Here we demonstrated the all-optical switching of a cascade of two microdisk resonators, which utilize the 

efficient light absorption and localized heat generation of the MIM absorber design. Experimentally, one of the 

MIM absorber integrated silicon disks (λA) is pumped by the CW laser with power ranging from 0 mW to 4 mW, 

while the other disk (λB) is not pumped, as shown in Fig.1. The radius of each MIM absorber is 5 μm and the 

radius of each silicon disk is 8 μm. The center-to-center distance between the two disks is 60 μm. From the 

normalized transmission spectra of the cascade disks, we found that the pumped disk shown a red-shifted 

whispering-gallery resonance with increasing pump power (coefficient of 220 nm/mW). On the other hand, the 

un-pumped disk shows a negligible red-shifted resonance with coefficient of 7.5 pm/mW, four orders of 

magnitude lower than that of the pumped disk. Therefore, if drop channels are provided for both disks, the 

cascade disks can served as switch array with individual tunability and negligible cross-talk.  
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Recent progress in the integration of highly-controlled nanoplasmonic structures with 
nanophotonic structures in an integrated platform for enhancement of light-matter 
interaction will be discussed, and its advantages for a few important practical   
applications will be discussed. On one hand, the use of integrated nanophotonic structures 
for highly efficient coupling of light into plasmonic nanostructures will be demonstrated. 
On the other hand, the use of nanoplasmonic arrays for enhancement of optoelectronic 
properties of different materials, especially two-dimensional metal dichalcogenides will 
be described. Design methodologies along with fabrication procedures and experimental 
characterization results will be presented for both the understanding of the fundamental 
properties of these hybrid structures and their practical applications.  
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Abstract-We report the first experimental demonstration of a nonlinear four-wave mixing signal 

generated in a hybrid plasmonic waveguide (HPWG), constituted by a nonlinear dielectric  material 

(Si3N4), sandwiched between a metallic layer (gold) and a Si nanowire. We observe an enhanced 

nonlinear signal compared to the bare Si nanowire in case of a high order TM mode excitation. 

 

Fast transfer and processing of information are mostly carried out by a combination of electronics, for 

processing the information, and photonics, for transmitting those light signals over long distances. However, 

electronics equipment has become the bottleneck because of its bulkiness, its high power dissipation and 

consumption, and its vulnerability to electromagnetic interference. Being able to take over some tasks from 

electronics requires light to interact with itself, which does not happen at low light intensities. Two approaches 

have been explored to exploit substantial nonlinear phenomena: (i) transparent materials like glasses or 

semiconductors (photonics), which cannot compress light more than half a wavelength and thus require long 

propagation distances, leading to large linear dimensions; (ii) opaque, absorbing materials like metals 

(plasmonics), which can enormously compress light, giving rise to huge light intensities, so long propagation 

lengths are not required, leading to compact structures. However, the high losses tend to prevent this approach 

from reaching its full potential. We present an alternative approach which combines the best characteristics of 

metals and dielectrics into a hybrid structure, which exhibits high light intensities, moderate losses and on-chip 

compatibility. The basic structure of every on-chip photonic device is a waveguide, which in this case is 

constituted by a nonlinear dielectric material (core), sandwiched between a metallic layer (plasmonic structure) 

and another dielectric material. Hybrid plasmonic architectures1,2 combine the best characteristics of traditional 

photonics and plasmonics, and can strongly confine the field. Such high confinement leads to huge optical 

intensities, so that strong nonlinear effects result. The losses are lower than in pure plasmonic structures since 

the light does not need to travel through the metal and is merely confined by it. The fabrication of this novel and 



promising nonlinear optical architecture is consistent with modern semiconductor processing. While the superior 

nonlinear properties of these hybrid structures have been investigated and confirmed theoretically,1-6 no 

experiments have, as yet, been reported. Such a hybrid plasmonic waveguide (HPWG) shows an increasing 

nonlinear Kerr coefficient as a function of a decreasing in core thickness by intrapulse four-wave mixing (4wm) 

generation and supermode engineering. We also observe an enhancement in the generated nonlinear signal 

compared to a bare silicon nanowire (Figure 1b), when we excite with a high order TM mode, which has a node 

in the center (Figure 1a). The plot in Figure 1b represents the four-wave mixing signal observed at the output of 

HPWGs with 5nm and 10nm Si3N4 spacer as a function of the linear output, which reflects the field contained 

inside the respective waveguides. Each dot on the curves indicates the same input power used in each waveguide. 

Hence, as the plot shows, HPWGs are strongly more nonlinear than bare Si nanowires and in the case of the 

10nm spacer, they generate more nonlinear signal. These measurements are performed with ~220fs pulses at a 

wavelength λ=1305nm on 10µm long waveguides.  
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Figure 1. a) COMSOL simulation of the electric field distribution of the high order TM mode in a HPWG with 10 nm 

spacer. b) Four-wave mixing signal observed at the output of HPWGs with 5nm and 10nm Si3N4 spacer as a function 

of the linear output. The HPWGs are compared to a bare silicon nanowire of the same length.  
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Owing to the strong field confinement, the capabilities of plasmonic modes have inspired 

numerous research directions with nano-scale photonic devices as focal point. Due to their dissipative 
nature however, there is an inherent trade-off between the propagation losses and modal confinement 
in plasmonic waveguides. Many techniques and design methodologies have been proposed and 
deployed to reduce losses in plasmonic waveguides. These can be categorized into two approaches: 
One approach uses gain to compensate for the losses. This method is impractical due the high current 
densities involved and large waveguide dimensions required. The other branch reduces the attenuation 
by reducing the mode field overlap with the metal at the cost of reducing the field confinement. 
Examples of this approach include the long-range SPP (LRSPP) strip waveguides, dielectric-loaded 
plasmonic waveguides, and hybrid plasmonic waveguides (HPW). Among these structures, the 
LRSPP waveguide has achieved the lowest propagation loss. However, this comes at the cost of larger 
waveguide dimensions with micron-scale mode areas that are often larger than those of single mode 
dielectric waveguides. Moreover, the strict structural symmetry requirements that are essential for 
maintaining the low-loss condition severely limit the dimensions and applicability of these devices. 
Hybrid plasmonic waveguides provide an attractive balance. In recent years, several structures have 
been proposed that are capable of supporting the LRSPP mode in symmetric hybrid plasmonic 
waveguides. However, these designs have very large dimensions and the associated mode volumes 
are not far off from the original LRSPP configurations. They are also often embedded in homogenous 
dielectric media in order to satisfy the symmetry requirements of the LRSPP mode, which is not 
practical to implement. 

In this work, we elucidate a systematic approach that enables one to achieve long-range mode 
propagation using the modes bound in an asymmetric hybrid plasmonic waveguide, thereby easing 
the propagation loss- modal confinement trade-off in practical waveguide structures. First, we apply 
coupled mode theory in order to design a field-matched asymmetric structure consisting of two 
coupled hybrid modes, but with propagation losses lower than either single hybrid mode. Next, we 
give an overview on how this approach can be extended to design highly asymmetric structures 
irrespective of materials or dimensions. Finally, we propose integration with 2D materials to realize 
small scale active devices that can take advantage of the improved loss-confinement tradeoff in our 
plasmonic structures. 
 
A novel approach that enables long range hybrid plasmonic modes to be supported in asymmetric 
structures will be discussed. Examining the modal behavior of an asymmetric hybrid plasmonic 
waveguide (AHPW) reveals that field symmetry on either side of the metal is the only necessary 



 
 

 
 

condition for plasmonic structures to support long range propagation. In this talk we shall demonstrate 
that this field symmetry condition can be satisfied irrespective of asymmetry in waveguide structure, 
material, or even field profile. The versatility in the choice of parameters allows for long range hybrid 
plasmonic modes to be achieved in generic structures, which are based on materials and dimensions 
conducive to their realization using conventional silicon-on-insulator SOI technology, amongst other 
platforms. This design methodology can significantly alleviate the propagation loss-confinement 
trade-off that is characteristic of this class of waveguides by providing a radically improved 
attenuation - confinement performance. Altering the existing limitations of these performance metrics 
(mode area and propagation losses) can have significant implications on the attainable nonlinear 
optical effects in nano-scale waveguides. In this talk, implications on the nonlinear and ultrafast 
phenomena in this class of waveguides will also be discussed. The utility of these waveguide designs 
is demonstrated when combined with 2D materials to realize optoelectronic components such as 
filters, modulators and switches with record footprint, performance and insertion losses.  
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Abstract- Hybrid plasmonic waveguides and structures provide a new platform for design and 
fabrication of integrated optical devices and sensors. By merging the silicon photonics with 
plasmonics, the hybrid plasmonic promises a new platform which enables the design of extremely 
compact and efficient integrated devices with notably reduced real-state on the chip. Moreover, the 
uses of hybrid plasmonic technology in design of sensors will at least double the amount of date 
gathered during a single sensing event.  

 
There has been a renewed interest in the use of metals and metallic structures at optical frequencies. This 

filed of research, named as plasmonics, offers the researcher with the ability to design novel optical devices with 
mode sizes smaller than Abbe’s diffraction limit (<0/2n, where 0 is the wavelength in vacuum and n is the 
index of refraction of the surrounding medium). However, this mode size reduction (i.e. better confinement) 
comes at the price of increased propagation losses (i.e. reduced propagation lengths). In 2007 our group at the 
University of Toronto proposed the hybrid plasmonics (HP) structure as an ideal compromise between the 
contending effects of reduced mode size and propagation losses [1]. In the HP waveguides, the TM mode of a 
dielectric waveguide and a plasmonic guide is hybridized, while leaving the TE mode of the dielectric 
waveguide unaffected (for conventional single interface plasmonic guides TE mode does not exist). HP 
waveguides and devices, when used judiciously, provide many advantages over the purely dielectric or 
plasmonic structures. Some of these advantages are: reduced device size, access to both TE and TM 
polarizations in two different layers of the device (referred to as polarization diversity), full compatibility with 
standard Si and/or CMOS fabrication technologies, and increased functionality. These advantages has motivated 
many researchers to propose variety of integrated optical devices such as TE and/or TM pass polarizers, 
broadband TM and/or TE couplers, polarization independent couplers, polarization rotator, resonators, 
modulators, and so on [2]. 

 
In addition to the integrated photonic devices mentioned above, the HP platform has enabled the researchers 

to propose a new class of plasmonic sensors which, unlike the convention plasmonic sensors, can operate in both 
TM and TE modes. This polarization diversity doubles the amount of instantaneous data which can be collected 
during a sensing event. The HP structures used for this purpose can be in the form of a plasmonic waveguide 
resonance (PWR) as shown in figure 1(a), or the original metal/oxide/dielectric (MOS) structure in which the 
spacer oxide layer is replaced with a nanofluidic channel as shown in figure 1(b). The HP sensors can be used as 
bulk sensors – to detect the bulk properties of materials present in the fluidic channel – or affinity sensors – i.e., 
to detect the surface properties of an adlayer deposited on the top of the SiO2 in figure 1(a) or the gold in figure 
1(b) (adlayers are not shown in figure 1).  
 



 
As an example of bulk sensor, a PWR-HP sensor was used to measure the concentration of ethanol in DI water. 
The measured resolutions for the TM and TE modes of the PWR-HP sensor were 5×10-7 RIU and 1.4×10-6 RIU, 
respectively; while for a single interface surface plasmon sensor used under the same circumstances the 
measured TM resolution (only TM polarization is possible) was 3×10-6 RIU [3]. This clearly indicates the 
superior performance of the HP sensors over the conventional surface plasmon sensors. 

  
In this talk I will summarize some of our recent advances and results in design, fabrication, and testing of 
HP-based integrated optical devices and sensors.  
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Figure 1: Two different HP structures used for sensing applications. (a) The plasmonic 
waveguide resonance (PWR) sensor. (b) The typical MOS structure in which the spacer 
oxide layer is replaced with a fluidic channel. 
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Photon-Spin Drag on a Metasurface 

 

Strong spin-orbit interaction can be induced by strong light bending effect on a metasurface – 

an optically thin layer of plasmonic elements which have unique property of locally tailoring the 

field amplitude and phase at the nanoscale accompanied by dramatic light confinement. We 

show that the photon spin angular momentum can be directly transferred to collective motion 

of electrons on a conductive metasurface with this interaction, revealing as a photon-spin drag 

effect. The sign of the drag current flowing in the transverse direction respect to the light 

bending direction depends on the input photon spin states. This bridges the spin degree of the 

photons directly to the electronic systems, which is very important for building compact spin 

optoelectronic devices. The metasurfaces can be further tailored to freely manipulate the 

orbital angular momentum and realize efficient control and multiplexing of the information 

encoded in the photon spin degree of freedom.  
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Abstract

A high performance CMOS compatible electro-optical
modulator (EOM) is proposed, simulated and analyzed.
The EOM is based on an asymmetric hybrid plasmonic
waveguide (AHPW) on a silicon-on-insulator (SOI) plat-
form. Using the finite difference time domain simulation
method, the transmission spectrum of the modulator is ob-
tained. An insertion loss of 0.25 dB is achieved for a 5 µm
short modulator. The extinction ratio is optimized to be as
high as 30dB at wavelength of 1.55 µm. Broadband opera-
tion of 600 nm is feasible since no resonator is deployed.

1. Introduction
Integration of electronic and photonic circuitries entails the
design of on-chip ultra-compact electro-optical modulators.
Electro-optic modulators play a significant role in opti-
cal communication systems. They are responsible for the
conversion of electronic signals into high bit-rate photonic
data. With the on-going progress in CMOS technology, a
highly CMOS compatible compact EOM is clearly in great
demand. The main challenge is to achieve high modulation
efficiency, low insertion loss and small footprint. However,
due to the weak non-linear electro-optical properties of sil-
icon and the diffraction limited dielectric modes, silicon-
based EOMs have large device footprints of millimeters or-
der. This implies limitations on the integration density and
fabrication cost. In addition, shrinking the size of photonic
modulators can lower their loading capacitance, and conse-
quently increases the modulation frequency and lowers the
power consumption.
The key considerations in designing a compact EOM are:
(1) having enhanced light matter interaction and (2) using
materials of a high electro-optical coefficient. This makes
designs based on plasmonic waveguides a good choice due
to strong field confinement. As for the active material, a
unity order change in the refractive index of conducting ox-
ides has been reported [1]. However, this change in the
refractive index occurs in a very thin layer of conducting
oxide. In order to make use of this refractive index change
in modulation applications, the light should be concentrated
in ultra-small dimensions. Incorporating conducting oxides
in modulators that are based on plasmonic waveguides is
a good choice due to the strong field confinement of plas-
monics. Recently, conducting oxides such as indium tin
oxide (ITO) have been investigated for plasmonic electro-

optic modulation applications [2-5], with a 1 dB/µm extinc-
tion ratio and 1.2 dB insertion losses [2]. While showing an
improvement over common silicon EOMs, those structures
still have large insertion losses due to two main reasons.
The first one is the propagation losses of the metal-oxide-
semiconductor (MOS) mode. Secondly, there are the losses
due to coupling between the MOS mode and the optical
mode of the silicon waveguide.
In this work, a compact low insertion loss plasmonic mod-
ulator is introduced. The design is based on an asymmet-
ric hybrid plasmonic waveguide (AHPW) which supports
a long-range supermode. This supermode provides good
tolerance to the confinement and propagation loss trade-
off compared to MOS waveguides and other common plas-
monic waveguides [6].We have shown that the insertion
loss in a 5µm EOM can be decreased to 0.25dB. In addi-
tion to the low loss propagating mode, this plasmonic mode
has the advantage of being well coupled to standard pho-
tonic silicon waveguides.
The remainder of the paper is organized as follows. Sec-
tion 2 presents the indium tin oxide as the active material
used for light modulation and how its properties are mod-
ified in response to applied voltage. The device structure
and the modal analysis are depicted in section 3. Section
4 discusses the results of the FDTD simulations, the device
performance and the influence of various design parame-
ters. Conclusions are made in section 5.

2. Electro-optical active layer
Indium tin oxide is used as the optically active material
in the proposed electro-absorption modulator. It has been
shown that a Drude model can accurately predict the per-
mittivity of ITO at wavelengths beyond 1µm [7].

ε = ε∞ −
ω2
p

ω2 + iωΓ
(1)

where ε is the material permittivity, ε∞ is the high fre-
quency permittivity, ω is the angular frequency, ωp is the
plasma frequency and Γ is the relaxation frequency. The
plasma frequency ωp is given by

ωp
2 =

Ne2

ε0m∗
(2)

whereN is the free carrier concentration in the material and
m∗ is the effective mass of the electron.



According to (2), the ITO permittivity can be controlled
by tuning the carrier concentration. A unity-order localized
change in the index of refraction can be obtained by shift-
ing the plasma frequency of conductive oxides within the
accumulation layer [1]. Parameters for thin ITO film have
been measured in [2].

3. Device structure and modal analysis

Fig.1(a) shows the cross section schematic of our proposed
modulator. The structure consists of a silicon strip (of thick-
ness t1= 130 nm) on a buried oxide (BOX) layer, a layer of
ITO as thin as tITO=10 nm and a thin metal (Gold) strip
of 20nm sandwiched between two silicon dioxide layers
(tupper= tlower= 20nm) and a silicon top layer (t2= 140
nm). The width (W) of the device is 0.5µm.The proposed
optical modulator is highly compatible with the CMOS fab-
rication processes because the modulator section is similar
to the structure a metal-oxide-semiconductor field-effect-
transistor (MOSFET) as shown in Fig.1(a).

3.1. On-state

For this asymmetric structure to support long-range modes,
the symmetry of the field on either side of the metal should
be maintained. This is achieved through careful choice of
the thickness of the oxide and the ITO layer. Fig.1 (b)
shows the normalized transverse electric field component
of the symmetrical optical mode. The propagation loss of
this mode is about 0.05dBµm−1.

3.2. Off-state

As the modulation voltage is applied to the thin metal, an
accumulation layer is formed and the refractive index of
the ITO layer is changed. As the carrier concentration is
increased from 1019 to 6.8×1020cm−3, the imaginary part
of the refractive index increases from about zero to 0.6 at
wavelength 1.55µm. It is also worth mentioning that the
real part decreases from about 2, in the on state, to 0.7 in the
off state. This increases the light matter interaction since
a large part of the field becomes concentrated in the ITO
layer, as shown in Fig.1 (c).

4. Device performance

4.1. Insertion loss

Finite difference time domain simulations have been per-
formed to compare insertion loss of a MOS modulator of
length 5µm [2] and our proposed modulator of the same
length. The input is fed to both modulators through SOI
standard waveguide. The results are shown in Fig.2(a). The
total insertion loss is 0.3dB. The modal analysis already ex-
pected propagation loss of 0.05dB/µm. So the coupling loss
is estimated to be as low as 0.025dB/coupler.

(a)

(b) (c)

Figure 1: (a) 2D structure, (b) On-state mode profile and (c)
Off-state mode profile at wavelength 1.55um.

4.2. Extinction ratio

A key performance parameter of the modulator is the ra-
tio of the transmitted power in the on state to that in the off
state, known as the extinction ratio(ER). Instead of focusing
on the ER or IL separately, we consider a figure of merit de-
fined as the ER/IL-ratio to compare the device performance,
where maximization of this ratio is the main goal. This is
shown in Fig.2(b) where the proposed AHPW modulator
outperforms the MOS configuration across a large region
of the spectrum.
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5. Conclusions
We designed and numerically verified an ultra-compact low
insertion loss modulator based on a CMOS compatible
waveguide. Utilizing the asymmetric hybrid waveguide,
one can achieve an extinction ratio up to 5 dB/µm while
maintaining the on state loss of 0.05 dB/µm. The small
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(a)

(b)

Figure 2: Comparison between the performance parame-
ters of the MOS and AHPW electro-optical modulators; (a)
insertion loss (b) ER/IL-ratio

mode size and length of the modulator offers it the advan-
tage of high switching speed due to its small capacitance.
Broad band operation of the modulator is possible due to
the fact that no resonance effect is employed.
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Abstract 

We present an overview of the main challenges when 

simulating metal and graphene based plasmonic devices 

combined with other materials such as organics and 

semiconductors. We review different numerical methods 

and demonstrate how they can be used to efficiently design 

and optimize plasmonic devices. Examples include gap SPR 

waveguides coupled to nanoantennas, graphene-based 

silicon modulators, and plasmonic enhanced solar cells. 

1. Introduction 

Plasmonic structures have the ability to confine light into 

volumes well below the standard diffraction limit. By 

combining plasmonic structures with an organic or 

semiconductor material, one can build a hybrid device with 

properties that significantly surpass what can be achieved 

classically. For example, both silicon and organic solar cells 

with plasmonic structures can lead to increases in optical 

absorption in the active layers [1, 2], and hybrid plasmonic 

or graphene-based approaches can be used to build electro-

optical modulators with performance characteristics well 

beyond what is possible with any traditional design [3-6]. 

Since the fabrication and characterization of plasmonic 

devices remains expensive and time consuming, researchers 

usually have to rely on computer simulations for the design 

phase. However, the numerical simulation of hybrid 

plasmonic devices comes with many challenges, beginning 

with the issue of resolving sub-wavelength geometric 

structures and the highly localized, discontinuous and even 

singular electromagnetic fields that can occur in them. In 

addition, simulations must take into account the strongly 

dispersive nature of both the plasmonic materials and the 

semiconductor or organic materials. Especially for the case 

of graphene and other two-dimensional materials, the 

treatment as a bulk material is physically questionable and 

requires sub-nanometer resolution which can increase 

simulation times by orders of magnitude over standard 

photonic simulations. Simulations may involve different 

illumination conditions, especially solar cells which require 

different angles of incidence and polarizations. Finally, the 

full simulation of many complex hybrid plasmonic devices 

such as solar cells requires electrical as well as optical 

simulation. 

While there are a wide variety of numerical methods 

available for plasmonic simulations, we can broadly 

characterize most methods according the spatial grid that is 

used (finite-difference or finite-element) and whether they 

are time domain or frequency domain. Time domain 

simulations with explicit updates are often preferable to 

frequency domain when broadband results are required or 

when a large number of grid points are used. This is 

because the entire spectrum can be obtained from a single 

simulation, provided the dispersive nature of the constituent 

materials is accounted for, and the performance scales well 

with parallelization. For smaller simulations involving two-

dimensional cross sections, for example to calculate the 

eigenmodes of a waveguide, frequency domain simulations 

can be preferable. Probably the most commonly used all-

purpose simulation method is the finite-difference time-

domain (FDTD) technique.  

We discuss a series of recent advances with respect to 

the simulation of hybrid plasmonic devices in time domain 

and frequency domain finite difference approaches, 

especially FDTD, including some new methods for the 

simulation of graphene as a two-dimensional material 

within a three-dimensional mesh [7]. Finally, we present the 

implementation of a novel FDTD split-field technique 

which enables the broadband simulation of periodic 

plasmonic devices under oblique illumination in a single 

simulation. In contrast to commonly used methods, our 

implementation is independent of the material properties 

and works for all linear dispersive media, including metals, 

graphene, semiconductors and organics. 

2. Simulation challenges 

2.1. Geometry and field confinement 

The relative permittivity of metals in the optical and IR 

frequency range is generally complex-valued with a 

modulus much larger than 1 and a negative real part. For 

example, the permittivity of gold, as measured by Johnson 

and Christy [8], is shown in Fig. 2. The extreme 

permittivity contrast at metal/dielectric interfaces leads to 

large discontinuities of the electric field as well as strong 

field confinement effects which can result in highly 

localized modes. While these effects are extremely 

interesting for many applications, they present many 

challenges for numerical simulation, particularly for finite 

difference meshes.  

One method to address these challenges is the contour-

path approach where an integral form of Maxwell’s 
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equations can be solved for cells with interfaces [9, 10]. 

This type of method yields excellent results when applied to 

dielectric and semiconductor media, where the permittivity 

of both media is mostly real and the real part is positive. 

However, for larger mesh sizes these methods can cause 

spurious resonances when applied to metal/dielectric 

interfaces in the optical regime. The reason can be seen in 

the effective permittivity that results from the application of 

these methods. The effective permittivity always involves 

terms with denominators of the form 1+(1-)2, where  

is a geometry- and mesh-dependent parameter between 0 

and 1. For example, see Equation 6 of [10]. When the two 

permittivities are complex, and their real parts have 

opposite signs, the denominator, and therefore the effective 

permittivity, can take on almost any value which can lead to 

spurious resonances and incorrect absorption at larger mesh 

sizes. So while the contour path effective permittivity 

approaches converge more quickly to the correct solution at 

small mesh sizes they should be used with extreme care for 

metal dielectric interfaces. 

Ultimately, the solution of sub-wavelength scale 

geometries involving metals and dielectrics requires very 

small mesh sizes compared to the simulation of other types 

of materials. When solving in the time domain, this 

generally leads to a reduced time step due to the Courant-

Friedrichs-Lewy (CFL) [11] condition that applies to most 

explicit time domain algorithms like FDTD. To avoid 

unnecessarily long simulation times and large memory 

requirements, it is necessary to have some kind of a graded 

mesh solution as well as an algorithm that can be efficiently 

parallelized for larger three-dimensional problems. The 

mesh grading makes it possible to localize a high density of 

fine mesh cells only in small regions of the total simulation 

volume, typically over the metal objects. Efficient 

parallelization makes it possible to take advantage of 

continual improvements in high performance computing 

such as the increased parallelization of standard 

workstations which now include multiple CPUs, each with 

multiple cores. 

2.2. Two-dimensional materials 

Two-dimensional materials such as graphene introduce a 

new challenge within three-dimensional simulations. One 

approach is to simulate these materials as a thin bulk 

medium with effective bulk properties. While this approach 

can be valuable, particularly for linear media, it has the 

disadvantage that a fine mesh size is required to resolve the 

thin sheet of bulk material. Even with a graded mesh 

solution, the reduction in the time step due to the CFL 

condition can result in prohibitively long simulations. 

An alternative solution, similar to the contour-path 

effective permittivity methods used to deal with interfaces, 

is a modified field update applied across thin sheets of two-

dimensional materials [7]. In this manner, accurate results 

can be obtained without requiring small mesh sizes. For 

example, Fig. 1 shows the error of a simple 

transmission/reflection FDTD simulation of a sheet of 

graphene on a dielectric that does not reduce the mesh size 

at the graphene. It is clear that 2nd order convergence can 

be obtained without reducing the mesh size near the 

graphene, or modifying the standard CFL condition on the 

time step. 

 
Figure 1: The reflection and transmission errors for 

1THz light incident onto a graphene sheet on a 

dielectric medium of refractive index 4. The simulation 

setup is shown in the inset and the light orange lines 

indicate the FDTD mesh, which is not modified near the 

graphene layer. The horizontal light blue lines represent 

the FDTD simulation boundary. The horizontal axis is 

the spatial sampling rate defined as 0/dx where dx is 

the FDTD mesh size and 0 is the free space 

wavelength. The errors are plotted on a log-log scale 

and the slope of the convergence curve (shown at the 

lower right) demonstrates 2nd order convergence with 

mesh size. 

2.3. Broadband time domain simulation 

Time domain simulation is appealing because it can provide 

broadband results from a single simulation and it typically 

scales well with parallelization making it highly compatible 

with current trends in computing. The key challenge, 

however, is correctly simulating dispersive media in the 

time domain. A secondary challenge is simulating the 

angular response of periodic structures that are illuminated 

by plane waves at non-normal angles of incidence. 

2.3.1. Material dispersion 

For linear materials in the frequency domain, the 

constitutive relation between the displacement field, D, and 

the electric field, E, is 

 )()()(  ED  , (1) 

where () is the dispersive permittivity which is generally 

known from experimental data or analytical results. In the 

time domain, this relationship is a convolution product,  

    

t

dttttEtEtD
0

')'()'()()(  , (2) 

It is worth noting that any material models used in a time 

domain simulation must be causal and satisfy Kramers-

Kronig relations because the displacement field cannot 

respond to the electric field in the future, since it is not 

known. 

The brute force solution to Equation (2) would require 

storing the electric field for all time steps in the simulation 
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and performing an integral over all previous field values at 

each time step. This is computationally impractical for 

three-dimensional simulations. Instead, only certain 

functions for the permittivity may be used which allow for a 

computationally-efficient solution of Equation (2). Typical 

dispersive models are Lorentz, Plasma-Drude and Debye. 

However, these models are an oversimplification of most 

physical materials, particularly in the UV, optical and IR 

regimes. Ultimately, the ability to extract broadband results 

from a single simulation, one of the key advantages of a 

time domain solver, is therefore dependent on the ability to 

accurately model dispersive media in the time domain. We 

use a multi-coefficient material model (MCM) which is a 

general form of dispersive permittivity that can be 

efficiently used to solve Equation (2) in the time domain. 

Fig. 2 shows the comparison of the MCM model for gold 

and the data measured by Johnson and Christy [8]. 

 
Figure 2: The experimental data of Johnson and Christy 

[8] for gold compared to the dispersive MCM that can 

be implemented in a time domain simulation. 

We use a similar approach for the dispersive 

conductivity of graphene. Fig. 3 shows the surface 

conductivity of graphene calculated from [12] and the time 

domain MCM that can be used to simulate it. It is clear that 

the MCM can match the desired linear dispersion of 

graphene accurately over a broad bandwidth that includes 

both intraband and interband contributions. 

2.3.2. Angular response 

It is challenging to obtain broadband information when 

illuminating periodic structures with plane waves at non-

normal angles of incidence. One solution is to use Bloch-

Periodic boundary conditions, sometimes called the Sine-

Cosine method [13]. While this method can be used for 

broadband simulation, it is important to note that the angle 

of incidence of the light becomes a function of frequency. If 

the desired bandwidth is not too large, it is possible to re-

interpolate the results onto the desired angles and 

wavelengths [14,15]; this is particularly useful if a sweep of 

both angle and wavelength is desired. However, there are 

often situations where the desired bandwidth and angle of 

incidence are too large to make this approach sufficiently 

accurate and practical.  

An alternative solution is the split-field FDTD method, 

which is a well-known technique [13]. It is typically applied 

to dielectric media illuminated by plane waves in air or 

vacuum. It can be extended relatively easily to dispersive 

media using Lorentz or Plasma-Drude models. We have 

developed a modified split-field method that can be applied 

to arbitrary dispersive media modeled by the same MCM 

for time-domain simulation as our regular FDTD 

simulations. This makes it possible to achieve broadband 

results at fixed angles of incidence even with highly 

dispersive media such as gold, silver and silicon. 

 
Figure 3: The real (top) and imaginary (bottom) surface 

conductivity of graphene calculated from [12] and the 

MCM that can be used to simulate it with FDTD. The 

frequency range covers the 1THz to 200THz and 

includes both interband and intraband contributions. 

3. Examples 

3.1. Gap plasmonic waveguide 

We simulated a gap plasmonic waveguide with a nano-

antenna, similar to the designs of [16, 17]. Initially, we 

solved the modes of the gap plasmonic waveguide structure 

with a frequency domain finite difference eigensolver at the 

desired operating wavelength of 1.5 microns. The coupling 

efficiency for end-fire coupling was then estimated by 

performing an overlap integral between a high numerical 

aperture (NA) beam and the waveguide mode. A full three-

dimensional FDTD simulation was performed with a high 
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NA beam incident vertically on a nano-antenna feeding the 

gap plasmonic waveguide as shown in the inset of Fig. 4. A 

5nm mesh was used over the nano-antenna and a 2nm mesh 

was used inside the gap region. The size of the 

computational domain was 3x3x2 m3 and can be simulated 

in a few minutes on a modern workstation, making it 

possible to easily perform parameter sweeps. The optimal 

position of the beam was found by sweeping the beam 

position over the nano-antenna for a fixed source NA. The 

source NA was then swept and compared, in Fig. 4, with 

end-fire coupling as calculated with the eigensolver and 

overlap integrals. We can see that the nano-antenna can 

achieve coupling efficiencies higher than end-fire coupling 

when the beam NA is below about 0.7. In addition to the 

possibility of higher coupling efficiency, it is clear that the 

nano-antenna is generally preferable for ease of fabrication. 

 

 

Figure 4: A nano-antenna feeding a gap plasmonic 

waveguide (inset) and the resulting comparison of 

power coupling efficiency compared to end-fire 

coupling for different NA beams. 

 

 
Figure 5: An SOI waveguide coated with Al2O3 and 

graphene. 

3.2. Graphene based modulator 

We simulated the graphene based electro-optical modulator 

similar to the design of [5]. The design is a silicon 

waveguide coated with Al2O3 and then graphene, as shown 

in Fig. 5. The chemical potential of graphene can be tuned 

electrically. We calculated the modes of the plasmonic 

waveguide (see Fig. 6) for two chemical potentials and then 

propagated them over 40 microns using the eigenmode 

expansion method (EME). Fig. 7 shows the resulting electric 

field intensities. We calculate that the losses of the 

waveguide mode change from 0.002 dB/m at a chemical 

potential of 0.607eV to 0.1 dB/m at 0eV, which is 

consistent with the experimental results in [5] and make it 

suitable for use as a modulator. Further investigation could 

be performed with EME or FDTD to study the effects of the 

transition regions into and out of the modulator. 

 
Figure 6: The mode profile supported by the waveguide 

shown in Fig. 5. 

 
Figure 7: Electric field intensity along the propagation 

direction, for chemical potentials of 0.607eV (top) and 

0ev (bottom). 

3.3. Plasmonic solar cell 

It is well known that plasmonic particles on the surface of a 

solar cell can increase the efficiency of solar cells by 

forward scattering light and increasing the absorption in the 

semiconductor [1]. We simulated a design using a periodic 

array of silver particles on silicon, and optimized the particle 

radius and period to increase the absorption over the solar 

spectrum at normal incidence [18]. Fig. 8 shows the solar 

cell structure, similar to the design in [1] and the resulting 

field enhancement at 620nm. Using our new modified split-
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field approach, we are able to simulate this device at any 

angle of incidence and extract broadband results. Fig. 9 

compares the total absorption in the silicon at normal 

incidence and with P-polarized light at 30 degrees incidence. 

For each angle of incidence, the entire spectrum was 

obtained from a single simulation. It is important to note 

how different the absorption spectrum can be for different 

angles of incidence. This new simulation method makes it 

possible to efficiently optimize the structure for a variety of 

non-normal illumination conditions. 

 

 
Figure 8: A silicon solar cell enhanced with silver 

particles (above) and the comparison of the absorption 

profile with the bare surface configuration at 620nm for 

normal incidence. 

 
Figure 9: The normalized transmission into the silicon 

layer at 30 degrees and 0 degrees. The 30 degree 

simulation was obtained at all wavelengths from a 

single simulation, using the same dispersive MCM for 

the silicon and the silver nanoparticle. The 30 degree 

simulation was P polarized. 

4. Conclusions 

Metal and graphene based hybrid plasmonic devices present 

many opportunities for scientific discovery as well as new 

design concepts. However, they present ongoing challenges 

for numerical simulation as new materials and fabrication 

technologies emerge. We have shown how these challenges 

can be overcome by continual tailored improvement of 

simulation methodologies that take advantage of state-of-

the-art algorithms, such as MCM dispersive material 

models, contour path integral approaches to two-

dimensional materials, and novel split-field FDTD methods, 

supported by increasingly affordable and powerful HPC 

resources.  
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Abstract 

By breaking the diffraction limit, plasmonics 

enable the miniaturization of integrated optical 

signal processing units in a platform compatible 

with traditional CMOS technology. In such 

architectures, modulators and switches are 

essential elements for fast and low-power optical 

signal processing. This work reviews the state-of-

the-art on electro-optical plasmonic integrated 

components, comprising different propagation 

length scales and tuning mechanisms. Among 

these, particular attention is paid to the Pockels 

effect in non-linear polymers and the electro-

optical switching of nematic liquid crystalline 

materials.electro-optical switching of nematic 

liquid crystalline materials. 

1. Summary 

Plasmonics is a rapidly expanding scientific 

discipline that deals, among others, with the prop 

erties of surface plasmon polaritons, i.e. light 

waves propagating at the interface between metals 

and dielectrics. Such transmission of optical 

signals can take place at deeply sub-wavelength 

scales, not limited by the traditional diffraction 

limit. Thus, integrated plasmonic circuits are 

nvisaged as the missing link between electronics 

and photonics that combines the dense integration 

of the first with the high bandwidth, lower latency 

and reduced power dissipation of the latter [1]. 

Essential parts of integrated optical 

architectures are tunable components such as 

modulators and switches that convert the electrical 

signal to optical pulses and control their route 

through the circuit. In this respect, the plasmonics 

platform offers a significant advantage, namely the 

capability to use the metallic parts not only as light 

guides in highly-compact geometeries, but also as 

the electrodes that dynamically control the 

properties of electro-optically responsive 

materials. Modulation can rely on various 

phenomena, including the field-effect charge 

accumulation in nanometer-thick transparent oxide 

layers [2, 3], the Pockels effect index modulation 

in 2 non-linear polymers [4] and the electro-optic 

switching of nematic liquid crystals [5]. 

In this work, we present an overview of thus far 

existing electro-optic plasmonic modulators that 

target different light propagation scales and 

involve metallic, dielectric, and/or organic 

materials in hybrid configurations. These are 

assessed in terms of their performance, e.g. 

required switching energy, achievable modulation 

bandwidth, broadband response, overall footprint, 

and insertion losses. Particular designs based on 

the use of electro-optic polymers and liquid 

crystals are discussed in detail. 
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Abstract 

A semi-analytical approach for efficient 

modelling of large scale networks of plasmonic 

slot waveguides is proposed, demonstrated and 

evaluated. A simple impedance-based model 

for the junctions is utilized. This efficient and 

accurate model enables full analysis of a large 

scale network without the need for any full 

wave electromagnetic analysis. The approach is 

computationally efficient and enables fast 

design and optimization cycles 

.  

1. Summary 

The ability of plasmonic waveguides to guide light in subwavelength 

dimensions can empower various attractive applications. The 

applications include biomedical sensing [1,2], optical interconnects 

[3], and surface enhanced Raman scattering [4]. The ability to stack 

large number of waveguides on nanometer scale with negligible 

cross talk is an important characteristic that provides an optimal 

solution for large dense integration of photonic devices. Various 

waveguide structures have been proposed for such applications. 

Among the different waveguide configurations, metal-insulator-

metal (MIM) and insulator-metal-insulator (IMI) were widely used 

due to the relative ease of their analysis and fabrication. IMI 

waveguide is considered as an optimum candidate for surface sensing 

based on long range SPP mode [5]. However, this configuration does 

not provide suitable confinement for interconnects or dense on-chip 

integration.  

On the other hand, the MIM waveguide configuration is a suitable 

candidate for various on-chip applications including sensing and 

interconnects [6, 7]. 

Plasmonic slot waveguide (PSW) represents a 3D practical 

realization of the MIM configuration. This waveguide is one of the 

most suitable candidates for on chip device applications as the mode 

is in the nanometer scale. The slot waveguide configuration can also 

be exploited as a fluidic channel for on-chip bio-sensing applications. 

PSWs and MIM have been utilized for different devices including 

power splitting [8], filtering [9], switching, modulation, multiplexing 

and de-multiplexing [8,10]. These waveguides suffer from high 

propagation losses, which scale up with increasing the confinement. 

Thus, for a useful utilization of this platform any functionality sought 

should be obtained in few micrometers to mitigate the shortcomings 

of the excessive propagation losses. In addition, in and out coupling 

approaches for this class of waveguide from conventional dielectric 

waveguides are very challenging due to the mismatch in the modal 

field profile and also due to the difference in the modal size. Recently 

a simple, efficient, wideband, and non-resonant coupling mechanism 

and have been demonstrated to solve the coupling dilemma [11,12].  

Having achieved efficient in and out coupling to and from PSWs, that 

renders them ready to be utilized in various practical applications. For 

example, the ability to create low loss 90o bends [13] and T- and X- 

junctions with good coupling to all orthogonal branches are unique 

features for MIM and PSW. These features can be exploited to create 

a network (mesh) of MIM waveguides, which can be exploited in 

different applications. For example, these networks can be readily 

exploited for designing wideband filters [14], and band reject notch 

filter response [15]. 

However, modelling the behavior of these plasmonic networks is 

highly demanding due to the fine mesh required to accurately predict 

the device response. As a result, the computational resources required 

for any full vectrorial electromagnetic solver used to model such 

networks are significant. This in turn impedes the design process and 

reduces the ability to explore novel architectures using these 

networks. Some attempts for modelling limited scale networks have 

been recently proposed [16]. However, these attempts still rely on the 

finite difference time domain (FDTD) to predict the optical field 

characteristics at each junction. This provides limited savings in the 

computational resources and also in reducing the complexity of the 

optimization process. Thus, a novel and efficient modelling scheme 

that takes into account the unique features of the plasmonic networks 

and is able to predict the performance of large plasmonic networks is 

still lacking. 

Recently, a simple impedance model for the T and X junctions has 

been proposed [14,15,17]. This model is used to obtain analytical 

closed form expressions of various responses of functional devices 

using MIM configuration. Even though the model is simple and 

straightforward, it provides accurate results compared to FDTD. The 

model is mainly based on estimating the transmission and the 

reflection of each junction using a simple but effective impedance 

model. The model is also applicable for PSWs if the thickness of the 

metal is larger than the width of the slot 18]. For a network of MIM 

waveguides or PSWs that contains few junctions, the impedance 

model can be exploited using the scattering matrix method to develop 

an analytical closed form expression for the reflection and the 

transmission from each port of the network. The approach has been 
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validated for different structures with few junctions demonstrating 

very good accuracy and negligible computational requirements 

[15,17]. However, for network structures with large number of 

junctions, this approach produces complex closed form equations 

that provide limited insight into the design in comparison to the case 

with only a few junctions.  Thus, the aforementioned approach is 

mainly suitable for networks with limited number of junctions.  

For structures with relatively large number of junctions, the FDTD 

requires tremendous computational resources to be able to estimate 

the output from each port. For such large networks, the number of 

design variables (which can be branch dimensions and core refractive 

indices) become exceedingly large. The ability to optimize these 

variables to attain a certain performance or function is inhibited by 

the excessive computational resources needed. On the other hand, the 

analytical results obtained from the impedance model provide good 

estimates for the reflection and transmission of each junction in this 

large network and thus can be used to alleviate the computational 

resources needed for analysis while maintaining the numerical nature 

of the analysis. Thus, it is of prime importance to analyze these 

relatively large scale networks using an approach that is efficient and 

has good accuracy.  

In this work, we develop a semi-analytical and efficient approach that 

is capable of modelling large scale PSWs networks without the need 

for any electromagnetic solver. This approach utilizes accurate 

models for the reflection and transmission of each junction using the 

impedance model. It can also handle any topology of PSW network. 

In addition it is very simple to implement and allows for fast 

optimization cycle for the response of each port in these networks. 

This approach has been utilized for designing various novel networks 

with different applications. The accuracy of the proposed approach 

has been verified against full wave simulations using FDTD with 

good accuracy 

Thus, this approach can be considered as a semi-analytical version of 

the closed form one proposed in [15,17]. This approach can handle 

any type of MIM waveguides. The model is also applicable for PSWs 

if the thickness of the metal is larger than the width of the slot [18]. It 

is also very simple to implement and allow for fast optimization cycle 

for the response of each port in these networks. Also in this work we 

exploited this model to investigate and analyze some network 

topologies for useful functions such as filter and modulator 

responses. These network based devices are distinctive and usher in 

a new route of using the MIM/PSW networks.  The details of the 

model can be found in [20] 

. 
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Surprises in systems with oscillating gain and loss:
infinite ladder of PT transitions and the PT Rabi problem
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Abstract— A prototypical PT system with static, balanced gain and loss, realized in coupled
photonic resonators or waveguides, undergoes a single PT-breaking transition when the gain
rate exceeds the coupling rate. I will discuss the behavior of such a system in the presence of
time dependent, oscillatory gain and loss. I will show that the PT symmetry breaking occurs
at arbitrarily small gain if the frequency of its modulation is at resonance with the coupling.
I will also show that in the neighborhood of the static PT-transition point, PT symmetry is
repeatedly broken and restored in the low frequency regime; this result is a significant departure
from the standard adiabatic theorem or Berry-phase considerations. Our predictions imply that
PT systems with oscillating gain and loss display an exceptionally rich and surprising behavior
which can be experimentally probed by low frequency modulation.
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Abstract-Parity-time (PT) symmetric optics has recently attracted great attention, partly due to the 

theoretical discovery that non-Hermitian Hamiltonians may possess entirely real spectra by 

satisfying PT symmetry. Another major driving force comes from the facts that synthesized 

PT-symmetric materials allow observing novel optical phenomena which would be difficult in 

conventional media. Here, we report our recent experimental realizations of on-chip PT-symmetric 

optics using two directly active-passive-coupled microtoroid cavities at the telecom band. 

 

Non-Hermitian parity-time (PT) symmetric quantum mechanics
1
 has stimulated extensively theoretical 

research over a decade. One of the most striking properties of a PT-symmetric operator is the appearance of a 

sharp, symmetry-breaking transition once a non-Hermitian operator crosses a certain critical threshold. Only 

recently, however, this concept of PT symmetry has been experimentally realized in optics
2
 and other suitable 

systems
3
 (with balanced gain and loss). Since then, PT-symmetric optics has become a topic of considerable 

interest in various contexts. Further studies have revealed many interesting optical phenomena in synthesized 

PT-symmetric structures, including unconventional beam refraction
4
, conical diffraction

5
, unidirectional 

invisibility
6
, coherent perfect laser absorber

7
, optical switching

8
, and optical solitons

9
. 

Here, we report our recent experiment
10

 on on-chip PT-symmetric optics using two directly coupled high-Q 

silica-microtoroid resonators (Fig. 1a,b) with balanced effective gain (g) and loss (). The active microtoroid is 

fabricated from erbium-doped silica sol-gel film pumped by a 1480nm tunable laser to produce an effective gain 

at the 1550nm probe band. The passive toroid is a high-quality microresonator. The two cavities are prepared to 

support similar initial resonant frequencies and the same polarization. To accurately tune coupling strengths the 

microcavities and coupled fiber tapers are all mounted on nanopositioning translation stages. Each microtoroid is 

placed on thermoelectric cooler element to monitor and stabilize the resonant frequency of the resonator. The 

PT-symmetry is investigated under the balanced gain and loss condition. After carefully balancing gain and loss, 

we fix the pump power and study the transmitted probe spectra as a function of the coupling between two toroids 

via changing the position of toroid 2. The results are shown in Fig. 2 where frequency bifurcation induced by 

PT-symmetry exhibits distinct features in spectral location change and linewidth narrowing. Especially, a 

PT-phase transition occurs at the critical point µ=g=. The experimental results agree with the theory, and also 

supply a vivid evolution of PT supermodes from the unbroken to broken phase as continuously increasing the 

separation distance between two toroids. Significant signal amplification in the output due to spectral singularity 

of complex optical potential also verifies theoretical prediction. The doublet feature of each PT supermode in the 

transmission spectra is due to the mode splitting caused by the mode coupling between clockwise and 

counterclockwise modes. Even by taking into account this backscattering-induced mode splitting in the theory, 

the experimental results can be well fitted with numerical simulations.  
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The importance of our experiment is evident. First of all, our experiment brings PT-symmetric optics from 

centimeter-scale compound structures downwards to on-chip micro-scale structures and from waveguides to 

microresonators. It thus paves a way towards on-chip PT-symmetric optics. Moreover, the sharp PT-phase 

transition observed in this experiment could be useful for ultrasensitive nanosize-particle sensing. Furthermore, 

the introduction of gain saturable nonlinearity in this composite system might provide the possibility to study 

optical bistability within the PT-symmetry framework. All these attributes deserve further investigations and 

encourage new discoveries of counterintuitive optical phenomena as well as a new generation of PT-symmetric 

optical devices. 
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Fig. 1: On-chip whispering-gallery-mode silica microtoroid resonators with 
gain and loss for PT-symmetry and optical isolation. (a) Schematic of 3D 

view of the system composed of two directly-coupled microtoroids coupled to 
two tapered fibers (1 and 2). Based on the probe inputs, forward and 

backward propagation configurations are, respectively, denoted by the orange 

and green arrows. (b) Top-view optical microscope image of the system (a), 

where g represents the effective gain in the active toroid 1,  the total loss rate 

of the passive toroid 2, µ the coupling strength between the two toroids, and 

1 (2) coupling strength between the toroid 1 (2) and fiber 1 (2), respectively. 
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Fig. 2: (a) Evolution of 

PT-symmetric transmission 

spectra measured at port 2 
in the broken and unbroken 

phases, obtained by 

varying the coupling 
strength of the two toroids. 

(b) Spectral splitting 

between the two PT 
supermodes in a as a 

function of the separation 

distance between the two 
toroids. 
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Abstract— We study interaction of a soliton in a parity-time (PT) symmetric coupler which
has local perturbation of the coupling constant. Such a defect does not change the PT-symmetry
of the system, but locally can achieve the exceptional point. We found that the symmetric solitons
after interaction with the defect either transform into breathers or blow up. The dynamics of
anti-symmetric solitons is more complex, showing domains of successive broadening of the beam
and of the beam splitting in two outwards propagating solitons, in addition to the single breather
generation and blow up. All the effects are preserved when the coupling strength in the center
of the defect deviates from the exceptional point. If the coupling is strong enough the only
observable outcome of the soliton-defect interaction is the generation of the breather.

Two coupled waveguides (a coupler), with gain and losses which are mutually balanced is a
parity-time (PT )-symmetric system [1]. In the nonlinear case [2] they represent a testbed for
various phenomena involving instabilities and optical solitons. The dynamical properties of these
systems are determined by the relation between the strengths of the coupling (κ) and the gain-loss
coefficient (γ), the value of the relation γ/κ separating domains of broken and unbroken PT -
symmetry is referred as an exceptional point. When the coupling and gain/loss coefficients changes
along the propagation distance, and change of κ locally reaches (or crosses) the exceptional point
the properties of the coupler are changed qualitatively. In this case the PT -symmetric phase is
broken locally and one can speak about exceptional point defect. Indeed, in the spatial domain of
the defect, a soliton cannot exist. Then one may expect different scenarios of the soliton instability.
These scenarios are addressed below.

We consider two coupled waveguides described by two nonlinear Schrödinger equations

iq1,z = −q1,xx + iγq1 − κ(z)q2 − |q1|2q1, iq2,z = −q2,xx − iγq2 − κ(z)q1 − |q2|2q2 (1)

with the coupling κ = κ0 − (κ0 − κmin) e−z
2/`2 , characterized by the amplitude κ0 − κmin (i.e. it

attains the minimal value κmin at z = 0 and tends to κ0 at z → ±∞) and by the width `. To reduce
the number of parameters we set γ = 1. Respectively, κmin = 1 corresponds to the exceptional
point defect.

In the limiting region where, κmin ≈ κ0, Eqs. (1) possess a soliton solution

q
(σ)
1 =

√
2η exp

[
i(η2 + σκ0 cos δ)z

]
cosh (ηx)

= σq
(σ)
2 e−iσδ, (2)

where δ = arcsin (γ/κ0) such that 0 ≤ δ ≤ π/2. The soliton is parametrized by the positive
parameter η, and represent symmetric (σ = 1) and antisymmetric (σ = −1) solutions. Eq. (2) at
z = zinit is used below for the initial data for vector solitons interacting with the defect.

Starting with the interaction of a symmetric soliton (σ = 1) with the exceptional point defect,
κmin = 1, in Figs. 1(a),1(b) we resume the typical results. The figure reveals the two different
dynamical scenarios, which depend on whether the length of the defect ` is below or above some
critical value `cr. In Fig. 1(a) the soliton passes through a relatively short defect transforming into
a breather. The defect width in this case, ` = 1, is far below the critical value: for η = 0.15, κ0 = 2,
and κmin = 1 we found `cr ≈ 7. The emergent breather solution is characterized by the intensity
oscillations between the two components – minimum (maximum) in one component corresponds to



Figure 1: The dynamics of soliton-defect interactions (field intensities |q1,2|2) for symmetric [panels (a),(b)],
or antisymmetric [panels (c)–(f)] solitons. The parameters of soliton and defect are: κmin = 1, η = 0.15 (a),
or η = 0.5 (b)–(f); κ0 = 2 (a), or κ0 = 4 (b)–(f); ` = 1 (a)–(b), ` = 1.1 (c), ` = 2.2 (d), ` = 2.7 (e), or ` = 3.2
(f).

maximum (minimum) in the other one [Fig. 1(a)]. The frequency of these oscillations (after soliton

passed the defect) can be estimated as 2
√
κ20 − γ2, giving period of oscillations π/

√
κ20 − γ2 ≈ 1.8;

it agrees well with the numerical results in Fig. 1 (a).
In Fig. 1 (b) the solution passes through the same defect (` = 1) just below the critical value

(for η = 0.5, κ0 = 4, and κmin = 1 we found `cr ≈ 1.1) and is transformed into a breather. Now

the period of oscillations is π/
√
κ20 − γ2 ≈ 0.8, which still agrees well with the numerical results.

Turning to the interaction of the antisymmetric soliton σ = −1 with an exceptional point defect
we observe more rich behavior, which is resumed in Figs. 1(c)–(f). As in the case of symmetric
soliton we find that there exists a critical defect length `cr above which the soliton blows up (for the
chosen parameters `cr ≈ 3.4). If the width of the defect is below `cr, the soliton-defect interaction
results in creation of breathers, although this occurs now according to different scenarios. The
effect of a relatively short defect acts similarly on the symmetric and anti-symmetric solitons, c.f.
Figs. 1(a) and 1(c), here one observes that the antisymmetric breathers have shorter period (≈ 0.8)
than that of the symmetric ones.

Increase of the defect lengths results in broadening of the soliton passed the defect [Fig. 1 (d)].
This broadening is repeated along the propagation distance [in Fig. 1(d) the period ≈ 10]. Further
increase of ` leads to splitting of the incident soliton in the two outward propagating pulses, as it
is shown in Fig. 1(e). It turns out that the domain of the defect lengths leading to the splitting of
the incident beam is finite (for the parameters of Figs. 1(c)–(f) this is the domain 2.2 ≤ ` ≤ 3.2).
Interestingly, further increasing of the defect length stops soliton splitting and reintroduces the
scenario when broadening of the soliton is observed [Fig. 1 (f)].

To conclude, we considered interaction of a diffractive symmetric or anti-symmetric soliton in a
PT -symmetric coupler with a coupling defect, which locally achieves the exceptional point of the
underline linear system and described several scenarios of interaction (transformation into breather,
broadening, splitting, blowup).

ACKNOWLEDGMENT

The work was supported by the Program of Introducing Talents of Discipline to Universities
under Grant No. B12024. YVB and VVK were supported by FCT (Portugal) grants PEst-
C/FIS/UI0607/2013, PEst-OE/FIS/UI0618/2011, PTDC/FIS-OPT/1918/2012. CH and GXH
were supported by the NSF-China grants 11105052 and 11174080.

REFERENCES
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Abstract— With the transfer matrix approach, we study the spectral and transport properties
for an array of PT -symmetric bilayers. The number of spectral bands turns out finite and depends
on the loss/gain parameter. Inside these bands the transmittance T exhibits the Fabry-Perrot
resonances with T = 1, however, between them T can be either larger or less than unity. We have
found a new kind of specific frequencies inside every spectral band, which separate the regions
with T > 1 from those with T < 1. Our analytical findings are demonstrated by numerical data.

Our model describes the propagation of an electromagnetic wave of frequency ω through a
periodic array of N unit (a, b) cells embedded in a homogeneous medium. Each cell is made of two
dielectric, a and b, layers (slabs) with the thicknesses da and db, respectively, where d = da + db is
the unit-cell size. All the a slabs contain the material absorbing electromagnetic energy, whereas
all the b layers are composed of the amplifying material. The loss and gain in the a and b layers are
incorporated via complex dielectric functions, while the magnetic permeabilities µa,b are assumed
to be real and positive. The optic parameters (refractive indices na,b, impedances Za,b and wave
phase shifts ϕa,b) of two constitutive layers, a and b, read

na = n
(0)

a (1 + iγ), Za = Z(1 + iγ)−1
, ϕa =

ϕ

2
(1 + iγ) ; (1a)

nb = n
(0)

b (1− iγ), Zb = Z(1− iγ)−1
, ϕb =

ϕ

2
(1− iγ) . (1b)

Here the dimensionless key parameter γ measures the strength of loss and gain inside a and b layers.
The expressions (1) get a closed form being complemented by the following relations

Z = µa/n
(0)

a = µb/n
(0)

b , ϕ = 2ωn(0)

a da/c = 2ωn
(0)

b db/c . (2)

In the case of no loss/gain (γ = 0) the stack-structure is known as the matched quarter stack. This
means that the basic a and b layers are perfectly matched (their impedances are the same) and

have equal optic paths, n
(0)

a da = n
(0)

b db. Consequently, the phase shift in every layer equals ϕ/2.
For γ 6= 0 the wave amplitude is attenuated or amplified by the factor exp(γϕ/2) when traveling
through the a or b layer (balanced loss/gain).

For our model we obtain the transfer matrix Q̂(γ) of the unit (a, b) cell that has the specific
symmetry,

Q11(γ) = Q
∗

22(−γ) , Q12(γ) = Q
∗

21(−γ) . (3)

This symmetry differs from the standard one, Q11 = Q
∗

22
, Q12 = Q

∗

21
, and manifests itself in an

emergence of quite exotic spectral and transport properties of the system.
We derive that the spectrum of such a quarter stack is described by the following dispersion

relation:

cosϕB =
cosϕ+ γ

2 cosh(γϕ)

1 + γ2
. (4)

This expression determines the band-structure in the dependence of the Bloch phase ϕB = κd

on the wave frequency ω. If the parameter γ is less than unity (0 6 γ < 1), a finite number of
frequency intervals (spectral bands) emerges, where the Bloch phase ϕB is real. In these bands the
electromagnetic wave propagates through the bilayer stack. Outside the bands the Bloch phase ϕB

is purely imaginary, thus creating spectral gaps. Here the waves are known as the evanescent Bloch
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Figure 1: (a) The dependence of the Bloch phase ϕB on the phase shift ϕ ∝ ω. Real and imaginary values
of ϕB (corresponding to spectral bands and gaps) are shown, respectively, in the right and left parts of the
picture. (b) The logarithm of the transmittance (5) is shown as a function of ϕ for the array of 10 unit (a, b)
cells. Vertical straight lines display the borders between bands and gaps.

states, attenuated on the scale of the order of |ϕB |
−1. Therefore, for a sufficiently long structure,

N |ϕB | > 1, the transmission is exponentially small. The number of spectral bands is determined
by the value of parameter γ: the larger the parameter, the smaller the number of the spectral
bands. When γ exceeds the critical value (γ > 1), there are no spectral bands, since the Bloch
phase ϕB(ω) becomes purely imaginary for any frequency. An example of the dependence ϕB(ω)
is shown in Fig. 1a for γ = 0.25, with only three spectral bands in the spectrum.

The transmittance TN of the structure consisting of N bilayers connected to a homogeneous
leads with impedance Z, was found to be described by the following expression:

TN =

{

1 +
γ
2 sin2(NϕB)

4 (1 + γ2)2 sin2 ϕB

[

[

γ sinϕ−
(

2 + γ
2
)

sinh (γϕ)
]2

− 4 [cosϕ− cosh (γϕ)]2
]}−1

. (5)

Eq. (5) shows that there are two mechanisms for emerging the perfect transmission with TN = 1
for a whole array of N unit cells. The first one is the known Fabry-Perot resonances associated
with the total length Nd of a bilayer stack. Specifically, under the condition sin(NϕB)/ sinϕB = 0
there arise N − 1 resonances in every spectral band.

The second mechanism corresponds to the vanishing of the term inside the square brackets of
Eq. (5). This results in an emergence of a new kind of specific frequencies which in any spectral
band separate the regions with TN > 1 from those with TN < 1, see circles in Fig. 1b. These special
values of the wave frequency ω (or, the phase shift ϕ) are defined by parameter γ. Thus, one can
speak about internal band edges determining the frequency regions where the effects of gain are
suppressed by absorption. It can be proved that within the interval 0 < γ < 0.8703, all spectral
bands contain the regions where the transmittance becomes greater than unity, TN > 1.

Our results may be important in view of experimental realizations of quarter stacks with the
PT -symmetric bi-layers.
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Abstract- It is shown that the emergence of optical instabilities in moving systems is strictly related to a 
spontaneous parity-time symmetry breaking of the relevant time evolution operator. It is proven that the 
frequency spectrum of lossless systems with moving components is generally complex valued, and has a 
mirror symmetry with respect to the real-frequency axis. The optical amplification of a light pulse in the 
broken parity-time symmetry regime is studied. 

 
Unbroken parity time (PT ) - symmetric Hamiltonians have been studied as the basis for a new family of 

generalized quantum theories that do not require the Hamiltonian operator to be Hermitian [1-2]. The discovery 
that PT - symmetric Hamiltonians can be used to describe the physical reality – ensuring that the time 
evolution is unitary and the reality of the energy eigenvalues – contributed to deepen the understanding of the 
fundamentals of quantum theory and extended the panoply of physical theories to cases previously judged as 
unacceptable from a physical point of view. PT - symmetric Hamiltonians have also been studied and realized 
at optics in the framework of classical physics through a judicious inclusion of gain/loss regions, e.g. [3-4]. It 
was proven that these systems may exhibit non-reciprocal wave propagation, power oscillations, and are 
characterized by phase transitions beyond which the physical response becomes unstable.  

In a different line of research, we have recently shown [5-8] that moving media may support wave 
instabilities, such that if the relative velocity of the bodies exceeds a certain threshold the system may become 
unstable and may start spontaneously emitting light. It was shown that these wave instabilities in polarizable 
moving media are strictly linked to the Cherenkov and Smith-Purcell effects. The wave dynamics in these 
systems has several peculiar aspects. First, provided the speed of the moving bodies is enforced to remain time 
independent, the system may support exponentially growing oscillations, even in presence of realistic material 
loss and dispersion [5-8]. Second, it was demonstrated that a friction-type force acts on the moving bodies to 
oppose their relative motion. Thus, the wave instabilities result from the conversion of kinetic energy into 
electromagnetic energy. Plasma wave instabilities due to the drift of electrons in semiconductors have been 
reported in other works [9].  

In this talk, building on Ref. [8], we link our studies of wave instabilities in moving media with PT - 
symmetric methods, and demonstrate that when the relative velocity between two bodies overcomes a certain 
threshold there is a phase transition and a spontaneous parity-time symmetry breaking of the system. We will 
characterize in detail the electromagnetic fields associated with the natural oscillations of a system with moving 
components in the broken PT - regime. In addition, at the conference we will present a numerical study of the 
time-domain evolution of the electromagnetic fields emitted by a line source in presence of wave instabilities, 
demonstrating that the emitted fields are amplified in the broken PT - regime (Figure 1). 



 

 
Figure 1. Time evolution of the electric field radiated by a line source oriented along the y-direction and placed 
in between two dielectric slabs with refractive indices n1=n2=14. The line source is fed by a finite duration 
current pulse I(t). The slabs have thickness hs and are separated by the distance d=0.75hs. The relative velocity of 
the two dielectric slabs is v2- v1=c/5. The electric field is calculated at the interface with the moving slab and for 
(a) x=−10hs, (b) x=hs, (c) x=10hs, and (d) x=19hs. The development of a field instability due to the spontaneous 
parity-time symmetry breaking is evident. 
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Abstract— We predict that directional coupler of quadratically nonlinear and lossy waveguides
can perform ultrafast signal switching and parametric amplification, using the pump-controlled
breaking of the parity-time anti-symmetry associated with nonlinear wave mixing.

Light propagation in waveguiding structures with spatially distributed sections of loss and gain
can be analogous to quantum wavepacket dynamics governed by a parity-time (PT) symmetric
Hamiltonian [1]. Below a certain gain/loss level, such systems support PT-symmetric optical modes,
which then exhibit the same average loss or gain. However when gain or loss is increased, the PT-
symmetry of modes breaks, and a mode with the strongest gain dominates [2]. The phase transition
associated with such PT-symmetry breaking opens new possibilities for light manipulation. Latest
experimental demonstrations include the realization of non-reciprocal light transmission associated
with nonlinearity enhancement [3] and single-mode PT-symmetric lasers [4, 5]. Since transitions of
laser gain media are limited to particular wavelengths, parametric amplifiers are an integral part
of optical setups enabling flexible wavelength conversion and tunable signal gain. Here, we reveal
the potential of PT-symmetric systems for optical parametric amplification.
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Figure 1: (a) Scheme of PT-symmetric nonlinear coupler with linear absorption in one waveguide. (b) The
largest mode gain vs. the pump amplitude in the first waveguide (A1) and the phase-mismatch (white line
marks a zero gain level). (c) Number of PT-symmetric mode pairs vs. the input pump and the phase-
mismatch.

We consider a directional coupler composed of two waveguides in quadratically nonlinear medium,
where one waveguide is lossy. The loss can be introduced, for example, by depositing a thin layer
of metal. In the linear regime, at low light intensities, such coupler realizes PT-symmetric optical
system [1]. We analyze the process of optical parametric amplification based on nonlinear mixing
between a strong pump, and signal and idler waves, as illustrated in Fig. 1(a). We model the wave
propagation in the undepleted pump regime using coupled-mode equations, which we represent in
a Hamiltonian form:

i
∂ã

∂z
= Ĥã, ã(z) =

 as1(z)
as2(z)
a∗i1(z)
a∗i2(z)

 , H =

 β C iA1 0
C β − iγ 0 iA2

iA∗
1 0 −β −C

0 iA∗
2 −C −β − iγ

 (1)

Here as1,2 and ai1,2 are the amplitudes of the signal (‘s’) and idler (‘i’) waves in the two waveguides,
z is the propagation distance along the waveguides, β is the phase mismatch for parametric wave
interaction, γ is the loss coefficient in the second waveguide, C is the coupling coefficient between
the waveguides, and A1,2 are the pump amplitudes in each of the waveguides. We consider a near-
degenerate case, such that the losses and coupling between the waveguides are practically the same
for the signal and idler waves.
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Figure 2: (a) Real (dashed) and imaginary (solid line) parts of eigenvalues for the two modes with the
largest gain vs. the pump amplitude in the first waveguide for zero phase mismatch (β = 0). (b,c) Evolution
of the signal mode intensities along the waveguides: solid (green) line — the first waveguide without loss,
dashed (blue) line — the second waveguide with loss. The pump amplitude is (b) below PT-symmetry
breaking threshold (A1 = 0.5) and (c) above PT-symmetry breaking threshold (A1 = 1.5).

Next, we reveal that the Hamiltonian possesses an anti-PT symmetry (with a negative sign),

PT H = −HPT , P = {asj ↔ a∗ij , j = 1, 2}, (2)

where T is a time-reversal operator which changes z → −z and performs a complex conjugation.
Note that the parity operator P reflects a symmetry between the signal and idler waves in the
process of parametric amplification. To identify the consequence of this symmetry, we consider
the optical eigenmode solutions in the form ã(z) = ã(0) exp(iσz), where σ is an eigenvalue. The
real part, Re(σ), defines the phase velocity, whereas the imaginary part determines the modal
gain, Γ = −Im(σ). We find that if the eigenmode profile is PT-symmetric, then its eigenvalue is
purely imaginary (Re(σ) = 0), and generally the gain coefficients of modes are different. On the
other hand, if the mode profile has a broken PT-symmetry, then there appear mode pairs with the
eigenvalues σ1 = −σ∗2, and accordingly the same gain coefficients. We emphasize that the modal
PT-symmetry has opposite relation to gain in contrast to the previously studied PT-symmetric
systems, as a consequence of the Hamiltonian anti-PT symmetry.

We now demonstrate that the modal PT-breaking can be controlled by the pump beam. Due
to the electronic nature of quadratic nonlinearity, such tuning can be ultrafast, directly following
the pump profile in real time. We show in Fig. 1(b) the strongest modal gain coefficient, and
plot in Fig. 1(c) the diagram representing the number of mode pairs which possess PT-symmetry
(there are four modes in total). We see that for pump amplitude below a certain threshold (which
depends on the phase mismatch) the symmetry of all modes is broken, and in this regime all modes
exhibit overall loss. When pump exceeds a threshold value, then modes become PT-symmetric,
and simultaneously there appears one mode with the strongest gain. The evolution of the mode
eigenvalues is further illustrated in Fig. 2(a). We also show in Fig. 2(b) that at lower pump powers,
signal periodically switches between the waveguides due to a beating between two modes exhibiting
the same negative gain. However for stronger pump [Fig. 2(c)], only one mode with the strongest
gain dominates.

In conclusion, we identified an anti-PT symmetry of a parametric amplifier based on a nonlinear
coupler with one lossy waveguide, and demonstrated that signal switching and amplification can be
controlled in real time by a pump pulse, which can modify the modal symmetry. These results also
suggest new possibilities for light control in plasmonic structures, by taking advantage of the metal
absorption together with enhanced nonlinear wave interactions due to strong mode confinement.
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Abstract— Parity-Time (PT) symmetric photonic structures are constructed with balanced
amounts of gain and loss positioned in a geometrically symmetric layout. A phase transition
in the spectrum of the optical modes leads to new phenomena such as mode coalescence and
self-orthogonality at the exceptional points. Here, we describe PT plasmonic materials and
devices constructed from deeply subwavelength components. We investigate planar and coaxial
plasmonic PT waveguides and metamaterials, exploring optical mode coalescence, unidirectional
scattering, dipolar spontaneous emission control and optical enantiomer selection. Our results
may enable new nanoscale PT materials and metamaterials that exhibit optical asymmetry and,
with incorporation of nonlinearities, unidirectionality.

PT-symmetric potentials have emerged as a new scheme to control field distributions in loss
and gain media, so that light propagation can be asymmetric and even unidirectional. They have
enabled loss-induced optical transparency, lossless Talbot revivals, unidirectional invisibility and
perfect cavity absorber-lasers. Combined with non-linear media, PT-symmetric potentials have also
been suggested for optical diodes, insulators and circulators. While most PT optical components
have been constructed from wavelength-scale components, here we describe novel nanophotonic
PT elements. First, we investigate asymmetric light propagation in PT-symmetric nanophotonic
waveguides serving as building blocks for more advanced devices and metamaterials. Then, we will
design PT-symmetric metamaterials that exhibit unidirectional reflection and refraction, and may
form the basis for lossless, sub-diffraction-limited optical imaging systems. Finally we will investi-
gate a PT-symmetric coaxial waveguide supporting degenerate modes. There we demonstrate how
the two-fold degeneracy of the optical modes can be removed via the PT-symmetric perturbation,
and how mode degeneracy can lead to a thresholdless phase transition.

The PT building block for our investigation is a five-layer metal-insulato-metal type plasmonic
waveguide as shown in Fig. 1(a). The waveguide is composed of alternating, nanoscale layers of
silver (Ag) and titanium dioxide (TiO2) with the thickness of 30nm for each layer. The dielectric
layers are assumed to have the same amount of the loss and gain denoted with parameter κ. In
the absence of the gain and loss in the layers (κ=0), the waveguide supports four lowest order
plasmonic modes (B1−B4) each with definite parities of either even or odd respect to the yz-plane.
However as the gain/loss parameter of κ increases the modes lose their spatial parities. In addition
the real part of the mode propagation constants merge together while their imaginary values avoid
crossing in the imaginary part. Figure 1(a) shows the modal properties fo this waveguide at κ=0.2.
For this specific case the coalescence of (B1, B2) and (B3, B4) lead to two exceptional points below
and above the surface resonance frequency (ωsp), respectively.

Based on the properties of this waveguide, we introduce a new class of optical media -PT sym-
metric plasmonic metamaterials. These materials combine concepts from both metamaterials and
PT-symmetric materials to enable nanoscale optical devices capable of both lossless and asymmet-
ric light propagation. As a case study, we consider a prototype metamaterial as shown in Fig. 1(b).
This metamaterial is designed to behave as an isotropic, three-dimensional negative refractive index
material at optical frequencies, with n=-1 at free-space wavelengths of 450nm. By subjecting the
plasmonic modes to PT-symmetric optical potentials, we demonstrate the broad tunability of the
band curvatures, band gaps and effective refractive indices of the material. Small but non-zero
PT-symmetric potentials increase the transmission of the isotropic negative index metamaterial to
unity. Figure 1(b) illustrates the directional properties of this metamaterial. In particular it shows
the reflection coefficients from the gain (R+z) and loss side (R−z) as a function of the incident
angle θ when λ=450nm and κ=0.4. While the reflection coefficient vanishes from the gain side
independent of θ, the loss side reflection strongly depends on the incident angle and might even
exceed unity. At the same time the transmitted wave is always unity independent of the incident
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Figure 1: (a) Schematic of the PT-symmetric planar waveguide with alternating sections of the gain(red)
and the loss(yellow). The graph shows the dispersion of the waveguide modes when κ=0.2. (b) A PT-
symmetric metamaterial and its corresponding scattering parameters from gain (+z) and loss sides (−z).
(c) Schematic of the PT-symmetric coaxial waveguide with a modulated channel. The graphs show the real
and imaginary parts of the propagation constants as a function of κ at E= 2eV.

angle and the illumination side. Larger potentials morph the material from isotropic to anisotropic
and directional. In particular, double negative refraction, Bloch power oscillations, unidirectional
invisibility, and reflection and transmission coefficients that are simultaneously equal to or greater
than unity can all be achieved with increasing PT-symmetric potentials.

The final part of our presentation is devoted to the PT-symmetric plasmonic coaxial waveguides
as shown in Fig. 1(c). Here, the dielectric channel is modulated with alternating sections of gain
and loss with value of κ. At κ=0 the channel is uniform, hence the waveguide modes vary as
eimφ in the azimuthal direction. Through a perturbation analysis we present the variation of the
waveguide modes as a function of the gain/loss value as well as the number of sections (N). We
show how the degeneracy of the clock-wise (m ≤ 0) and counter clock-wise (m ≥ 0) modes can
be removed whenever the symmetry of the modes and the modulated waveguide match. Also, as
shown in Fig. 1(c), due to the degenaracy of the modes the phase transition occurs right after 0,
indicating a threshold-less behavior.

In conclusion this paper represents some of the optical properties of the PT-symmetric optical po-
tentials and palsmonic metamaterials. Specifically we show the coalescence of the modes and phase
transitions at EP in plasmonic waveguide and metamaterials. Starting from a plasmonic structure
with degeneracy a PT-symmetric perturbation can split these modes with an infinitesimal amount
of gain and loss hence a threshold-less phase transition. This study introduces PT-symmetry as
a new paradigm for synthetic plasmonics and paves the way toward a new generation of active
nanophotonic devices such as switches, modulators and laser-absorbers.
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Abstract- We investigate a new type of Bloch Oscillations which are supported in lattices with 

local PT-symmetry. Interestingly enough we find that these lattices can be interpreted as the 

Floquet lattices describing periodically driven PT-symmetric dimers.  

 

Non-Hermitian PT-symmetric optics [1] has recently attracted a lot of attention due to a number of experimental 

realizations, which demonstrated novel properties of light propagation in such media [2-8]. A PT-symmetric 

optical structure can be realized via a judiciously balanced gain and loss spatial arrangement such that the 

complex index of refraction satisfies the relation n(x) = n*(-x). This condition assumes that the gain and loss 

mechanisms that lead to deviations from Hermiticity are respecting spatial reflection symmetry. One of the 

surprising features of such media is the existence of a phase transition: For small values of the gain/loss 

parameter (week non-Hermiticity) the total light intensity propagating in such medium is neither amplified nor it 

is attenuated (exact phase). It rather, performs oscillations. However once the gain/loss parameter exceeds some 

critical value the total intensity is exponentially amplified (broken phase). This is a consequence of the fact that 

in the broken phase the normal modes (propagation constant in the case of coupled waveguide arrays) become 

complex conjugate pairs while in the opposite limit of the exact phase they are real.  

 

 Figure 1: (a) A PT-symmetric lattice. Blue sites indicate loss while red 

sites indicate equal amount of gain. There are two types of coupling: 

maroon bonds indicate coupling between the elements of a single 

dimer (indicated as c at the text) while the coupling between dimers 

(indicated as k at the text) is shown with green. (b) Two coupled 

microdiscs with a periodically driven coupling constant C(t); (c) Two 

coupled waveguides with modulated distance along the paraxial 

direction. 

 

We will consider beam dynamics in generalized PT-symmetric 

arrays of coupled waveguides with a gradient potential. The basic 

building block of these lattices is a PT-symmetric dimer. Each dimer consists of two coupled waveguides, one 

with gain and another one with equal amount of loss. The coupling between the two waveguides of the dimer is 

c. The real part of the index of refraction of each site of a specific dimer is the same while it differs by a 

constant factor w  for nearby dimers. Therefore the index of refraction at the two sites of the n-th dimer is 

nw ± ig .  The dimers are coupled together with a coupling constant k  in order to create a lattice. An example 

of such lattice is shown in Fig. 1a. Note that although there is no global PT-symmetry for such structure, 

nevertheless, each dimer satisfies a local PT-symmetry.  

A beam dynamics for two typical values of the gain/loss parameter (one above and another below the phase 

transition point) is shown in Fig. 2. The initial preparation in these cases is a delta-localized packet. The typical 



behavior of a “breathing” Bloch-Oscillations is clearly observed. In the second case Fig. 2b there is a growth of 

the total field intensity, which is characteristic of the broken phase and reflects the fact that the propagating 

constants are complex. 

 

Fig. 2: (a) The beam propagation of an initial delta-localized excitation in the case that the gain/loss 

parameter is below the phase transition. (b) The same as in (a) but now for value of the gain/loss parameter 

above the phase transition point. Bloch Oscillations are obvious in both cases with the second one indicating an 

further growth of the total field intensity- a characteristic feature of broken phase. Red lines indicate the 

evolution of the center of mass of the evolved wavepacket. 

 

Surprising enough these types of lattices can also describe evolution (in the associated Floquet space though) 

of a single periodically driven dimer. Depending on the working framework one can consider two driven 

scenario: (a) the spatiotemporal field evolution in the case of two coupled PT-symmetric microdiscs which are 

coupled evanescently with a periodically (time) modulated coupling (see Fig. 1b) or (b) the paraxial field 

propagation in the case of two coupled waveguides with a periodically (along the paraxial direction) modulated 

coupling constant (see Fig. 1c). In our presentation we will bring all these seemingly different set-ups under the 

same mathematical framework of lattices with local PT-symmetry and discuss the features of beam dynamics 

(Bloch Oscillations) and associated normal modes as the gain/loss parameter changes. 
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Abstract- Bianisotropic metamaterials, with different impedances in the forward and backward 

propagation directions, can be used to achieve a unidirectional character in the reflection. Here, we 

show that such phenomenon can be associated to the exceptional point of an effective Hamiltonian, 

which can be regarded as the constitutive matrix of the system with non-ideal effective PT 

symmetry. It is further confirmed by using experiments on a transmission line platform. 

 

Parity-time symmetric Hamiltonians have been proposed as a class of non-Hermitian Hamiltonians in 

generalizing quantum mechanics [1]. It has triggered a series of recent developments in optics due to its 

interesting property in obtaining a phase transition between the so-called PT-symmetric phase and PT-broken 

phase and the associated exceptional points in separating the two phases. It becomes a unique way to achieve 

tunable components with extreme sensitivity and unconventional behavior [2-4]. On the other hand, as 

metamaterials can be used to obtain flexible constitutive parameters, we can further expand the domain and 

applications of PT-symmetry. One possible route is to exploit the magnetic response of metamaterials for 

generalizing PT and related symmetries [5-6].  

In this work, we investigate the unidirectional character in reflection (zero reflection only in one propagation 

direction), which is very often associated to an exceptional point of PT-symmetry [7]. Intuitively, different 

reflection amplitudes in the forward and backward propagation direction requires structures in breaking the 

mirror symmetry in the propagation direction. Therefore, it is expected that a bianisotropic metamaterial can 

exhibit unidirectional character in reflection with careful design. However, whether we can associate this 

unidirectional character to an exceptional point of a Hamiltonian of the system may not have a trivial answer. 

Here, we provide an effective Hamiltonian model for a bianisotropic transmission line and show that the 

unidirectional character occurs at the exceptional point of such an effective Hamiltonian. 

 

 

 

 

 

 

 

 

 

Fig. 1 (a) The bianisotropic transmission line consisting a line dipole and a split ring with variable resistance. (b) 

Measured eigenvalues of scattering S matrix at the frequency with unidirectional reflection (open squares) and at 

Re(H) 
Im(H) 



            

two frequencies nearby (open triangles and solid squares). (c) and (d). Eigenvalues of the effective Hamiltonian 

H with varying resistance 𝑅 at the split-ring (open squares are measured values at the frequency of unidirectional 

reflection, solid lines are analytic results from Eq. 1). 

 

Figure 1(a) shows the bianisotropic transmission line employed in this work. It consists of a vertical line 

dipole and a split-ring with variable resistor mounted between the gap of the split-ring. Both of them can be 

excited by waves travelling in the background transmission line between port P1 and P2 while the near-field 

coupling between them constitutes the bianisotropy. The corresponding eigenvalues of the scattering S-matrix is 

plotted in Fig. 1(b). At around 2GHz, the eigenvalues of S are plotted as open black squares, which traces out a 

cross when we vary the variable resistor (𝑅) across the gap of the split-ring. The degeneracy of eigenvalues 

occurs at the intersection where 𝑅 = 2.2Ω , is the exceptional point. We further construct the effective 

Hamiltonian of such system, which is obtained from a chosen Mobius transformation from the scattering matrix 

S. From our experiments and numerical simulations, it was found that H at the frequency of unidirectional 

reflection has the following form: 

 𝐻 = (
𝑎 + 𝑖Γ1(𝑅) −𝑖𝜅

𝑖𝜅 𝑎 + 𝑖Γ2
). (1) 

where 𝜅 represents the bianisotropy. Γ1 (Γ2) represents the loss of the split-ring (vertical dipole). Only Γ1 is a function 

of the variable resistance R. The effective Hamiltonian can be regarded as the constitutive matrix, which is a system 

response matrix (in parallel to other system matrices like ABCD matrix, impedance matrix, etc.). For an ideal PT-

symmetric Hamiltonian, Γ1(𝑅) should have the same amplitude but opposite sign to Γ2. As the transmission line is 

totally passive, we only have positive Γ1 and Γ2. The frequency to have unidirectional reflection ensures the real 

parts of the diagonal values of H to be the same value 𝑎. The exceptional point (or unidirectional reflection) 

occurs at |Γ1 − Γ2| = 2𝜅 , which is associated to passive PT-symmetry. The investigations can be useful for 

designing tunable microwave circuit elements and metamaterials enabled by exceptional points and effective 

Hamiltonian models. 
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Abstract-The concept of spatial non-reciprocity in surface plasmon based Bragg gratings is introduced. It is shown that 

balanced modulation of index and gain/loss with quarter pitch spatial shift cause a nearly perfect unidirectional coupling 

between contra-propagating modes in a long range surface plasmon polariton Bragg grating. Such a Bragg grating operates 

at the breaking threshold of parity-time symmetry.  

  

Parity-time (PT) symmetric optical materials are synthetic materials in which the refractive index of the 

structure is judiciously synthesized to form n(z) = n*(-z)1-3. This condition is necessary but insufficient for 

having PT symmetry structure. By altering the refractive index of the structure at a certain critical threshold, PT 

symmetry breaks down sharply. This breaking threshold is referred to as an exceptional point or spontaneous 

phase transition, where many fascinating optical phenomena can be observed5-10. 

A Bragg grating with matched modulation of real (index) and imaginary (gain/loss) refractive index, where 

the perturbation of gain/loss versus the real index perturbation is quarter-period shifted spatially, is an example 

of a PT symmetric structure operating at the breaking threshold. The refractive index distribution of such a 

Bragg grating can be written as: 

0 0

2
( ) exp( j z)n z n n


  


                                                                                                                                                                   (1) 

where Λ is the period of the grating. Using coupled mode theory, coupling from the forward to the backward 

propagating mode is directly related to the Fourier components of the periodic refractive index. For a refractive 

index with single sideband spectrum, such as the one given in Eq. (1), there will be unidirectional coupling 

between the forward and backward propagating modes and a non-reciprocal Bragg grating (NRBG) results. 

Here we apply this concept to a Bragg grating supporting long-range surface plasmon polaritons 

(LRSPPs). The proposed structure offers a single sideband modulation of the refractive index similar to Eq. (1) 

which gives rise to a non-reciprocal Bragg grating (NRBG). Fig. 1 shows the proposed NRBG architecture10. 

Stepping in width of Ag stripe on Fused silica substrate creates modulation of index of refraction, whereas 

alternate bricks of doped/undoped PMMA in the top cladding generate modulation of gain/loss. There is a Λ/4 

spatial shift between Ag steps in width and PMMA doped/undoped regions which causes a 90° phase shift 

between index and gain/loss modulation. The device is pumped from top in order to produce gain in the doped 

regions11. 

Fabrication of this device is ongoing. Electron beam lithography is used for creating Ag and PMMA 

patterns with features as small as 150 nm. Fig. 2 gives a scanning electron microscope (SEM) image of a Ag 

step-in-width grating on Fused silica after development and sputtering.  

The transfer matrix method is used to compute the reflectance and transmittance spectra of the NRBG. 

Near-ideal non-reciprocal reflectance is predicted along with amplified reflectance in an experimentally 

realisable structure. 
 

 

 

 

 

 



 

Fig. 1 (a) Proposed NRBG architecture. (b) Top view of the structure. Ag step-in-width metal stripe grating shown in black dashed 

outline. An undoped/doped PMMA (Poly methyl methacrylate) grating of the same period as the Ag step-in-width grating is overlaid but 

shifted Λ/4 spatially with respect to the latter. 

 

Fig. 2 SEM image of a Ag step-in-width grating on Fused silica. The pitch of steps in width is about 300 nm and duty cycle is about 50%. 
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Abstract-The paper analyses the dispersion characteristics of an infinitely long PT chain made of 

whispering gallery resonators with gain/loss modulation. The results show that the appearance of 

the threshold breaking point depends not only on both of coupling and gain/loss modulation but 

also on the Bloch phase. The Bloch phase is seen as an additional parameter that can reduce or even 

completely eliminate PT-breaking threshold.  

 

Recently, structures with balanced gain and loss, commonly referred to as Parity-Time (PT) symmetric 

structures, have been the subject of intense investigation, mainly due to the fact that the structures mimic PT 

Hamiltonians in quantum field theory. PT symmetric structures feature a unique threshold condition; at this point 

the real eigenfrequencies coalesce to become complex conjugates. Several structures such as PT Bragg gratings, 

PT coupled waveguides, PT plasmonics and PT coupled cavities have been studied theoretically and 

experimentally, and have shown unique properties such as loss-induced transparency, simultaneous 

lasing-absorption, and loss-induced lasing. These featuring properties have been reported to be useful for 

applications such as switching, optical logic-gates, memory and lasers [1–6].  

 

Figure 1 Schematic diagram of an infinitely long PT chain of whispering gallery resonators with a unit cell of length Λ. 

Each unit cell comprises of a gain and lossy resonator with equal dimension and gain/loss parameter 𝛾0 =  −𝛾𝐺 = 𝛾𝐿. 

 

Our recent work on the inclusion of a practical implementation of material properties into PT structure have 

found that causality restricts the PT condition to be satisfied only at a single frequency [3,7]. This leads to a 

single frequency PT operation and inhibits multi-mode PT symmetry breaking. In this paper we use a 

weak-coupling analytical model to analyze an infinitely long PT cavity chain as schematically illustrated in Fig. 

1, where a unit element of length Λ is comprised of a pair of coupled cavities. The coupled cavities have 

balanced gain and loss where 𝛾𝐺  and 𝛾𝐿  denote gain and loss respectively, satisfy 𝛾0 = −𝛾𝐺 = 𝛾𝐿 . 

Throughout this paper, the material is modelled with a Lorentzian dispersive material model [8] which satisfies 

the Kramers-Kronig relationship as 

𝜀(𝜔) = 𝜀∞ +
𝜎0

𝜔𝜀0
(

1

1 + 𝑗(𝜔 − 𝜔𝜎)𝜏
+

1

1 + 𝑗(𝜔 + 𝜔𝜎)𝜏
), (1) 

where 𝜀∞  denotes the dielectric constant at infinity, 𝜔𝜎  is the atomic transitional frequency, 𝜏  is the 

relaxation time parameter and 𝜎0 is related to the peak of gain/loss at the given 𝜔𝜎.  

Figure 2 shows the eigenfrequencies of the infinitely long sequence of coupled microcavities as a function of 

. . .       
Λ 

𝑖 𝑖 − 1  𝑖 + 1   

. . . 𝛾𝐺 𝛾𝐿 

mailto:sendy.phang@nottingham.ac.uk


gain/loss parameter 𝛾0 and the Bloch phase 𝛽Λ. The cavities have a radius of 𝑟 = 0.54μm with material 

parameters of refractive index at infinity 𝑛∞ = 3.5 and 𝜔𝜎𝜏 = 212, as in [3]. The red lines in Fig. 2 indicate 

the threshold point for a given gain/loss parameter and for different Bloch wavelengths. In contrast to a typical 

PT-symmetric structure, where the appearance of a threshold point depends on a finite strength of gain/loss 

modulation, in the infinitely periodic case the appearance of the threshold point additionally depends on the 

Bloch phase. For example, at a Bloch phase of 𝛽Λ = 𝜋, the threshold occurs even in the absence of gain/loss, i.e. 

the PT breaking condition occurs immediately for no gain/loss modulation (𝛾0 = 0). This is in agreement with [6] 

where a PT micro-ring resonator is made by periodically modulating the ring refractive index with large number 

of gain and loss sections along the azimuthal direction, and where the observed thresholdless condition is 

associated with the continuous rotational symmetry for the desired WGM mode. The presentation will further 

discuss ways of introducing a bandgap in the 𝜔 − 𝛽Λ response of the infinitely long chain and how it might be 

exploited for optical amplification or attenuation applications.    

 
Figure 2 Normalized (A) real part and (B) imaginary part of eigenfrequency of an infinitely long chain of PT symmetric 

cavities, as illustrated in Fig.1, as a function of gain/loss parameter 𝛾0 and Bloch phase 𝛽Λ.  
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Abstract— We consider the role of degeneracy in Parity-Time (PT) and Rotation-Time
symmetry breaking for non-hermitian wave equations beyond one dimension. We show that the
non-hermicity of the system eigenmodes can either onset abruptly as in typical PT-symmetric
systems or be a linear function of the gain/loss parameter. These results are illustrated by using
different T-breaking perturbations of a uniform dielectric disk and sphere, and a group theoretical
analysis is given in the disk case.

Parity-Time (PT ) symmetric systems have attracted considerable interest in the past few years.
These are non-hermitian systems which are invariant under the combined action of a parity and
time-reversal operation. In the case of closed Hamiltonian systems the transition is from a regime
of real energy eigenvalues to complex conjugate pairs of eigenvalues as the degree of non-hermiticity
is increased [1]. For the case of open, scattering systems, the transition is seen in the eigenvalues
of the scattering matrix, which can remain on the unit circle despite the non-hermiticity up to
some threshold and then depart from it in pairs with inverse moduli [2, 3]. In both cases the
transition occurs when two eigenvalues coincide at an exceptional point (EP) which corresponds
not to a degeneracy of the relevant operator but to a point at which it becomes defective (two
eigenvectors coalesce), and hence is non-diagonalizable [4, 5, 6]. A major application of the theory
of PT -symmetry breaking is to the wave equation of electromagnetism where the possibility of
adding gain and loss in a PT -symmetric manner allows observation of many intriguing phenomena
[7, 8, 9, 10, 11, 12].

Essentially all of the work on PT -symmetry breaking has focused on one-dimensional (1D) or
quasi-1D (coupled waveguide) systems. These systems can never have a high enough symmetry
group to generate generic degeneracies. In the current work we focus on two-dimensional (2D) and
three-dimensional (3D) PT -symmetric scalar wave systems, described by the Helmholtz equation

−∇2φ(~r) = [εc(~r) + iτg(~r)]
ω̃2

c2
φ(~r), (1)

which can have the new feature of continuous symmetries and generic degeneracies in the absence
of the T -breaking non-hermitian perturbation. The cavity dielectric function εc(~r), gain and loss
strength τ , and their spatial profile g(~r) are real quantities. We adopt the convention that τ is
non-negative, with which g(~r) < 0 (> 0) represents gain (loss).

As we show in Fig. 1(a), the PT -transition is absent in such systems if T is generically broken,
meaning that they do not have a real spectrum even when the T -breaking is infinitesimal. However,
if T is not generically broken, i.e. if some further discrete spatial symmetries are preserved, then it
is possible that either the entire spectrum remains real over a finite interval (standard PT behavior;
see Fig. 1(b)) or a finite subset of the degenerate spectrum does (see Fig. 1(c)).

These scenarios are analyzed using a coupled-mode theory and generalized “point groups” S ≡
{PT , χ}, where χ includes the identity operator 1. The examples examined in Fig. 1(b) and (c)
have v angular blocks of equal area, and the corresponding S is a generalization of the dihedral
group, D2v, describing the symmetries of regular polygons of v sides. D2v contains 2v elements,
including 1, v − 1 rotations, and v reflections. We denote the relevant generalization of this group
to our system as DT 2v. The difference between DT 2v and D2v is due to the effect of T breaking
while PT is preserved. One finds that v elements in D2v are no longer symmetry operators, but
become so again when multiplied by T . This can be shown to be a general property of generalized
point groups with PT symmetry. For the “PT -wheel” configuration shown in Fig. 1(c), S =
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Figure 1: Different PT -transition scenarios in a 2D disk geometry. (a) Absence of PT transitions with no
additional discrete symmetry. (b) Protected PT transitions and an entirely real spectrum at small τ with
additional discrete symmetries. (c) Partial transitions with additional discrete symmetries. Insets show the
corresponding gain (G) and loss (L) profiles.

DT 8 ≡ {1,PT ,P±π

4
,Pπ

2
T ,Rπ

2
T ,Rπ,R 3π

2
T }, and removing the 4 T -operators gives the original

D8 group. Here Rφ denotes clockwise rotation about the origin by φ. The difference between
this case that that in Fig. 1(b), described by DT 12, is the lack of an operator that decouples all
pairs of degenerate modes in the disk geometry, which can be, for example, Pπ

2
or RπT . These

operators protect PT -transitions at a finite T -breaking perturbation, without which some pairs of
eigenmodes, if not all, acquire a finite non-hermicity at infinitesimal τ and be in the PT broken
phase. Interestingly, the dihedral group has another generalization with PT -symmetry, and the
cyclic group can also be generalized.

In addition, our analysis shows that other composite symmetries which can occur in higher
dimension, such as RT where R represents rotation by π, can behave differently from PT and can
exhibit a fully real spectrum when the corresponding PT system does not. Our analysis also shows
that it is possible for multimode coupling to restore the PT -symmetric phase, at finite T -breaking,
if it is appropriately tuned. We thank Konstantinos Makris, Ramy El-Ganainy, Stefan Rotter,
and Jan Wiersig for helpful discussions. This project was partially supported by PSC-CUNY 45
Research Grant and NSF under Grant No. ECCS 1068642.
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Abstract-We address the problematic of energy conservative states in PT-symmetric system of coupled 
waveguides. It is demonstrated that energy conservative states satisfying requirements for a switching operation 
can be also obtained in PT-symmetric couplers with non-uniform coupling or gain-loss profiles. We also provide 
evidence for energy conservative states corresponding to polarization rotation. This opens new prospects for 
functional applications of PT-symmetric devices in photonics. 

 
 

We consider the simplest model of the balanced gain-loss directional coupler described by the equations: 

( )

( )

1
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κ γ

κ γ
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= −

     (1) 

and pose the question about the evolution of the energy conservative states as function of the gain-loss coefficient 
profile �(z).  

As known, in a conventional system without gain and loss the light is periodically bounced between two 
coupled waveguides but the total light intensity is conserved in every point along the propagation direction. In 
contrast, PT-symmetric systems combining gain and loss are generally energy non-conservative, though their 
energy remains bounded below the exceptional point. Nevertheless, as demonstrated in [1], for an uniform system 
of PT-symmetric coupled waveguides energy conservative states exist and they form continuous trajectories on 
coupler transmission maps as function of length gain-loss variation (Fig. 1a). The interest for energy conservative 
states providing a binary response is motivated by the possibility of implementation of a perfect switching 
operation through the variation of the gain and loss level in the system: 
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The aim of our study is to demonstrate that energy conservative states satisfying requirements for a switching 
operation can be also obtained in PT-symmetric couplers with non-uniform coupling or gain-loss profiles. The 

gain-loss profile must be even ( ) ( )z zγ γ= −  for a switching operation performed for a coupler which length is 



an even integer multiple of the coupling length. Conversely, the gain-loss profile must be odd ( ) ( )z zγ γ= − −  

for a coupler which length is an odd integer multiple of the coupling length. These rules are applied to determine 
the optimal γ(z) profile minimizing the global amount of amplification in the system to perform switching. 

  
Fig. 1: Fig. 1: Color map of a transmission T11(L,γ) in a dB scale. The bold black lines corresponds to the energy conservative 

states S=T11 + T12=1. The thin solid lines on the maps correspond to the iso-level curves (T11=1 magenta, T12=1 cyan). The 

red and blue color arrows correspond to a perfect switching operation from T11=1, T12=0 to T11=0, T12=1. The red arrow 

corresponds to the light injection through the gain input waveguide, the blue one to the injection through the lossy waveguide. 

a) Uniform PT-symmetric system of coupled waveguides; b) Non-uniform PT-symmetric coupler with cosine-like variable 

gain-loss profile. 

 
It is also demonstrated that in contrast to uniform PT-symmetric couplers where all the energy conservative 

states are located on the branches corresponding to a switching operation (Fig. 1a), for a non-uniform system the 
situation is different. As illustrated in Fig. 2b, only a half of the branches may be used for binary switching 
operation. The remaining branches are forming a closed loop trajectories that progressively collapse with the 
increase of coupling of gain-loss profile variation. These energy conservative states are corresponding to 
polarization rotation and thus open new prospects for functional applications pf PT-symmetric devices in 
photonics. 
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Abstract- The scattering properties of PT-symmetric periodic stack of binary dielectric layers characterised by 
balances loss and gain are explored. It is shown that resonant phenomena are connected with surface mode 
excitation at internal boundaries of the stack. The effects of the structure parameters and direction of incidence 
on the resonant phenomena and spontaneous symmetry breaking transition are determined. It is shown that 
structure periodicity  significantly increase the number of resonant phenomena, especially in stacks with high 
dielectric permittivity of the layers.  
 

Parity-time (PT)-symmetric systems attract increasing interest fuelled by their applications for optical range. 
It has been shown that these materials can exhibit several exotic features. To date, most of the studies in optical 
realizations of PT-symmetric media have connected with investigation of stacked layers and films [1-3]. The 
planar structures are of particular interest because on one hand they are compatible with the existing fabrication 
technologies and, on the other hand, their basic models provide deep insight in the main features and 
mechanisms of the scattering. The aim of this work is to analyse the influence of the periodicity and individual 
layer parameters onto the scattering properties of PT-symmetric stacks of periodically sequenced binary 
dielectric layers stack of binary dielectric layers with balanced loss and gain under oblique incident plane-wave 
illumination. 

It is assumed that the periodic stack of binary dielectric layers of the total thickness L=2Nd (N is the number 
of structure periods, d  is the thickness of the layers) is illuminated by obliquely incident TM-wave (see Fig.1). 
The slabs are characterized by complex-conjugate relative permittivities i      and * i      
corresponding to balanced gain and loss regions. The structure is surrounded by homogeneous medium. 

 
Fig.1. Geometry of the problem. 
 
To evaluate scattering properties and symmetry breaking transitions in PT- symmetric periodic structure, we 

use the scattering matrix formalism. In the approximation of non-depleting waves, this is accomplished with the 
aid of the transfer matrix of whole stack composed by the transfer matrices of individual layers. As the result of 
analytical and numerical investigation we demonstrate that tunneling phenomenon in periodic structures is 
connected with excitation of surface waves at the boundaries separating gain and loss regions within each unit 



cell and tunneling conditions for periodic stack can be reduced to the conditions for one period. Alternatively, it 
is shown that coherent perfect absorber (CPA) laser states are mediated by excitation of surface modes localised 
at all internal boundaries of the structure.  

The detailed parametric study has been carried out to explore the influence of the periodicity and constitutive 
parameters of the layers on the resonant scattering properties and symmetry breaking transitions in PT- 
symmetric periodic structure. The numerical examination of dependences for eigenvalues of scattering matrices 
shows that with increase of N (increase of total thickness of the stack) symmetry breaking occurs at lower 
frequency. But in the cases of thick structures with high dielectric permittivities, the phase transition at lower 
frequencies can be suppressed by Bragg resonances. At the same time, for increased number of unit cells in the 
stack and constant total thickness of the stack the transition tends to occur at higher frequencies. The 
examination of frequency dependencies for eigenvalues of scattering matrices shows that existence of singular 
points in the broken-symmetry phase is primarily determined by the ratio between real and imaginary parts of 
dielectric permittivities and level of gain/loss. It is noteworthy that number of singular points rises with number 
of unit cells. The reflectance of TM waves incident at slant angle on the stack of layers with 0.2   , 0.1    
is displayed in Fig. 2. It can be seen that the phenomenon of anisotropic transmission resonance (ATR) is 
essentially dependent on the material and thickness of the constituent binary layers and do not depend on the 
number of the periods. Peaks of reflectivity and transmittivity at  = 2.988×1013 s1 for bilayer structure and 
multiple peaks for N=5 are the CPA laser resonant points corresponding to singular points of scattering matrix. 

 

Fig.2. TM wave reflectance for right (   2LR ) and left incidence (   2RR ) and transmittance ( 2T ), for PT-symmetric stack 

with d=125 m, (a) - N=1, (b) - N=5, illuminated at the angle iθ = 10°. ATRs are marked by vertical dotted lines. 
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Abstract - Theoretical and experimental studies of mechanisms of the near-field thermal radiation 

enhancement and control reveal contributions from surface polariton waves, morphology-dependent 

trapped optical modes, as well as material and metamaterial phase transitions. A new theoretical 

approach based on the lattice dynamics and the microscopic Maxwell equations is presented, which 

enables bridging the theories of conduction and radiation. 

 

The properties of thermal emission and radiative heat exchange change drastically if probed in the near-field, 

i.e., at distances away from the emitter that are shorter than the dominant wavelength of thermal radiation. In 

particular, when the spacing between two surfaces exchanging heat is reduced beyond this distance, heat transfer 

can significantly exceed the blackbody limit predicted by the Stefan-Boltzmann law.  

The heat flux exchanged via the near-field radiation channels can be modified by tailoring the local density 

of photon states (LDOS) in the emitter and the absorber. We have demonstrated both theoretically and 

experimentally various mechanisms of LDOS modification, which may enhance the near-field thermal radiation 

by orders of magnitude. Contributions to the near-field radiation heat transfer from surface polariton waves, 

morphology-dependent volume optical modes, as well as material and metamaterial phase transitions have been 

revealed and will be discussed in my talk.  

Experimentally, we investigate near-field thermal radiation between two objects at extremely small 

separations using a sphere-plate configuration. To measure near-field thermal radiation from tens of nanometers 

down to direct contact, we developed a new type of cantilever, which can decouple thermal and force signals to 

eliminate the parasitic deflection of the cantilever due to the force effect.  

Theoretically, we model the heat flux by Rytov’s fluctuating electrodynamics formulation based on the 

macroscopic Maxwell equations and local dielectric functions, which provides an agreement with experiment 

even at separations well below the thermal emission wavelength range, yet diverges at the zero gap limit. On the 

other hand, in the limit when two surfaces are in contact, heat transfer can be described in terms of heat 

conduction and phonon transport. To date, no unified theory existed that could describe the power transferred 

between two bodies as a function of their separation down to the zero gap contact limit. To fill this knowledge 

gap, we have developed an approach using lattice dynamics and the microscopic Maxwell equations to bridge 

the theories of conduction and radiation.  
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Abstract— We discuss strategies to reduce electromagnetic heat transfer in the context of
traps for ultra-cold atoms based on nanostructures. The basic processes of fluctuation-induced
friction forces and path decoherence are discussed with the help of a microscopic model using the
toolbox of quantum field theory.

In many applications of radiative heat transfer, the electromagnetic field provides the coupling
between material-bound degrees of freedom that, themselves, are part of a thermodynamic system
and characterized by a local temperature. We discuss in this contribution the opposite limit where
one material object is reduced to a gas or even individual microscopic particles. This setting is
relevant in surface-assisted electromagnetic traps for ultra-cold gases, e.g., also known as atom chips.
Other applications involve electromagnetic shielding of particles in high-precision experiments and
the residual interactions between the particle and the conducting surfaces. The design goal in these
settings is to control and reduce the electromagnetic heat transfer: in order to maintain the low
temperature of the gas particles, near a macroscopic surface that is much hotter.

In the first part of the contribution, we discuss design strategies to reduce the thermal magnetic
fields in the vicinity of a conducting structure. In an atom chip, these nano-structures carry electric
currents that create small-scale electromagnetic traps. This results in the conflicting requirement
of a high conductivity and low Johnson noise because the latter perturbs the coherent quantum
state of the gas particles in a magnetic trap. Early experiments with metamaterials based on
conductors cut into stripes are reviewed [1]. We consider different material options (alloys [2] and
semiconductors [3]) and outline the challenge of simulating thermal radiation in the presence of an
applied current and in a complex nanostructure.

The second part deals with the elementary processes of heat transfer by analyzing the extreme
case of a particle at zero temperature that is moving relative to a surface. This case is also
known as quantum friction, as the Doppler shift may become anomalous and generate polariton
excitations in the surface [4,5]. But the problem is also relevant for electron interferometers where
a beam is grazing a surface and the fringe contrast is dropping because welcher Weg information
is becoming available [6, 7]. We present a microscopic analysis how the particle’s kinetic energy
is converted into field-assisted excitations, based on a model studied by G. Barton [8–10]. This
analysis aims at resolving the question how the quantum friction force behaves at low particle
velocities: proportional to v or v3? The validity of the popular approximation of local thermal
equilibrium is addressed with the help of toy models similar to the Einstein–Hopf model [11,12].
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We present a framework for the general-purpose calculation of many different incandescence and lumines-

cence processes, including fluorescence, spontaneous emission, thermal radiation, heat transfer, and Casimir

forces, in arbitrary geometries. In particular, we derive a fluctuating volume–current (FVC) formulation of

electromagnetic fluctuations that exploits techniques from the volume–integral equation (VIE) formulation of

electromagnetic scattering and that expands the range and validity of current methods to situations involving

inhomogeneous media. We demonstrate the flexibility and utility of these techniques via new predictions of

highly directional thermal emission from inhomogeneous objects subject to temperature gradients.

I. INTRODUCTION

Recently, a fluctuating surface-current (FSC) framework

was presented for the analysis of equilibrium1 and non-

equilibrium2 quantum and thermal fluctuations. FSC is

based on a surface integral equation formulation, and thus

is restricted to homogeneous geometries. Here, we intro-

duce a general framework, dubbed fluctuating volume-current

(FVC), which has a substantially wider range of applications

compared to FSC. FVC is based on a volume integral equation

(VIE) formulation and extends the matrix-vector-matrix for-

mulas developed in3 for classical electromagnetic problems

to matrix-trace formulas for rates of radiative heat transfer,

Casimir forces, and fluorescence. A key feature of the pro-

posed framework is the fast procedure for the computation of

the associated matrix-trace formulas, which allow us to han-

dle realistic geometries. We check the accuracy and valid-

ity of this method against known solutions involving homoge-

neous objects and then demonstrate its generality by calculat-

ing thermal radiation and fluorescence from compact objects,

i.e. spheres, ellipsoids, and cubes, with varying permittivi-

ties and temperature gradients. The same trace formulas can

be readily adapted to obtain the far-field radiation pattern of

complex shapes, which we illustrate via new predictions of

strongly directional (angular) emission at wavelengths close

to the modal resonances of the objects. Finally, we comment

on the relationship of the VIE framework to other scattering

formulations that have not yet but could potentially be adapted

to the study of fluctuations in inhomogeneous media. In the

next few sections, we give a brief preview of the formulation

as applied to the problem of thermal radiation; new predic-

tions and results of unusual or interesting heat transfer and

thermal radiation will be presented at the talk.

II. FORMULATION

A. Volume Integral Equations

Consider any finite-volume scatterer described by some rel-

ative permittivity ǫr and permeability µr with respect to the

ambient medium. Let φ and σ denote 6-component (volume)

electric and magnetic fields and currents, respectively, and

ξ denote 6-component bound polarization/magnetization cur-

rents (assuming exp (−iωt) time dependence):

φ =

(

e

h

)

; σ =

(

j

m

)

; ξ =

(

jp
mp

)

= −iωχφ (1)

where χ is a 6× 6 tensor with the susceptibilities4,

χ =

(

ǫ 0
0 µ

)

. (2)

Let the incident field φinc (in the absence of the scatterer)

and the scattered field φsca be described by 6-component vec-

tor fields. The total field can be expressed via the volume

equivalence principle,5

φ(x) = φinc(x) + φsca(x) = Γ ⋆ σ + Γ ⋆ ξ

=

ˆ

Γ(x,y) [σ(y) + ξ(y)] d3y
(3)

where Γ(x,y) = Γ(x − y,0) is the 6 × 6 Green tensor of

the ambient medium (typically free space). The VIE for the

induced currents ξ due to to excitations fields generated by the

free current density σ is derived by combining (1) and (3),

ξ + iωχ(Γ ⋆ ξ) = −iωχ(Γ ⋆ σ). (4)

The equation above is numerically solved by means of

Galerkin method of moments, as in,3,6 and the resulting lin-

ear system reads

W
−1

x = (V −W
−1) s (5)

where W
−1 is the associated VIE system matrix and V the

so-called Gram matrix. Also, x and s are vectors with the co-

efficients for the induced and the free currents, respectively.

Without loss of generality, we can choose the basis functions

so that V is equal to the identity matrix, i.e., V ≡ I . Obvi-

ously, x+ s = WV s = W s. In the following, we also make

use of the Green matrix G, which is the discrete form of Γ.



2

B. Emissivity Spectrum

The formula for the power emitted from a dipole source

may be derived from the definition of the radiated power pre-

sented in,3

Φs = −
1

2
Re (x+ s)∗G(x+ s) = −

1

2
(Ws)∗ symG(Ws)

= −
1

2
Tr [(ss∗)W ∗ symGW ]

(6)

where symG denotes the Hermitian part of G. The ensemble-

average 〈· · · 〉 of the radiated power due to all fluctuating

dipoles, i.e. Φ ≡ 〈Φs〉, is given by2

Φ = −
1

2
Tr [CW

∗ symGW ] (7)

where C = 〈ss∗〉 is the statistical average of the dipole cur-

rents’ correlation, as described in,7 and it is Hermitian (by

definition) and positive definite.

III. FAST TRACE COMPUTATIONS AND VALIDATIONS

The matrix-trace formula (7) contains the inverse of the

VIE system matrix. In realistic scenarios, this matrix is ex-

tremely large, hence it is practically impossible to form it ex-

plicitly and invert it. Here we propose a fast procedure for

the computation of (7), which is based on the fact that we

have at hand only a fast iterative method for the solution of

the VIE system, as in.6 We begin with the observation that

symG is a rank-deficient, Hermitian, negative semidefinite

matrix.7 Hence, it can be approximated with sufficient accu-

racy by a truncated SVD factorization or eigendecomposition:

symG ≈ −USU
∗, where S ∈ C

r×r, with r ≪ n, where n is

the degrees of freedom of the VIE method.

The matrix with the singular values S and the current-

correlation matrix C admit a Cholesky factorization: S =

LSL
∗

S
and C = LCL

∗

C
. Finally, the trace in (7) can be written

as the square of a Frobenius norm, as follows:

Φ =
1

2
Tr [LCL

∗

C
(W ∗

U)LSL
∗

S
(U∗

W )]

=
1

2
Tr [{L∗

C
(W ∗

U)LS}{L
∗

S
(U∗

W )LC}]

=
1

2
‖L∗

C
(W ∗

U)LS‖
2

F
.

(8)

For the most time consuming part of the norm, we need to

solve the VIE system r times (for each of the leading singular

vectors).

To check the validity of the above formulas, we examine the

radiation from either a sphere or cube with ǫr = 12 + 1i. In

Table I, we compute the singular values of symG for different

frequencies α = koR (with R = 1 um being the radius of the

sphere and the half of the cube’s edge length) and accuracies,

i.e., we pick the singular values that produce SVD factoriza-

tions bounded (in norm) by the tolerance tol. According to the

results in Table I, the ranks scale with frequency linearly for

high frequencies, and sub-linearly for small frequencies (con-

stant for very low frequencies). In addition, further numerical

experiments have shown that the effect of the mesh density to

the ranks is negligible. This also suggests a strategy for ob-

taining the finite rank of symG with prescribed accuracy. The

solution generated with the method proposed here is validated

against previous results using the FSC formulation.1,2

TABLE I. Ranks of symG for various frequencies (α = k0R) and

tolerances in truncated SVD. The ranks correspond to the case of a

sphere and a cube (in brackets).

❛
❛

❛
❛

α tol 1e−2
1e−4

1e−6
1e−8

0.01 4 (4) 4 (4) 12 (12) 12 (12)

0.1 4 (4) 12 (12) 12 (14) 24 (24)

1.0 12 (14) 24 (40) 40 (60) 60 (84)

2.0 24 (37) 60 (65) 84 (109) 112 (144)

1 M. T. H. Reid, A. W. Rodriguez, and S. G. Johnson, “Fluctuation-

induced phenomena in nanoscale systems: harnessing the power

of noise,” Proc. of the IEEE, vol. 101, no. 2, pp. 531 – 545, 2013.
2 A. W. Rodriguez, M. T. H. Reid, and S. G. Johnson, “Fluctuating

surface-current formulation of radiative heat transfer for arbitrary

geometries: Theory and applications,” Physical Review B, vol. 88,

no. 5, p. 054305, 2013.
3 A. G. Polimeridis, M. T. H. Reid, S. G. Johnson, J. K. White, and

A. W. Rodriguez, “On the computation of power in volume integral

equation formulations,” IEEE Trans. Antennas Propag., vol. 63,

no. 2, Feb. 2015.
4 For simplicity, we absorb the permittivity and permeability of the

ambient medium in the susceptibilities.

5 W. C. Chew, J. M. Jin, J. M. Michielssen, and J. M. Song, Fast and

efficient algorithms in computational electromagnetics. Boston,

MA: Artech House, 2001.
6 A. G. Polimeridis, J. F. Villena, L. Daniel, and J. K. White, “Sta-

ble FFT-JVIE solvers for fast analysis of highly inhomogeneous

dielectric objects,” Journal of Computational Physics, vol. 227,

no. 14, pp. 7052 – 7068, 2014.
7 A. G. Polimeridis, M. T. H. Reid, W. Jin, S. G. Johnson, J. K.

White, and A. W. Rodriguez, “Fluctuating volume–current formu-

lation of non-equilibrium fluctuations in inhomogeneous media:

radiative heat transfer, Casimir forces, and fluorescence,” In prepa-

ration, 2015.
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Abstract— We compute the radiative heat transfer between two sheets of 2D Dirac materials,
including topological Chern insulators and graphene, within the local optics approximation. We
derive both numerically and analytically the short-distance asymptotics of the near-field heat
transfer in these systems, and show that it scales as the inverse of the distance between the two
sheets. We discuss the limitations to the validity of this scaling law imposed by spatial dispersion
in 2D Dirac materials.

Two-dimensional Dirac materials constitute a class of materials that carry electrons governed
by the Dirac equation. Since the discovery of the first Dirac material graphene, the past ten
years have seen another expanding family of such materials now including topological Chern in-
sulators, transition-metal dichalcogenides (TDMC), as well as silicene and germanene. Because
of their atomic thickness and unusual electronic properties compared to conventional materials,
optical transport properties of Dirac materials have received particular attention recently gener-
ating prospects for using them in graphene photonics, graphene plasmonics, and TDMC-based
valleytronics.

The interesting magneto-optical properties of 2D Dirac materials strongly modify fluctuation-
induced interactions between them, including momentum transfer (Casimir forces) and energy
transfer (radiative heat exchange). Remarkably, a strong magnetic field in the out-of-plane orien-
tation between two graphene sheets was shown to result in a quantized Casimir force [1], and a
similar effect between Chern insulators without an external magnetic field has also been predicted
[2]. For the case of radiative heat transfer, previous works have focused on grapheme systems in the
metallic regime, when the Fermi level lies in one of the bands, and the heat transfer is dominated
by the effects of surface plasmon polarities corresponding to the optical Drude response near the
Fermi level [3, 4, 5]. Thermally excited graphene plasmons can substantially increase radiative heat
transfer at short separations. Lifting of the degenerate Dirac point by time-reversal symmetry (as
in the case of Chern insulators) or by spatial inversion symmetry (as in the case of 2D TDMC)
results in a Dirac insulator with a band gap. When the chemical potential lies within the band
gap, the plasmonic contribution to the radiative heat transfer is exponentially suppressed and the
heat transfer is mainly due to interband optical transitions.

The short-distance asymptotics of dispersion interactions depends on the dimensionality and
optical properties of the involved bodies, and has been studied in the past for selected materials.
In the case of near-field heat transfer in 3D systems, the heat exchange scales as the inverse of the
squared distance between the plates, when the their optical properties are treated within the local
optics approximation (i.e. no spatial dispersion included). At very short separations, this scaling
law breaks down due to the spatial dispersion effects, and heat transfer saturates. The precise
distance when this cross-over to saturation occurs depends on the kind of materials, eg. metals [6]
or dielectrics [7].

Here, we investigate the radiative heat transfer between two-dimensional Dirac materials within
the local approximation for the optical response. In particular, we study the asymptotic short-
distance behavior of near-field heat transfer in these systems, including topological Chern insulators
and graphene, and show a scaling law at short separations that goes as the inverse first power of
distance [8]. We also argue that this scaling law is valid for any two-dimensional material, as long
as the local approximation remains valid. As in the case of 3D metals and dielectrics mentioned
above, we expect this scaling law to break down at very short separations. Unfortunately, to date
there is no widely accepted treatment in the literature of nonlocal effects on the optical response
of 2D Dirac materials, which prevents us from assessing the precise region of validity of the local
approximation used in this work.
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Abstract- We will discuss the behavior of one or more elementary quantum systems (atoms, molecules, 

quantum dots, …) interacting with a stationary, simple and rich electromagnetic environment out of 

thermal equilibrium. Particular attention will be devoted to the new features that this system offers 

toward the possibility to manipulate collective atomic states and leading to improved performances in: 

creation and protection of entanglement, quantum thermal machines, transport of excitations.   

 

We studied the behavior of elementary quantum systems (atom, molecules, quantum dot, …) interacting 

with a stationary, simple electromagnetic environment out of thermal equilibrium resulting from the presence of 

macroscopic objects held at different temperatures.  

 

We will show how the internal atomic dynamics can be deeply affected by the non equilibrium configuration 

leading to unexpected phenomena like a spontaneous inversion of population, new cooling mechanisms obtained 

by heating the system [1], the possibility to create and protect entanglement in a stationary and robust way [2].  

 

We will discuss how this system may directly allow the realization of atomic quantum thermal machines, with 

high efficiency and a genuine quantum behavior [3]. Finally the transport of atomic excitation in both chains and 

2D and 3D atomic ensembles will be discussed, showing that the transport efficiency can be largely increased by 

thermal fluctuations (contrarily to what typically expected) thanks to pure non-local quantum effects [4]. 
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Abstract Based on exact approaches, we demonstrated that patterning thin films into 1D and 2D 

nanostructures can improve its heat transfer performance by more than one order of magnitude. The 

underlying mechanism of this counterintuitive phenomenon lies in the excitation of hyperbolic 

modes supporting high LDOS for broad frequency and k-space regimes. The radiative heat flux of 

2D hyperbolic materials (HMM) is demonstrated to increase monotonically with the thickness 

while the performance of 1D HMM is not insensitive to the thickness. 

 

When bringing two or many thermally nonequilibrium objects close to the near-field, stochastic 

evanescent waves induced by fluctuating currents inside them will be able to tunnel through, leading to 

super-Planckian thermal radiation transfer [1, 2]. This interesting phenomenon has attracted much attention due 

to the wide potential applications including energy harvesting, thermal imaging, and contactless thermal 

management. However, the theoretical investigations of large-scale substrates have been limited to planar or 

effectively planar objects until recently [3-6]. Excitation of surface modes can help to increase the photon 

tunneling probability, but the resonance only covers a narrow wavevector range. Based on exact methods, it is 

demonstrated that the aforementioned fundamental limitation can be released or overcome to some extent by 

perforating or pattering the thin film, so that the radiative heat flux can be further enhanced.  

 

Both one-dimensional (1D) and two-dimensional (2D) thin periodic nanostructures are considered as 

shown in Fig. 1a and Fig. 1b, respectively. The temperature of the top and bottom grating separated by a vacuum 

gap of d is T1 = 310 K and T2 = 290 K, respectively, as default. Doped silicon with doping level of 10
20

 cm
-3

 is 

used as the grating material since the SPPs can be thermally excited. Fig. 1c gives the radiative heat flux for both 

configurations at varying volume filling ratios. The default geometric parameters without specifications are P = 

100 nm, d = 100 nm, and h = 400 nm. The radiative heat flux between thin films of the same thickness is 1860 

W/m
2
 as denoted by the black dash dotted line, more than 15 times as large as the blackbody limit of 123 W/m

2
. 

This heat transfer performance is better than bulks, for which the heat flux is 1629 W/m
2
. The underlying 

mechanism can be attributed to the coupling of SPPs inside the thin film [7]. Patterning the thin film into 1D 

grating enhances the thermal radiation for all practical volume filling ratios, as clearly seen from the red line 

with circles. The disagreement between exact methods and effective medium theory is expected to be relieved 

when reducing the period. The optimal heat flux supported by 1D and 2D grating achieves 10.79 kW /m
2
 and 

3.17 kW /m
2
, respectively. There have some room to further increase it by reducing P, and as indicated by the 

red and blue dash lines, the maximum possible heat flux of 1D and 2D configurations, given by EMT, is 22.11 

kW /m
2
 and 9.16 kW /m

2
, respectively. Therefore, patterned thin metamaterials can have better heat transport 

performances than the counterpart thin films and bulks although it seems to be counterintuitive since less 

material is used. Interestingly, 2D grating doesn’t behave as well as 1D grating and the underlying mechanism 

will be discussed in a future paper. This work helps to enhance the fundamental understanding of thermal 



radiation of thin metamaterials, and paves the way towards applying thin metamaterials to improve the heat 

dissipation of nanodevices, increase power output of near-field thermophotovoltaic cells, and enlarge the 

contrast of contactless thermal modulators. 

 

Figure 1. Schematics and near-field heat flux of 1D and 2D thin metamaterials. 
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Abstract-The energy-conversion process and photo-thermal effect within a plasmonic absorber 

metamaterials (PAM) were investigated theoretically using the Poynting theorem. The Ohmic loss 

and dielectric loss were calculated to estimate the amount of heat energy produced. The 

heat-generation within the PAM was studied numerically. From the microscopic details, the 

heat-generation owing to the electric current accounts for the majority of the energy conversion, 

while the magnetic resonance plays a negligible role. The strong field confinement and 

redistribution within plasmonic absorber metamaterials (PAM) guides in a subsequent thermal- 

detection design. 

 

The electromagnetic absorption and tunability of recently emerging perfect-absorber metamaterials 

(PAMs) have been demonstrated to potentially enable electromagnetic-wave detection at nearly any 

frequency, ranging from the terahertz to infrared [1,2] and even visible light range. One key problem for 

PAMS is the conversion of electromagnetic energy into other types of energy such as the transformation 

of terahertz waves into infrared radiation [3], photocurrent [4], and thermo-mechanical energy. 

Photothermal effects play a critical role in the detection of electromagnetic radiation [5]. The 

photo-thermal effect associated with multiplex resonant electromagnetic wave passing through the PAM 

medium provides insight into the energy conversion processes inside the nanostructure [6]. The typical 

dielectric layer, as an energy dispersive medium, is sandwiched between the top metallic periodic arrays 

and the bottom conducting ground metallic plane, as shown in Figure 1. In conjunction with the 

transmission blocking of the thick metallic film, the incident electromagnetic energy was effectively 

confined within the dielectric layer, thereby enabling nearly perfect absorption.  

   

Figure 1. Schematic of side view (a) and the top view (b) for proposed plasmonic absorber metamaterials. 

The ultimately absorbed energy in each spatial volume at the frequency component is integrated as,  

      2 2

0 0

1
Im Im
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e m
V

V

Q Q dV E H dV                   (1) 

Where iV represent the spatial volume of the metallic ground layer, the dielectric layer, and the top metallic 
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resonators layer. As shown in Figure 2, the Poynting energy distribution displays clearly discrete patterns in one 

unit cell, and the local enhanced fields were highly confined symmetrically at the regions around the metal gaps 

or the tips of the resonators.  

The photothermal heating process was numerically simulated following the heat transfer equation. Thermal 

profile and temperature distribution within the PAM structure are summarized in Fig.3. Figure 3(a) shows that it 

is only 2.0 ns after the beginning of pulse irradiation, the temperature within the top metal resonator reaches to 

its highest value about 680K. However, the maximum average temperature within the ground metal film is only 

330K, although only 50 nm separated away from the top metal resonator. It is significantly observable in Fig.3 

(b) that there are two huge gradient of temperature at the interfaces between the metal and dielectric layer, 

confirming the fact that the heat-generation occurs mostly within metal materials due to the Ohmic loss. 

 

Figure 2. Concentration and redistribution of the electromagnetic Poynting Field (|P|
2
) within one unit cell 

excited by resonant wavelengths of (a) 7.20 μm, (b) 2.75 μm, and (c) 3.40 μm. 

(a) (b)

 

Figure 3. Thermal effects within the PAM structure subject to a pulsed electromagnetic source. (a) Thermal 

transient response within three layers; (b) Temperature spatial distribution within a unit cell of PAM structure.  
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Abstract - Metallic nanostructures allow for the generation of spatially structured optical near-fields and 
near-field gradients, and have been heavily employed in surface-enhanced sensing and spectroscopies. 
Here we will present two new studies, namely control over quantum dot emission in extended hot spots of 
ring nanocavities, and the controlled heating of a solid state nanopore for molecular translocation studies.

Via engineering the photonic density of state on the nanoscale, metallic nanostructures allow the modifi-
cation of the radiative properties of nanoscale emitters such as molecules and quantum dots. We will present 
a study of a hybrid quantum dot - plasmonic system with the hallmark of a spatially extended hot spot, 
based on ring nanocavities. Controlled placement of quantum dots via a dual-step electron beam lithography 
process allows high control over their radiative properties [1], and we will discuss extensions of this system 
towards higher field enhancement and more complex multi-emitter systems.

The second part of the talk will focus on controlled heating of a solid state nanopore [2] used for studies 
of molecular translocation. Localized heating at the nanopore centre occurs via controlled surface plasmon 
focusing based on a bull’s eye geometry (see figure). Changes in ionic conductivity directly allow for the 
assessment of local temperature in the pore region, in good agreement with full-field electrodynamic simula-
tions.

[1] Rakovich et al, ACS Nano doi:/10.1021/nn506433e (2015)
[2] Crick et al, Nano Letters 15, 553 (2015)

Localized plasmonic heat generation in a solid state nanopore [2]
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Abstract— We report on a precise in situ procedure to calibrate the heat flux sensor of a near-
field scanning thermal microscope. This sensitive thermal measurement is based on modulation
technique and utilizes a hot wire method to build a metrologically accessible and controllable heat
reservoir. This reservoir is coupled thermally via near-field interactions to our probe. Thus the
sensor’s conversion relation can be precisely determined. Therefore, the thermopower generated
in the sensor’s coaxial thermocouple is measured in dependence on the thermal flux from reservoir
through the sensor. Quantitative measurements of the heat flux have been performed between a
gold coated near-field scanning thermal microscope tip and a planar gold sample at nanometer
distances across a vacuum gap with such a calibrated sensor. We find an extraordinary large heat
flux which is more than five orders of magnitude larger than black-body radiation. Moreover, it is
three orders of magnitude larger than the values predicted by conventional theory of fluctuational
electrodynamics which is commonly used to describe near field effects of heat transfer. This heat
transfer can be drastically influenced by a extremely thin layer of material on the surface. The
findings demand modified, or even new models to describe the heat transfer across a vacuum gap
at distances of a few nanometers.
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Abstract-We investigate new materials for plasmonic metal nanostructures, to serve both as 

near-field enhancers and heat nanosources. Numerical simulations highlight the influence of 

morphology and composition on the nanoparticles absorption and temperature.  

  

 

A metal nanostructure under illumination can lead to a resonant coupling of light and free electrons inducing 

enhanced light absorption and scattering. These resonances, called Localized Surface Plasmon (LSP), can be 

tuned from the visible to the near infrared frequency range for noble metals such as Gold (Au). However, in 

metals, this charge oscillation induces Joule heating. The enhanced heating at the nanostructure LSP resonance 

strongly depends on the material, morphology and dielectric environment, allowing a control of the 

nanostructure optical and thermal properties. This stimulates new research, with promising applications in 

photothermal therapeutics [1], photothermal imaging [2] or thermophotovoltaics [3]. 

 

Figure 1- BEM-calculated temperature of gold ellipsoids in water, illuminated with a power density 1mW/µm2 at the 

LSP resonance wavelength of each object. The temperatures (color) are plotted against the aspect ratios from 1 to 10, and 

the equivalent radius of the particle (i.e. the radius of the sphere having an equivalent volume). 

 

For these applications, the ability to both enhance optical resonances and convert efficiently optical energy 

into heat is essential. Although noble metals exhibit high losses in the visible and near-infrared range, their low 



temperature sustainability in particular has motivated the quest for new plasmonic materials [4]. Following on 

the pioneering work of Shalaev et al [5] and research for plasmonics materials in the Ultraviolet (UV) range, we 

have assessed the performance of different NP plasmonic materals candidates including noble metals such as 

Gold (Au), Silver (Ag), Copper (Cu), Platinum (Pt) and Rhodium (Rh), and newer plasmonic materials like 

Aluminum (Al), Nickel (Ni), Mercury (Hg), Molybdenum (Mo), Tantalum (Ta), Tungsten (W), Titanium nitride 

(TiN) and Zirconium nitride (ZrN).  

Using gold, which is the most commonly used plasmonic metal, simple geometries such as ellipsoids, disks 

and triangles in homogeneous media (see Figure 1) or glass substrates have been investigated. Two main 

features appear to compete in the determination of the temperature: the NP absorption cross-section and its 

geometry. We will present a numerical optimization of the thermal properties of these structures, showing that an 

optimal shape can minimize the achievable temperature for a given amount of gold on a substrate. 

In addition, we examine the case of dipolar nanoparticles and determine simple universal dimensionless 

constants outand in to quantify the plasmonic and thermoplasmonic performance of spherical structures. 

Based on the Boundary Element Method (BEM) , numerical simulations were carried out to compute the LSP 

resonance of the various materials discussed. Depending on the outand in parameters, we can then classify the 

various materials as either near-field enhancers or efficient heat nanosources.  

To evaluate the influence of nanostructure morphology on the steady-state temperature, nano-ellipsoids of 

various compositions immersed in a homogeneous medium with a refractive index n=1.33 were modeled for 

several materials and geometries. 

Although gold is an excellent thermoplasmonic material in many cases, we show that other materials should 

be preferred in specific geometries.  
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Abstract: It becomes crucial for applications like near-field thermophotovoltaic to achieve strong 

near-field energy transfer between dissimilar materials, while coupled surface plasmon/phonon 

polaritons and hyperbolic modes usually require identical materials across nanometer vacuum gaps. 

In this work, we theoretically study the near-field radiative transport between a nanostructured 

metamaterial emitter and a planar receiver covered by a graphene layer. Strong near-field coupling 

up to two orders of magnitude enhancement can be achieved. The physical mechanisms are 

elucidated with fluctuational electrodynamics and dispersion relations.   

 

Near-field radiative transport can be enhanced by orders of magnitude over the far-field blackbody limit, in 

particular, due to strong coupling of surface plasmon/phonon polaritons (SPPs/SPhPs) across nanometer vacuum 

gaps, which usually requires similar materials for the emitter and receiver. Recent studies on hyperbolic 

metamaterials (HMMs), which exhibit large photonic local density of states, show the promise in enhancing the 

near-field radiative transfer by other means, while the strong enhancement also usually requires both the emitter 

and receiver made of same materials with matching hyperbolic behaviors [1-4]. However, for applications like 

near-field thermophotovoltaic, in which high-temperature emitters and photovoltaic cells are usually made of 

different materials, the coupling of SPPs/SPhPs and strong hyperbolic modes cannot be well employed to 

improve the energy transport in the near field [5]. Therefore, it becomes crucial to find an efficient way to 

enhance near-field coupling and radiative transport between dissimilar materials with nanometer vacuum gaps. 

 

Figure 1. (a) Schematic of the structures separated by vacuum gap d. The doping levels for both emitter 

and receiver are denoted as N1 and N2. The emitter is maintained at T1 = 400 K, while the receiver is at T2 

= 300 K. (b) Spectral heat fluxes of three different cases at d = 20 nm to show the spectral enhancement 

between doped SiNH and the graphene covered receiver. (c) Exchange function with strong near-field 

coupling modes in good agreement with dispersion relation prediction. 
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In this study, we theoretically investigate the near-field radiative transport between a nanostructured 

metamaterial emitter made of highly doped silicon nanohole (SiNH) arrays and a lightly doped silicon plate 

covered by a graphene monolayer, as depicted in Fig. 1(a). Under the assumption that the feature size like hole 

diameter D is much smaller than the characteristic thermal wavelength, effective medium theory is used to 

describe the effective dielectric function of the doped SiNH metamaterial, whose uniaxial dielectric functions 

exhibit effective metallic behavior with negative permittivity at frequency smaller than 2.5×1014 rad/s at a filling 

ratio of 0.5. Fluctuational electrodynamics incorporated with uniaxial wave propagation and effective medium 

theory is employed to calculate the near-field radiative heat flux. The effect of graphene is treated as a surface 

current, which modifies the reflection coefficients at the vacuum-receiver interface.  

Figure 1(b) shows the spectral radiative heat flux at a vacuum gap of d = 20 nm for three cases: (1) N1 = 1020 

cm3, N2 = 1015 cm3, no graphene; (2) N1 = 1020 cm3, N2 = 1015 cm3, with graphene; (3) N1 = N2 = 1015 cm3, 

with graphene. It can be seen that, the spectral heat transfer for case (1) is on the order of 10-11 Wm-2rad-1s 

without graphene. When the graphene sheet ( = 0.15 eV) is added to the receiving plate, the spectral heat flux is 

significantly enhanced by up to two orders of magnitudes, due to two spectral peaks around angular frequencies 

of 2.25×1014 rad/s and 0.8×1014 rad/s, indicating the effect of graphene on near-field coupling. On the other hand, 

even with the graphene, when the emitter doping level is reduced to be the same as the receiver (case 3), the 

strong near-field enhancement disappears, suggesting the effect of emitter doping level on the near-field 

coupling. To obtain a more direct idea on the enhancement mechanisms, exchange function s(,) is plotted for 

case 2 as shown in Fig. 1(c). Clearly, one strong enhancement exists, which is responsible for the spectral 

enhancement at lower frequency. The other enhancement can also be observed at higher frequency but with 

much weaker strength. In comparison with the analytical dispersion relation (shown as dotted lines), it is found 

that, the low-frequency one is dominated by graphene plasmon, while the high-frequency coupling is mainly 

determined by the free charges in the SiNH with doping level N1.        

To further understand the unusual strong coupling effect between the SiNH emitter and the 

graphene-covered plate, the dispersion relations of SPPs at the emitter-vacuum and vacuum-graphene-receiver 

interfaces will be analyzed. The effects of graphene chemical potential, emitter and receiver doping levels, on 

the near-field coupling and radiative transfer will be studied. Furthermore, the impact of vacuum gap distance on 

the coupling strength will also be considered. The results and understanding gained here will facilitate near-field 

energy harvesting and heat dissipation with novel metamaterials. 
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Abstract: We study a near-field thermophotovoltaic system made of an InGaSb cell and a tungsten 

grating metamaterial emitter, in which magnetic polariton is excited to spectrally enhance near-field 

radiative transfer. Fluctuational electrodynamics incorporated with scattering matrix method and 

rigorous coupled-wave analysis is used to exactly calculate the spectral heat flux. The preliminary 

results show improved conversion efficiency and almost doubled total electrical power output over 

that with plain tungsten emitters at a vacuum gap distance of 100 nm.    

 

Near-field thermophotovoltaic (TPV) systems have attracted lots of interests due to the possible higher 

power generation from near-field heat transfer enhancement over the far-field thermal radiation. Park et al. [1] 

theoretically studied the performance of a near-field TPV system with plain tungsten emitters from coupled 

radiative and charge transports. Recently, graphene was proposed to cover TPV cells and enhance near-field 

radiative transfer from a boron nitride emitter due to coupled surface waves across the vacuum gaps [2]. 

Moreover, tungsten nanowire emitter supporting hyperbolic modes has also been studied to enhance the 

performance of near-field TPV [3]. On the other hand, magnetic polaritons (MP) have shown great promise in 

designing selective metamaterials as efficient far-field TPV emitters [4, 5]. However, the effect of MP or 

magnetic resonance on the performance of near-field TPV systems has not been investigated or understood.  

 

Figure 1. (a) Schematic of the near-field TPV system with an InGaSb cell and a tungsten grating emitter. (b) The 

spectral heat flux between the TPV cell and plain tungsten (W) or tungsten grating emitter at a gap of 100 nm. 

 

Very recently, with the fluctuational electrodynamics incorporated with scattering matrix method and 

rigorous coupled-wave analysis [6], we theoretically demonstrated the effect of MP on spectrally enhancing 

near-field radiative transfer between two SiC gratings separated by subwavelength vacuum gaps [7]. In this work, 

we will employ the same exact method to analyze the conversion performance from a near-field TPV system 



made of an InGaSb cell and a tungsten grating metamaterial emitter as depicted in Fig. 1(a). The tungsten grating 

metamaterial is considered with period  = 400 nm, width w = 320 nm, and height h = 200 nm, for which MP 

can be excited at selected wavelengths above cell bandgap (i.e., 2.22 m) as shown from the far-field radiative 

property study [5]. The emitter and TPV cell temperatures are set as TH = 2000 K and TL = 300 K, respectively. 

Figure 1(b) presents the spectral heat fluxes between the TPV cell and the tungsten grating or plain tungsten 

emitter at a vacuum gap distance of 100 nm from the exact calculation. By comparison, the spectral heat flux is 

much enhanced with the grating emitter around the wavelength  = 1.55 m, at which the MP can be excited [5]. 

With the assumption of 100% quantum efficiency (i.e., the ideal case) for the TPV cell, the total electrical power 

output is estimated to be doubled from 0.2 MW/m2 to 0.4 MW/m2, and the conversion efficiency is improved 

from 28.87% to 31.11%, when tungsten grating emitter is used instead of plain tungsten. For a more practical 

consideration, if cell quantum efficiency is taken from the data in response to far-field thermal radiation, the total 

electrical power output can be improved from 0.14 MW/m2 to 0.27 MW/m2, while conversion efficiency is 

enhanced from 20.31% to 21.15%. Note that the current theoretical model does not allow to consider the coupled 

radiative and charge transports with nanostructured grating metamaterials. Therefore, the exact quantum 

efficiency in response to the metamaterial enhanced near-field radiation cannot be exactly obtained.   

To further understand and elucidate the effect of MP on the near-field TPV performance, the contour plot of 

transmission coefficient between tungsten grating emitter and TPV cell will be studied. Electromagnetic field 

simulated with finite-different time-domain method will be presented to confirm the excitation of MP in the 

near-field regime. In addition, an inductor-capacitor circuit model will be used to analytically predict the MP 

resonance frequency. Effects of geometric parameters and vacuum gap distances on the near-field TPV system 

performance will also be investigated. This work will pave a new way to improve the energy conversion system 

in near field with MP-based metamaterials.   
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We adapt the blackbody theory to analyze the thermal radiative properties of lossless, nonmagnetic 

uniaxial media. In case of hyperbolic media, the spectral energy density and spectral heat flux show 

fundamentally different behavior compared to the classical blackbody. The thermal energy is 

shifted to lower frequencies making hyperbolic media appear colder. Besides, both energy density 

and heat flux in hyperbolic media can be much larger than in vacuum or in a dielectric medium. 

 

Materials, especially metamaterials, with a hyperbolic iso-frequency contour (for one of the two principle 

polarizations) [1] have caused a great scientific interest in the past decade. Such hyperbolic media (HMs) are 

typically nonmagnetic and have a diagonal permittivity tensor with   yyxx , | | zz  and 0| |   

[1]. They support the propagation of electromagnetic waves with very large wavevectors and thus possess a large 

number of modes [1]. Although the thermal radiative transfer between HMs separated by a vacuum gap is well 

studied [2,3], the properties inside HMs are a rather new topic [3,4]. 

We develop a blackbody theory for lossless uniaxial media in thermal equilibrium calculating the energy 

density (and hence the density of states) and the heat flux inside these media. To that end two methods are 

utilized which yield the same results. The first method is simple “mode counting”, well known from educational 

literature [5]. The second one is a combination of fluctuation dissipation theorems [6] and fluctuational 

electrodynamics (using Green’s formalism). Starting with the general expressions for the time-domain power 

flux and the temporal derivative of the energy density (for Poynting’s theorem consider e.g. [7]) and using the 

fluctuation dissipation theorems (of first and second kind) [6] we arrive at general expressions [3,8]. Then 

Green’s functions, known from literature [9] and adapted to this special situation, are inserted and the final, 

simple expressions are obtained. To be able to perform the integration over frequency analytically, 

non-dispersive materials are assumed. 

Coming to the results, four different cases have to be distinguished: the uniaxial dielectric with 0, | |    

(denoted by “d”), the type I HM with 0 , 0| |   (“I”), the type II HM with 0 , 0| |   (“II”) and 

the uniaxial metal with 0, | |   . The uniaxial metal does not support any propagating modes and the 

upcoming quantities are all 0 in this case. Setting 1| |    reproduces the results of Planck’s blackbody 

theory [5]. 

The spectral density of states  D  is 
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where the superscripts “o” and “e” stand for the ordinary and extraordinary modes and c  is the speed of light. 

An ideal HM has an infinite number of modes making it necessary to introduce a maximal wavenumber maxk  

(orthogonal to the optical axis) which is due to the periodic structure of the medium or metamaterial. The 

ordinary modes behave like in an isotropic medium with permittivity  . The extraordinary modes show very 

different behavior in the hyperbolic cases. Two things are important. First, because typically ck /| |max  , 

the hyperbolic density of states is much larger than the dielectric one. And second, due to the different frequency 

dependences the spectral energy density        Du  is shifted to smaller   in the hyperbolic cases, 

with the Bose-Einstein term     1/exp/  kT  . 

For the spectral heat flux    we find 
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Again, HMs have a spectrum shifted to lower frequencies and a heat flux magnitude orders of magnitude larger 

than in the dielectric case [4]. 

Furthermore results for the integral quantities (thermodynamics properties) will be presented, all revealing 

the fundamental difference in thermal radiative properties of HMs compared to “normal” materials. Besides, 

more information will be given on the calculation method which is able to treat arbitrarily dispersive and 

dissipative materials. 
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Abstract- Resonators fold the path of light by reflections leading to a phase balance and 

thus constructive addition of propagating waves. However, amplitude decrease of these 

waves due to incomplete reflection or material absorption leads to a finite quality factor of 

all resonances. Here we report on our discovery that evanescent waves can lead to a perfect 

phase and amplitude balance causing an ideal Fabry-Perot resonance condition in spite of 

material absorption and non-ideal reflectivities. This counterintuitive resonance occurs if 

and only if the metallic Fabry-Perot plates are in relative motion to each other separated by 

a critical distance.  We show that the energy needed to approach the resonance arises from 

the conversion of the mechanical energy of motion to electromagnetic energy. The 

phenomenon is similar to lasing where the losses in the cavity resonance are exactly 

compensated by optical gain media instead of mechanical motion. Nonlinearities and 

non-localities in material response will inevitably curtail any singularities however we 

show the giant enhancement in near-field heat transfer phenomena due to such resonances 

in moving media. We will also discuss recent progress on hyperbolic media and 

super-planckian thermal emission. 

 

 
 

REFERENCES 
1. Yu Guo and Zubin Jacob J. Opt. 16 114023 (2014) 
2. Y. Guo and Z. Jacob Opt. Ex., Vol. 22, Issue 21, pp. 26193-26202 (2014) 
 

 



            

Optical Resonator Modulated Super-Plankian Monochromatic 

Thermal Radiation in Near-field 

 

Baoan Liu and Sheng Shen
*
 

Department of Mechanical Engineering, Carnegie Mellon University, Pittsburgh, PA 15213, USA 
*corresponding author: sshen1@cmu.edu 

 

Abstract-We propose a general methodology to achieve the super-Planckian monochromatic 

thermal radiation by designing the emitter-absorber optical resonator. The monochromatism can 

thus be controlled by the resonance mode, rather than the material intrinsic properties. A general 

theory based on the quasinormal modes of the resonator is derived to qualitatively guide the design 

of the emitter-absorber resonator. 

 
Thermal radiation, which was regarded as broadband and less-intensive because of Planck’s law, 

can simultaneously be monochromatic and super-Planckian in near-field1. The super-Planckian monochromatic 
thermal emission shows great potentials in the fields of renewable energy2, information interconnects3, and 
infrared super-resolution sensing4. However, so far the only solution to realizing the super-Planckian 
monochromatic near-field thermal radiation is to utilize the intrinsic resonance of the polar dielectric thermal 
emitters/absorbers (e.g. SiC, SiO2), where the peak frequency corresponds to the resonance of surface 
phonon polariton, i.e. 1 ò 1. In this scenario, the monochromatism is determined by the material property, 
which severely limits the engineering applications. 

In this presentation, we propose a general methodology to achieve the super-Planckian monochromatic 
thermal radiation by designing the emitter-absorber optical resonator. The thermal radiative energy flux 
peaks correspond to the frequencies of the cavity resonance modes. Therefore, the monochromatism can 
be designed by the geometrical structures, rather than the material intrinsic properties. In general, the 
emitter and absorber can be made by non-resonance materials (e.g. metals, graphene, etc.). 

First, we present a general theory to quantitatively predict and interpret the peaks in the energy flux 
spectrum based on the quasinormal modes (QNM)5 of the emitter-absorber resonator. We demonstrate 
that the peaks follow the Lorentz line-shape whose apex value can be estimated by a simple equation 
as 

  ) , ) ,
2

( ( ( )n n E n A a eT T     


    (1) 

where  ( , ) / exp[ ] 1/ BT Tk      is the Planck’s distribution;  /a a a e fQ Q Q Q     and 

 /e e a e fQ Q Q Q     are the fractional energy loss of the QNM in the absorber and emitter, respectively. 

Here, aQ  and eQ  indicate the resistive dissipation of the QNM inside the absorber and emitter, respectively. 

fQ  is the far-field radiation loss of the QNM. This theory serves as a general design principle for the 



optical resonator modulated near-field thermal radiation. To maximize the monochromatic thermal radiative 
energy transfer, the resonance mode of the emitter-absorber resonator needs to be designed such that 

0.5a e   , i.e. the mode loss inside the emitter and the absorber are equally distributed, and the 

fractional far-field radiation loss is negligible. 
After that, we demonstrate that the thin metal wire and graphene serve as two possible building blocks 

of the optical resonator thermal emitter/absorber with ideal performance. We also confirm our theory by 
comparing with the direct simulation results by the Fluctuating Surface Current method6. 
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Abstract— We report the effect of relaxation-type self-induced temperature oscillations in the
system of two parallel plates of SiO2 and VO2 which exchange heat by thermal radiation in
vacuum. The non-linear feedback in the self-oscillating system is provided by metal-insulator
transition in VO2. Using the method of fluctuational electrodynamics we show that under the
action of an external laser of a constant power, the temperature of VO2 plate oscillates around
its phase transition value. The period and amplitude of oscillations depend on the geometry of
the structure.

A self-oscillation is undamped oscillation in dynamical system with non-linear feedback under
the action of time-constant non-periodical external power source. The distinction of self-oscillations
from forced oscillation is that the latter is driven by a source of power that is modulated externally.
In the present work we report the thermal analog of electrical self-oscillations in VO2-based device
where the electric current is replaced by a radiative heat flow where the thermal photons play a
role of heat transfer carriers.

A sketch of the self-oscillating system is shown in Fig. 1a. The structure consists of two parallel
plates of SiO2 and VO2 which exchange thermal radiation through vacuum gap. We exclude such
ways of heat transfer as convection and heat conduction via phonons and electrons. The system
is immersed in a thermal bath at temperature of Tbath = 300 K. We assume that the temperature
of SiO2 plate is fixed at 340 K, while the temperature of VO2 is varied. The system is exposed by
an external light source of constant power. We will show that at a certain power of the external
light source, the metal-insulator phase transition (MIT) in VO2 plays a role of positive non-linear
feedback that ensures the self-induced oscillations of the temperature of VO2 plate.

The temporal dynamics of VO2 plate due the radiataive heat exchange with SiO2 plate is
described in terms of the standard energy balance equation [1]:

ρcvd
dT2(t)

dt
= Fext(T2) + Fint(T2) + Fbath(T2), (1)

where ρcvd is thermal inertia of VO2 plate. On the right-hand side of Eq. (1), the term Fext is a
portion of the external power which is absorbed in VO2, the term Fint is the change of internal

Figure 1: The self-oscillating system consisting of bulk SiO2 plate and thin VO2 plate separated by a vacuum
gap (a). (a) The net power flux Fnet for VO2 plate as a function of its temperature, T2 (b). The arrows
show the directions of temperature and phase transformations on the phase trajectories. Solid (dashed) lines
denotes the regions of the phase diagram where VO2 is in its crystalline (metallic) state.



Figure 2: The time evolutions of VO2 plate temperature at different external powers, Fext.

energy of VO2 plate during the time dt due to the radiative heat exchange between plates and the
term Fbath accounts the contribution of thermal bath [2]. The MIT of VO2 is characterized by the
hysteresis of optical constants which is modeled by an elementary non-ideal relay on the T2−n and
T2 − κ coordinate planes [2].

The phase portrait of the MIT is shown in Fig. 1b as a dependence of the net power flux for VO2

plate, Fnet ≡ Fint+Fext+Fbath, on the temperature T2 for two different laser powers. The directions
of temperature relaxations are determined by the sign of Fnet. Both Fnet(T2) dependences possess
the hysteresis which consists of the jumps of net power flux Fnet at the threshold temperatures
Tph ± ∆T as well as of the relaxation regions between them. When Fext = 900 W/m2, the phase
trajectory meets the x-axis at 348.1 K. It means that the system termalizes to 348.1 K at the
above external power flux. In the case Fext = 340 W/m2, the directions of temperature relaxation
are opposite in metallic and insulator phases which causes the periodic alterations of VO2 plate
temperature. The jumps of net power flux Fnet is essentially non-linear process owing to the change
of internal structure of VO2 during the phase transition. Note that the oscillations occur under
a time-constant external power flux. Thus, the considered alterations are relaxation-type self-
oscillations of VO2 plate temperature, where the metal-insulator phase transition plays a role of
positive non-linear feedback. The oscillatory system never gets the stationary state but constantly
thermalizes along its phase trajectories.

In order to explicitly demonstrate the self-oscillation of VO2 temperature as well as to find its
period, we found the temporal dependencies of VO2 temperature by solving the integro-differential
equation (1) with initial condition T2(0) = 330 K. Fig. 2 shows the time evolutions T2(t) obtained for
different external power fluxes. In the case of 340 W/m2 external power, the temperature T2 starts
to oscillate after 1 s relaxation to 342 K. The period of oscillation is about 2 s and is determined
by the thermal inertia of VO2 plate, separation distance between the plates, laser power, threshold
temperatures and latent heat of the phase transition. The temperature oscillations are accompanied
by periodical switches between insulator and metallic states of VO2.

In conclusion, we have theoretically demonstrated the effect of relaxation-type temperature self-
oscillation in radiative heat exchange between VO2 and SiO2 plates in vacuum. The hysteresis of
optical constants of VO2 at threshold temperatures acts as non-linear feedback that supports the
self-oscillations. The oscillation period is determined by relaxation characteristics of the system
and the threshold temperatures.
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Abstract- Although blackbody radiation described by Planck's law is commonly regarded as the 
maximum of thermal radiation, thermal energy transfer in the near-field can exceed the blackbody 
limit due to the contribution from evanescent waves. Here, we demonstrate experimentally a 
broadband thermal energy extraction device based on hyperbolic metamaterials that can 
significantly enhance near-field thermal energy transfer. The thermal extractor made from 
hyperbolic metamaterials does not absorb or emit any radiation but serves as a transparent pipe 
guiding the radiative energy from the emitter. At the same gap between an emitter and an absorber, 
we observe that near-field thermal energy transfer with thermal extraction can be enhanced by 
around one order of magnitude, compared to the case without thermal extraction. The novel thermal 
extraction scheme has important practical implications in a variety of technologies, e.g., 
thermophotovoltaic energy conversion, radiative cooling, thermal infrared imaging, and heat 
assisted magnetic recording. 
 
Control of thermal emission is important in a broad range of applications: e.g., thermal management1, 

energy conversion2, thermal barriers3, and thermal signature control4. Blackbody radiation described by the 
well-known Planck's law5 dictates the maximum of thermal radiation in the far-field. To enhance the far-field 
thermal radiation from a blackbody emitter, a "thermal extraction" scheme has recently been developed 
by optically contacting the emitter with a passive extraction device6. Although the extraction device itself 
is transparent for thermal radiation, its internal density of states is higher than vacuum and therefore enables 
more emission channels by extracting evanescent electromagnetic waves with lateral wave vector K in the 
range of k0<K<nek0, where k0 is the wave vector in vacuum, and ne is the refractive index of the extraction 
device. The performance of such far-field extraction devices is limited by ne2 times of the blackbody radiation 
limit. In contrast, near-field thermal extraction, where the characteristic length scale is smaller than the 
wavelength of thermal radiation7, can potentially overcome this limitation by extracting a full range of evanescent 
waves. In this work, we demonstrate broadband near-field thermal extraction based on hyperbolic metamaterials 
(HMs), which can significantly enhance near-field energy transfer by extracting evanescent waves with 
arbitrarily large lateral wave vectors. The near-field thermal extraction has important practical implications 
in areas, such as thermophotovoltaic energy conversion8, radiative cooling9, thermal infrared imaging10, and 
heat assisted magnetic recording11.  

As a special class of indefinite media, HMs with the principal components of the permittivity tensor  
𝜖 having opposite signs have attracted significant interest because of their unique properties, such as negative 
refraction and sub-wavelength imaging12. The dispersion relation of HMs generally satisfies a hyperbolic 
function: 



 
 

kz2

ϵx,y
− K2

|ϵz| = k02,                                                                 (1) 

where 𝜖𝑧 is the vertical component (𝜖𝑧 < 0), 𝜖𝑥,𝑦 is the lateral component (𝜖𝑥,𝑦 > 0) with the materials 
assumed to be uniaxial (i.e.,𝜖𝑥 = 𝜖𝑦 = 𝜖𝑥,𝑦), 𝑘𝑧 and K are the vertical and lateral components of the 
wavevector, respectively. If a point source is located near a HM, its emitted evanescent waves in vacuum 

(wave vector 𝑘 = �𝑘𝑧2 + 𝐾2 > 𝑘0)  can excite propagating modes in the HM, leading to enhanced photon 

local density of states (PLDOS). To illustrate near-field thermal extraction, we consider radiative heat 
transfer between an emitter and an absorber, where a lossless HM (i.e., a real permittivity tensor 𝜖) 
is placed between the emitter and the absorber, and is in contact with the emitter as a thermal extraction 
device. If the gap between the emitter and the absorber is large compared with the wavelength of thermal 
radiation, evanescent waves from the emitter cannot directly contribute to heat transfer because of their 
exponential attenuation across the gap. However, according to Eq.(1), these evanescent waves can be 
converted into propagating waves in the HM and thus transfer energy from the emitter to the absorber. 
In comparison with the extraction device for far-field emission6, an ideal HM extractor could introduce 
an unlimited number of energy transfer channels between the emitter and the absorber. 
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Abstract- Topological transitions of dispersion from a closed elliptic curve to an open hyperbolic curve 

have been realized in dispersive metamaterials by changing the frequency. In this work, we use 

intrinsic loss in low-permeability medium to induce the topological transition of dispersion at a 

fixed frequency. By gradually increasing the loss, we study the evolution process of the topological 

transition.   

 

Topological transition of dispersion from a closed elliptic curve to an open hyperbolic curve can bring about 

useful physical effects such as the enhancement of the spontaneous emission [1]. Up to now, the topological 

transitions have been realized in dispersive metamaterials by changing the frequency [1-3]. In this work, we use 

intrinsic loss in low-permeability medium to induce the topological transition of dispersion at a fixed frequency. 

The advantage at a fixed frequency is that we can see the evolution process from an elliptic curve to a hyperbolic 

curve clearly. We suppose that a transverse-electric wave is incident from an isotropic double-positive medium 

to a two-dimensional anisotropic medium. The anisotropic medium is described by 
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where 1y   
and 

ink  
is the wave vector in the double-positive medium. If 

x  
is complex, e.g., by 

introducing loss in the medium, Eq. (1) will contain real part and imaginary part. In Fig. 1, we give the variance of 

dispersion based on Eq. (1) when we increase loss. Blue circle is the dispersion of the isotropic double-positive 

medium. The red solid (dotted) line give the relation between the real (imaginary) part of 
xk  

and 
yk . From Fig. 1, 

we see that the initial closed elliptic curve is gradually broken by the loss and evolves into an open hyperbolic curve. 

Based on two-dimensional transmission lines loaded with lumped capacitors and resistors, we mimic an effective 

anisotropic medium described by Eq. (1). By gradually increasing the value of resistors, we can study the evolution 

process of the topological transition. The related experiments are undergoing.  

 

Acknowledgements：This work is supported by the National Basic Research Program of China (No. 

2011CB922001), the NSFC (Nos. 11234010 and 11474220), Innovation Program of Shanghai Municipal 

Education Commission (No. 14ZZ040), and the Fundamental Research Funds for the Central Universities. 

 



 

Fig. 1. Loss-induced topological transition of dispersion from a elliptical curve to a hyperbolic curve.  

Blue circle is the dispersion of the isotropic double-positive medium.  
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Abstract— The concept of local symmetries which hold only in spatially limited domains is
developed. Decomposing space into domains where different local symmetries hold a novel layer
of complexity is derived. This way the parity and Bloch theorems are generalized to the case of
broken global symmetry. Local inversion or translation symmetries are shown to yield invariant
currents that characterize wave propagation. These currents map the wave field from an arbitrary
spatial domain to any symmetry-related domain. Our approach addresses any combination of
local symmetries, thus applying in particular to acoustic, optical and matter waves. Nonvanishing
values of the invariant currents provide a systematic pathway to the breaking of discrete global
symmetries. As examples we provide a classification of perfectly transmitting resonances in
completely locally symmetric scattering setups. This includes sum rules on the invariant currents
that provide resonance conditions. Applications to acoustic wave guide propagation and to optical
waveguide arrays are outlined.

The central concept of the present work is a natural generalization from global to local spatial
symmetry. ’Local symmetry’ means essentially that a system can contain many different subsystems
which obey a symmetry, e. g. under inversion or translation, only over a part of the complete
system, while the total system is non-symmetric. Groups of neighboring subsystems may also
form additional local symmetries, emergent at a larger scale than the initial components, leading
to the concept of a ‘local symmetry decomposition’ of the composite system. Local symmetries
are indeed generic for many forms of matter, such as groups of atoms within large molecules or
impurities and defects in crystals. Also artificially designed systems can usually be decomposed into
locally symmetric pieces; representative examples are nanoelectronic devices, photonic crystals and
multilayer systems, as well as phononic and acoustic setups. Further, structurally complex systems
such as quasicrystals, systems with long-range aperiodic order or even partially disordered systems
feature inherent local symmetries. We here present a systematic development and application of
the theoretical framework of local symmetries for generic wave mechanics.

Considering the scarcity of investigations on the role of local symmetry together with the long
established and fundamental importance of global symmetry, the need for a consistent formalism
treating the more general concept of local symmetry has become evident [1]. Taking the first
steps in this direction, we demonstrate implications of local symmetries for quantum and classical
wave scattering [1-3]. A theoretical framework is developed which incorporates all types of local
symmetries for one-dimensional systems and clearly shows their impact on important physical
properties and the corresponding scattering behavior.

In particular, the concept of local parity symmetry in restricted spatial domains is introduced
and its consequences for stationary transport properties of generic, one-dimensional aperiodic po-
tentials is explored. We show that there exist characteristic invariant quantities in each domain
of local symmetry which have the form of a non-local current. Applied to scattering, the presence
of local parity symmetries on different spatial scales is shown to be connected to the occurrence
of multiple perfectly transmitting resonances (PTRs) [2]. In terms of application to transmission
control in wave scattering devices, a construction scheme for the design of PTRs at prescribed
frequencies of the incoming wave is developed.

Valid equally for classical light scattering, our treatment readily carries over to the rapidly
evolving field of nanophotonics, where PTRs are experimentally achievable with high accuracy.
The local symmetry invariants, now being a function of the photonic field, not only enable the
explanation of observed PTRs in terms of underlying local symmetries, but also classifies such
resonances in an unambiguous way [2]. We here develop sum rules for the non-local currents in



order to distinguish between different classes of resonant wave functions, thereby solving a puzzle
involving ’hidden symmetries’ in the existing literature.

To further address the question of how to construct complex devices with non-trivial local
symmetry structure, we utilize in parallel the promising platform of aperiodic symbolic sequences.
It turns out that local symmetries are not only dense in scatterer lattices with typical long-range
aperiodic order, but also that their distribution follows exactly the renormalized discrete dynamics
of the underlying aperiodic sequence [4].

Notably, the framework of local symmetry-induced invariants is not restricted to unitary scat-
tering. In particular, the local currents remain invariant also in the presence of balanced gain
and loss of the wave amplitude in a given system, as expressed by the parity-time symmetry of
the associated Hamiltonian [5]. With the use of the local invariants, the diagram separating the
unitary and non-unitary phases of wave propagation is generalized to arbitrary scattering states
and compactly characterized by a single scalar parameter.

The theoretical strength of the formalism is finally demonstrated by using the local symmetry
invariant currents to generalize the Bloch and parity theorems from global to local translation and
parity symmetry [1], respectively. Here, a unique mapping of the wave field between symmetry-
related points in the generalized potential landscape is established in terms of the local invariants.
The invariants in turn serve as identifiers for the remnants of symmetry pertaining even when global
symmetry conditions are broken [1].

The above developments certify the fundamental importance of the local symmetry concept and
sets the ground for further developments and applications. In particular, controllability of transport
properties may be combined with a simultaneous handle on the spatial distribution of the scattered
(light, matter, or pressure) field in the absence of global symmetry. In this respect, the pursuit
in revealing the connection between wave localization and the local symmetry structure of the
medium of propagation opens a perspective for novel types of device designs in optics, electronics,
and acoustics [6]. More generally, the local symmetry framework may offer a deeper understanding
of signal response and wave localization phenomena in structurally complex systems with order on
multiple scales.
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Abstract-Effective manipulation of cavity resonant modes is crucial for emission control in laser 

physics and applications. Using the concept of parity-time symmetry to exploit the interplay 

between gain and loss, we demonstrate a parity-time symmetry–breaking laser with resonant modes 

that can be controlled at will. In contrast to conventional ring cavity lasers with multiple competing 

modes, our parity-time microring laser exhibits intrinsic single-mode with the selective 

whispering-gallery mode order.  

 

Recent explorations of parity-time (PT) symmetry offer an opportunity to advance laser science by 

strategically manipulating gain and loss in order to control light transport. PT symmetry was initially proposed in 

quantum mechanics as an alternative criterion for non-Hermitian Hamiltonians that possesses a real 

eigenspectrum [1]. Because of the equivalence between the Schrödinger equation in quantum mechanics and the 

electromagnetic wave equation, optics has become an ideal platform for studying the fundamentals of PT 

symmetry, with non-Hermiticity denoted by optical gain and loss [2]. An intriguing PT phase transition has been 

demonstrated [3], enabling unique optical phenomena such as unidirectional light transport. The strategic 

modulation of gain and loss in the PT symmetry–breaking condition can fundamentally broaden optical science 

at both semiclassical and quantum levels. 

 

Figure 1: (a) SEM pictures of the fabricated PT synthetic micro-ring laser; (b) Single-mode lasing spectrum of the PT 

synthetic laser corresponding to the desired azimuthal order of m=53; (c) Typical multi-mode lasing spectrum 

observed from the micro-ring WGM laser without any index modulation, showing a series of lasing modes 

corresponding to different azimuthal orders.  

Using the PT symmetry breaking concept, we delicately manipulated the gain and loss of a microring 

resonator and observed single-mode laser oscillation of a whispering-gallery mode (WGM), as follows: 

mailto:fengl@buffalo.edu
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where "n denotes the index modulation in only the imaginary part, and m the azimuthal order of the desired 

whispering gallery mode (WGM) in the micro-ring resonator and 0, 1, 2 ... 2 1 l m  divides the micro-ring 

into 2m periods. Practically we applied Cr/Ge structures on top of InGaAsP/InP semiconductor microrings to 

introduce such a PT modulation as shown in Fig. 1a. The thickness of Cr/Ge structures is carefully designed to 

introduce loss that exactly reverses the sign of the imaginary part of the local modal index, while maintaining the 

same real part. Using the coupled mode theory, we exploited the continuous rotational symmetry of the 

microring structure to facilitate unique thresholdless PT symmetry breaking. This thresholdless PT symmetry 

breaking was valid only for the desired WGM order and enabled two energy-degenerate modes— the 

non-oscillating loss mode and the oscillating gain mode—whereas all other WGM modes experienced balanced 

gain/loss modulation and thus remained below the lasing threshold, leading to single-mode lasing (Fig. 1b). For 

comparison, a control sample of a WGM laser was fabricated consisting of the same-sized InGaAsP/InP 

micro-ring resonator without additional Cr/Ge periodic index modulation azimuthally. As expected, we observed 

a typical multimode lasing spectrum with different WGM azimuthal orders distributed over the gain spectral 

region (Fig. 1c). Compared to the PT synthetic laser, it can be seen that at the same pumping condition, the 

resonance peak for the same azimuthal order of m=53 well matches the single-mode lasing of PT ring resonator 

at the wavelength of 1,513 nm. Instead of altering the WGM mode in the micro-ring resonator, the introduced 

PT gain/loss modulation selects the lasing WGM mode in the PT broken phase over a broad band of spectrum. 

By changing the desired azimuthal order of the structured PT modulation, the single-mode lasing frequency can 

be efficiently tuned. 

We have demonstrated the effective manipulation of cavity resonant modes in a typical multi-mode ring 

laser cavity by the concept of PT symmetry, leading to single-mode lasing with the selective WGM order [4]. 

Because of the simultaneous existence of two energy-degenerate gain/loss modes, the demonstrated PT ring laser 

can be further integrated with a bus waveguide to realize a compact PT symmetric microring laser-absorber [5]. 
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Abstract— We evidence that single negative metamaterials can turn into double negative ones,
hence leading to a negative band solely by breaking the symmetry. We explain this phenomenon
from multiple scattering effects and give an analogy with the phonon optical branch. We experi-
mentally demonstrate a negative index acoustic super-lens using a soda can hexagonal array with
a focal spot 15 times smaller than the wavelength.

Media presenting negative indices of refraction were first considered theoretically by Veselago in
the 60’s [1]. They have recently become a very attractive field of research since they theoretically
offer the compelling possibility of designing flat super-lenses that can beat the diffraction limit, as
suggested by Pendry [2]. This negative refraction can be achieved using metamaterials presenting
simultaneously two negative effective properties (permittivity and permeability in electromagnetics
or modulus and mass density in acoustics). From a practical point of view, this requires to combine
two single negative locally resonant meta-atoms, each bringing one of the negative properties. On
the other hand, it was highlighted that the negative refraction may also occur from the superposition
of a monopolar and a dipolar resonance of a single acoustic Mie scatterer [3]. In this work, we
show analytically and numerically, that, contrarily to previous ideas, double negative media can
be created from a single negative metamaterial, that is a metamaterial having a single resonant
atom. We chose to work with an acoustic metamaterial made out of soda cans as Helmholtz
resonators. We start from a periodic one dimensional medium, for which the elementary cell, of
deeply subwavelength dimension, is composed of a single acoustic resonator and whose dispersion
relation is polaritonic (Fig.1a). By slightly breaking this medium’s symmetry, thus creating a
bi-periodic medium (Fig.1b), we evidence the creation of a negative band in the bandgap of the
original medium. We prove that this can be explained only by considering the multiple scattering
within the unit cell, which allows the rise of a dipolar mode otherwise inexistent. An analogy with
the phonon optical branch will be provided. We then experimentally demonstrate a negative index
acoustic super-lens for a frequency within the negative band of an hexagonal array of soda cans,
that focus sound on a λ0/15 focal spot behind the lens, in the vicinity of the output surface.
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Figure 1: (a-b) Simulated dispersion relation of a periodic triangular (resp. biperiodic hexagonal) array of
soda cans in the Γ −M direction and schematic of the simulated medium. (c-e) Experimental results of
super-lensing.



This new approach of a double negative medium from symmetry broken metamaterials stresses
the importance of multiple scattering at subwavelength scales that is generally considered unimpor-
tant, as metamaterials are considered as effective media. We believe this work simplifies the design
of negative index materials and paves the way to the design of new and exotic metamaterials.
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Abstract-Traditional approach on realizing optical isolators and circulators rely mainly on the 

magneto-optical effect to break time-reversal symmetry. Yet, this approach has difficulty with 

conventional complementary metal-oxide-semiconductor (CMOS) technology. By exploring 

gain-saturation induced nonlinearity in active high-Q microtoroid resonators, we here report two of 

our recent experiments towards the realizations of on-chip optical isolation and circulation. Not 

only compatible with the existing CMOS technique, our devices also show unprecedented 

performances even for signal power down to few nanowatts. 

 

Reciprocity is fundamental to light transport and holds in most optical system
1
. Yet, optical information 

processing and communications based on integrated photonic devices demand on-chip nonreciprocal light 

transport, which remains elusive due to material and fabrication challenges. Traditional approach on realizing 

optical isolators and circulators relies mainly on the magneto-optical (Faraday) effect
2
 via applying external or 

internal magnetic fields to break time-reversal symmetry. Unfortunately, this approach is challenging with 

conventional CMOS processing. Besides the Faraday effect, previous efforts on light nonreciprocity have been 

mostly implemented with such as parity-time symmetry
3
, optical nonlinearity

4
, electro-absorption modulation

5
, 

indirect interband photonic transitions
6
, and opto-acoustic effect

7
. 

Here, we report our recent experiments
8,9

 on on-chip optical nonreciprocity using active high-Q silica 

microtoroid resonators by exploring gain-saturation nonlinearity to break time-reversal symmetry. The first 

experiment
8
 using two directly coupled active-passive microtoroids. The active toroid, optically pumped by a 

1480nm tunable laser to produce an effective gain in the 1550nm band. The passive toroid is a high quality 

microresonator. The two toroids are coupled to tapered fibers 1 and 2, and support similar initial resonance 

frequencies. To accurately tune the coupling strengths of the toroid-toroid and tapered fiber-toroid, the cavities 

and fibers were all mounted on nanopositioning translation stages for precision controls of their separation 

distances. Also, each toroid was placed on an actively controlled thermoelectric cooler to stabilize and change 

the resonance wavelength of the cavity. In our set of experiments on optical isolation, our system exhibits further 

a switchable isolation direction on elevating the incident signal power from few nW to hundreds of µW. The 

isolation ratio ranged from +8dB to -8dB. By engineering the coupling strengths and dropped pump power, the 

isolation can be altered in a controllable manner. Thanks to the amplification, our system yielded a good 

isolation performance even for the signal power of a few nW, which is several orders of magnitude lower than 

those reported in Ref. [2,4]. The experimental illustration and the main results are, respectively, summarized in 

Figs. 1 and 2. From a device integration standpoint this device has advantages of compact footprint and variable 

isolation, which are important in the realization of on-chip photonic integration. The demonstrated wide 
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operating scope for the signal power from few nW to hundreds of µW can be fully controlled by manipulating 

different degrees of freedom of the system.   

  

 

 

 

 

 

 

 

 

By exploring the gain-saturation induced nonlinearity in an active cavity, in the very recent experiment
9
 we 

have realized on-chip optical isolation and three-port circulation in a much simpler configuration. By tailoring 

the coupling strengths between the microcavity and two fibers, experimentally we have achieved 20dB 

isolation ratio for a broad range of input signal power from few nW to hundreds of µW. We notice that so far, 

most of the demonstrated optical circulators were based on the Faraday effect. This approach have difficulty 

with the current CMOS process. Also, the externally applied magnetic fields will affect the performance of 

nearby devices. Our system does not rely on the Faraday effect, and offer great circulating property.  

In short, using active high-Q microcavities, we have experimentally realized on-chip optical nonreciprocity 

such as isolation and circulation. The method opens new avenues in the development and applications of 

integrated photonics. 
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Fig. 1: On-chip whispering-gallery-mode silica microtoroid 
resonators with gain and loss for optical isolation. (a) 

Schematic of 3D view of the system composed of two 
directly-coupled microtoroids coupled to two tapered fibers (1 

and 2). Based on the probe inputs, forward and backward 

propagation configurations are, respectively, denoted by the 
orange and green arrows. (b) Top-view optical microscope 

image of the system (a), where g represents the effective gain 

in the active toroid 1,  the total loss rate of the passive toroid 

2, µ the coupling strength between the two toroids, and 1 (2) 

coupling strength between the toroid 1 (2) and fiber 1 (2), 

respectively. 
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Abstract 

We investigate the propagation of electromagnetic waves in materials with both gain 

and loss in either permittivity or permeability. When the gain and loss are balanced 

with refractive index being a real number, such materials can support propagating 

waves like media without gain or loss. While when two waves are incident on such 

media in opposite directions, coherent perfect absorption or lasing states can be 

achieved, depending on the phase difference of the incident waves. Based on photonic 

crystals with both gain and loss, we have achieved effective media of such 

energy-balanced materials. The transition between propagation, perfect absorption 

and lasing states have been demonstrated with such a photonic crystal. 

 

In recent years, the important significance of electromagnetic waves propagation in 

materials has aroused great interest of scientists. In our work, we will present an 

energy-balanced materials which achieved the transition between propagation, perfect 

absorption and lasing states in one dimension.  

                        

Fig.1 The structure of coherent perfect absorption when two waves are incident on the 



energy-balanced material in opposite directions. 

Firstly, we consider the case of coherent perfect absorption by the incident field with 

transverse electric (TE) polarization. The total electromagnetic wave’s equation in 

media is  

                     21
0E E



 
     

 
,                        (1) 

The structure of the absorber like Fig.1. By matching the fields at the interface 

between absorber and air, the CPA’s conditions in energy-balanced materials are  
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,      abs abs

k k t k k t
i i
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                   (2) 

Here, 1k  is the wave vector in absorber which is a real number. Then, we utilize the 

band structure of photonic crystal to find out the effective media of such 

energy-balanced materials.. 

                    

Fig.2 (a) and (b) show the field maps of total coherent perfecter absorption with the photonic 

crystal and it’s effective energy-balanced material with both gain and loss.  
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Abstract- Nonreciprocal surface wave and space wave are observed in one-dimensional magnetic 

photonic crystal made of a chain of gyromagnetic rods. These nonreciprocal waves are associated 

with the time reversal symmetry breaking of the gyromagnetic rods, but in different behavior. The 

underline mechanisms of the nonreciprocal waves are discussed. Base on the nonreciprocal wave 

phenomenon, some example devices which can guide the surface wave or space wave 

unidirectional transmission are given. 

 

Magnetic photonic crystals (MPCs) are of great interest for their many unique characteristics, which will 

lead to great potential applications in microwave and optics engineering. One-way edge states is one of the most 

attractive characteristics for which electromagnetic waves are guided along the edge of the MPC. This 

phenomenon has been observed in the MPC slabs made of gyro-magnetic rod array [1-3]. The underline 

mechanism is due to the time reversal symmetry breaking which leading to topological electromagnetic (EM) 

edge states [4], or magnetic surface plasmon (MSP) resonance [5]. Further breaking the mirror symmetry, 

nonreciprocal bulk states could be appeared in MPCs which cause the nonreciprocal space wave [6].  

In this work, we will show that both nonreciprocal surface wave and space wave can be observed in 

one-dimensional MPC that consists of a chain of gyromagnetic rods. We will show a chain of magnetic rods can 

support self-guided one-way propagation of EM waves since the edge states are localized on the interface of 

MPC. The evolution of band structures from MPC to rod-chains illustrates the existence of edge modes in 

magnetic rod-chains. Both simulations and measurements prove that the rod-chain has broadband frequency 

range of one-way transportation which is robust to the wave channel bending. Also, we will show the 

electromagnetic waves passing through the rod chain in space are nonreciprocal for which the wave transmission 

and reflection depend on the sign of the incident angle. The space wave could pass the rod chain in one direction 

and totally reflected at its opposite direction, showing a strong nonreciprocal wave transmission. A novel 

nonreciprocal negative transmission is demonstrated both numerically and experimentally and the underline 

mechanism is discussed.  

These characteristics make the rod-chain very attractive for practical applications. The rod-chain 

configuration provide a new way for the one-way waveguides, which can be in deep sub-wavelength transverse 

dimension and very flexible to form arbitrary shapes of one-way waveguide. The single-layer feature makes it 

show great potential in the miniaturization of devices for space wave applications, especially in designing 

compact optical components for future on-chip applications. We will give some examples designed for wave 

guiding of surface wave and space wave..  
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Abstract— We use simple examples to illustrate the roles of PT symmetry and RT symmetry in
phenomena associated with non-reciprocal dispersion. In the first example, we present a one-way
surface mode in a PT symmetric magnetized photonic system at ”effective” mu close to zero. The
new mode is non-propagating and purely magnetic when the system is infinite while it becomes
propagating in the finite case. One-way optical tunneling is supported in oblique-incidence config-
uration. In the finite-slab case, the radiative mode supports non-reciprocal unidirectional beam
shift at normal incidence. The PT symmetry provides exceptional point and high transmission.
In the second example, we show that a magnetized diatomic chain of plasmonic nanoparticles can
support a non-reciprocal dispersion, only when the RT symmetry is broken. Plasmonic optical
isolation can be achieved in such a simple non-chiral and translationally periodic structure.
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Abstract. We demonstrate that exciton-polariton quantum billiards, optically induced in 
semiconductor microcavities, represent a new experimental platform for studies of non-Hermitian 
physics with matter waves. By engineering a Sinai billiard for Bose-condensed microcavity 
polaritons, we show that the open-dissipative nature of the system enables experimental observation 
of non-Hermitian degeneracies in this macroscopic quantum system. 

 
Quantum states macroscopically occupied by a massive number of bosonic particles offer an unprecedented 

opportunity to probe quantum systems and engineer them for the purposes of fundamental studies, precision 
measurements, and information processing. This coherent quantum behaviour on a macroscopic scale has been 
achieved in Bose-Einstein condensates of ultracold matter (neutral atoms), light (photons) confined in resonators, 
and hybrid light-matter quasiparticles (exciton-polaritons) in semiconductor microcavities. The exciton-polariton 
condensate [1], having both electronic and photonics interfaces, readily lends itself to flexible manipulation via 
electrostatic or optically-induced potentials, bringing the quantum physics to the micrometer scale and making 
all of the properties of a quantum state accessible in situ. Moreover, the open-dissipative nature of the polariton 
condensate, stemming from the necessity to continuously pump the microcavity to overcome the radiative losses, 
makes this quantum system essentially non-Hermitian. 

In this work, we demonstrate a non-Hermitian quantum polaritonic billiard – quantum analogue of a 
classical particle moving in a hard-wall 'box'. Making use of the large de-Broglie wavelength of the condensed 
polaritons and flexibility of the optically induced potentials [2], we create and image single-particle eigenstates 
and their superpositions in a fully regular square billiard and a Sinai billiard with a classical dynamics exhibiting 
transition to chaos. We observe non-Hermitian degeneracies in the spectrum of a Sinai billiard (Fig. 1) and infer 
the existence of exceptional points. Such degeneracies strongly affect both static response and transport 
properties of quantum systems, and have been a subject of intensive theoretical and experimental studies in the 
past decade [3]. Up to now, only classical microwave [3] and optical systems [4] have been widely studied in 
this context. Here we demonstrate the signatures of non-Hermitian behaviour in a macroscopic quantum system 
which is much easier to implement and control than quantum electronic corrals [5,6]. Our findings offer a new, 
highly accessible solid-state platform for fundamental and applied studies of non-Hermitian quantum physics 
and quantum transport with matter waves. 



 

Figure 1. Experimentally observed crossing (a) and avoided crossing (b) of resonances in the 
spectrum of exciton-polaritons confined in an optically-induced Sinai billiard potential of reduced 
symmetry with a tunable radius of the scatterer R (inset). Both weak (a) and strong (b) coupling 
regimes are evident. 
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PT–symmetry, complex coordinates, and the suppression of
reflection
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In this talk I will explain when it can be useful to treat space–time coordinates as complex
numbers when considering the propagation of waves. Our results demonstrate that there is a
simple way to control reflection from an inhomogeneous medium in terms of the properties of the
permittivity in the complex position plane, and that this is intimately related to PT–symmetry.
Our technique is distinct from work that makes use of complex coordinate transformations [1, 2].
Rather than transform the propagation axis from the real line into the complex plane, we solve the
wave equation in the entire complex plane and relate properties of the wave at complex positions
to propagation on the real axis.

(a) (b)

Figure 1: (a) The first panel shows a plot of the permittivity profile (2), and the second panel shows a
wave propagating to the right within this profile (the real part of the wave is green, the imaginary part is
blue, and the absolute value is red). Evidently this particular profile exhibits PT–symmetry, and the lack of
oscillations in the absolute value of the field means that there is zero reflection from the profile. The final
panel shows a plot of the value of the field ϕ in the complex position plane where brightness indicates the
magnitude, and colour the phase (zero phase is red, π phase is light blue). The real axis is shown as a black
dashed line, and the pole in (2) is the black circle. The red dotted line runs from the pole to infinity, and
indicates a branch cut in the field in the complex position plane. The position of this branch cut determines
whether the profile reflects radiation. (b) Identical to (a), but the pole in ε(z) has been moved from z = −ia
to z = ia. Notice that now there is large reflection.

Consider a simple example: a wave propagating in one dimension according to the equation[
d2

dz2
+ k20ε(z)

]
ϕ(z) = 0 (1)

where ϕ could be a single component of the electric field, or some scalar field such as sound, and z
is a complex number representing position. In this case take the following permittivity profile

ε(z) = 1 +
1

(z/a+ i)2
. (2)

which has a single second order pole at the complex position z = −ia. Figure 1a shows a plot of
the permittivity (2), and wave propagation along the real line, and in the entire complex position
plane.



2

There are several things to notice about figure 1. Firstly, this is a PT–symmetric permittivity
profile with zero reflection for a wave incident from the left (such behaviour of PT–symmetric
structures is already known [4]). In the complex position plane the profile has a single pole at
z = −ia, and from this pole runs a branch cut in the value of the field ϕ. In fact, we have found
that when there is a pole in the permittivity in the complex position plane then there is nearly
always a branch cut in the field. The position of the branch cuts is important. Whenever all the
branch cuts in ϕ can be placed below the real axis then the profile will not reflect radiation from
the left, and whenever they can be placed above the real axis then the profile will not reflect any
radiation from the right. Figure 1b shows the effect of moving the pole in ε(z) from z = −ia to
z = ia. Notice that the branch cut in ϕ now occurs above the real axis, and there is large reflection
for incidence from the left.

Figure 2: Panel (i) shows the results of a numerical calculation of the absolute value of the field of a dipole
emitter placed in front of the planar permittivity profile shown in panel (v) which satisfied the Kramers–
Kronig relations in space. In panel (ii) the dipole is place to the right of the profile, and panels (iii) and (iv)
show the field in the case when only the real or imaginary parts of the permittivity are included, respectively.

The phenomenon shown in figures 1a–1b can be generally stated as follows: poles in the permit-
tivity at complex positions lead to branch cuts in the field. When these branch cuts are all below
the real axis then there is no reflection for incidence from the left, and when the branch cuts are
all above the real axis then there is no reflection for incidence from the right. This means that if
we have any permittivity profile where all the poles occur in the lower half position plane, then all
such profiles will not reflect any radiation incident from the left (and vice versa for all the poles in
the upper half plane).

In turn this means that to guarantee zero reflection for incidence from the left we can use the
Kramers–Kronig relations in space to determine the real and imaginary parts of the permittivity,

Re[ε(x)] − 1 =
1

π
P

∫ ∞
−∞

Im[δε(y)]

x− y
dy (3)

Figure 2 illustrates an example of an index profile that obeys (3), showing that there is indeed
zero reflection, which we have found to be true for the full angular range of emission, and both
polarizations.
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Abstract- We have recently demonstrated the possibility to construct electromagnetic bound states 

in the continuum in subwavelength and coupled dielectric particles. This new type of modes, 

previously conjectured in quantum mechanics have been design, simulated and fabricated. In this 

talk, I will introduce our approach in constructing BIC and the possibility to realize new photonic 

devices based on these modes. The current system addresses many challenges in nanophotonics. 

 

Cavities are an essential building block of PICs because they provide enhanced light-matter 

interaction. Currently, the most mature technology is based on a silicon on insulator platform and 

ring resonators. Typically, these dielectric resonators are several microns in diameter [5]. However, 

due to the difficulty of integration with much smaller electronic components, other technologies 

such as plasmonics have started to be investigated. One of the main advantages of plasmonic 

devices, which are made of noble metals such as gold and silver, is that their size is not limited by 

the wavelength. For example, plasmonic ring resonators of only several hundred nanometers in 

diameter have been demonstrated [6]. Generally, cavities are characterized by their quality factor Q, 

which is a measure of their capacity to store signals for a long time. At present, dielectric cavities 

have reached quality factors of 10
6
, which are only limited by radiation losses coming from 

sidewall roughness, but typically have a footprint of 80 μm
2
. In contrast, plasmonic cavities can 

have a footprint as low as 1.25 μm
2
 but their quality factors are usually below 10

2
, being limited by 

thermal losses coming from conduction electrons. Therefore, there is a need for novel cavity 

designs that can simultaneously achieve high quality factors and low footprints. 

 

Figure 1: Cross-section of the electric field magnitude for the coupled resonators system (Half 

of it). Resonator 1, whose inner radius is zero, is on top and resonator 2, with a non-zero inner 



radius, is at the bottom. The symmetry plane on the right of each plot denotes the symmetry 

plane of interest. Odd modes are mostly confined in resonator 1 and even modes mostly in 

resonator 2.  

Recently, we have demonstrated the possibility of making electromagnetic cavities using a different 

concept, namely bound states in the continuum (BICs) [7]. BICs were first proposed in 1929 in the 

context of quantum mechanics by Von Neumann and Wigner [8]. They surprisingly showed that 

bound states can exist above the continuum threshold, i.e., there are states that do not decay even in 

the presence of open decay channels. However, due to the theoretical nature of the first proposal, 

BICs did not become fully appreciated until 1985 when Friedrich and Wintgen showed that they 

could be interpreted as resulting from the interference of two distinct resonances [9]. In this picture, 

one resonance traps the other and thus one quality factor decreases while the other one tends to 

infinity. Since BICs are essentially a wave phenomenon they also appear in electromagnetics where 

they translate for lossless dielectrics into an infinite quality factor. As a proof of concept, we have 

designed and measured a BIC in the microwave range using a periodic metasurface [7, 10].  
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Abstract- By considering the local symmetries of a special duality operation in exchanging electric 

and magnetic fields for two dimensional wave propagation, we identify a real-space gauge field 

realized using reciprocal anisotropic metamaterials. It manipulates waves by shifting the centers of 

local dispersion surfaces instead of varying their sizes and shapes. It allows us to design spin-

enabled optical devices, such as beam splitters, waveguides with asymmetric transmission and 

invisibility cloaks. 

 

In transformation optics (TO), the sizes and shapes of the local dispersion surfaces are conventionally varied in a 

gradient material profile to manipulate wave propagation. On the contrary, a recent gauge field approach 

manipulates light by shifting the centers of the local dispersion surfaces from place to place. The existence of 

such a gauge field has already been confirmed by recent experiments using an array of optical resonators by 

making the coupling direction-dependent through optical path difference [1-3], dynamic modulation [4-6], or 

making the coupling inhomogeneous through a strain [7]. Such a concept has been applied to design novel wave 

phenomena, such as negative refraction and one-way waveguide using dynamic modulation [8]. Here, we 

investigate the possibility to realize such a gauge field using a specific type of anisotropic metamaterials in the 

effective medium regime. We further design different optical components, such as beam splitters, asymmetric 

light propagation through waveguide coupled  to a ring resonator, and invisibility cloaks with gauge fields. 

For two dimensional wave propagation on the 𝑥 − 𝑦 plane, a gauge field can be identified by considering a 

local symmetry operation [9]: 

 (
𝐸𝑧
𝑖𝐻𝑧

) = (
cos𝑘0𝜙 −sin 𝑘0𝜙
sin𝑘0𝜙 cos 𝑘0𝜙

)(
𝐸𝑧
(0)

𝑖𝐻𝑧
(0)
) , (

𝑬𝑇

𝑖𝑯𝑇
) = (

cos𝑘0𝜙 sin 𝑘0𝜙
−sin𝑘0𝜙 cos 𝑘0𝜙

)(
𝑬𝑇
(0)

𝑖𝑯𝑇
(0)
) (1) 

where subscript 𝑧 and 𝑇 indicate the field components normal/on the 𝑥 − 𝑦 plane. It is a specially designed dual 

operation, with rotation angle 𝜙 being a spatially varying profile (i.e. local), on the electric 𝐸 and magnetic 𝐻 

fields. By maintaining the form-invariance of Maxwell’s equations in a similar spirit to TO, a homogeneous and 

isotropic medium with 𝜖 = 𝜇 = 𝑛 is transformed to anisotropic metamaterials with permittivity and permeability 

tensors: 
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where the  additional parameters in the constitutive tensors actually constitute a two-dimensional gauge field on 

the x-y plane as  

 ˆ ˆ
x yA x A y A . (3) 

which is now generally non-zero. It breaks the original degeneracy of the two polarizations. The local dispersion 



            

surface of such an anisotropic medium is split by the gauge field 𝑨 with pseudo spin-up/down Ez ± Hz, as shown 

in Fig. 1(a), with parameters 1n  , 0xA  , and 0.1yA   as an example. The degree of this splitting is then 

varied as a gauge field profile, which enables us to design optical components in a very different way. As an 

example, the constant 𝐴𝑦  profile splits the incident 𝐸𝑧 -beam into the two pseudo-spins which were guided 

oppositely in 𝑦-direction and continue to propagate in horizontal direction when they re-enter to the air region. 

This is the gauge-field beam splitter (with simulation shown in Fig. 1(b)). Furthermore, the gauge field can be 

designed to provide pseudo magnetic field 𝐵𝑧�̂� = ∇ × 𝑨 , which can be further combined with coordinate 

transformation to design a cloaking device, as shown in Fig. 1(c). An incident light is bent by the pseudo 

magnetic field around the cloak and return to its original path. 

 

 

 

Fig. 1 (a) Dispersion surface of the anisotropic metamaterial with parameters 1n  , 0xA  , and 0.1yA  . (b) 

Ez field pattern when a Ez beam incidents into the splitter (the central slab with gauge field 𝐴𝑦 = 0.4). (c) a 

cylindrical cloak (the ring region) with nonzero 𝐴𝜙 in the angular direction. 
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Abstract-Recently, some works doubt that the robustness of the previous reported photonic topological 

insulators (PTIs) is not protected by time-reversal (TR) symmetry, which destroys the foundation of the 

principle of topological insulator (TI). To clarify the symmetry protected mechanism of PTIs, we 

introduce a new symmetry operator, which has the similar form with TR symmetry operator of electrons. 

By constructing a two dimensional photonic crystal, we demonstrate that the there will always be TI 

phenomenon protected by such new symmetry.  

 

The topology of electronic systems has recently attracted much attention in condensed matter physics 

research. Topological insulator (TI) is one of the most interesting phases, which is famous for its topologically 

protected gapless edge/surface states exhibiting robust spin-dependent transportation against impurities and 

perturbations with time-reversal (TR) symmetry invariant [1-4]. As for the realm of optics and photonics, some 

works have been recently proposed to explore the non-trivial photonic symmetry protected topological phases 

[5-7]. In very recent years, photonic quantum spin Hall Effect (QSHE) has been proposed, which is regarded as 

2D symmetry protected photonic topological insulators (PTIs) [8-12]. TR symmetry plays an important role in 

QSHE for both electronic and photonic system. However, photons and electrons are fundamentally different as 

they possess different statistics, bosonic vs. fermionic, which results in that Kramers degeneracy of photons is 

difficult to be realized. What’s more, there are some works showing that the robustness of the previous reported 

PTIs is not protected by TR symmetry [13], which destroys the foundation of the principle of TI. Therefore, the 

symmetry protected mechanism of PTI is still an open question. 

In this talk, we attempt to tackle the above question by exploring the intrinsic symmetry of photonic 

Kramers degeneracy, and come up with a new symmetry operator Tp which always has an anti-unitary form, 

similar to the TR symmetry operator of electrons.  

                              KKiT yp 











01

10
                            (1) 

If Tp symmetry is kept, TI phenomenon can be observed when appreciate eigen states are chosen. Based on the 

theory above, in our photonic crystal system, we choose TE & TM modes as the basis states, corresponding to 

pseudo spins of photons, similar to the two spins of electrons. The related Maxwell equations is adjusted to be 

invariant under the anti-unitary Tp, operator, and then we derivate the effective Hamiltonian with constitutive 

parameters.  
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To construct such new kind of constitutive parameters, an effective model of gyrotropic medium, possessing 

both gyroelectric and gyromagnetic properties simultaneously, is proposed. Using such kind of gyrotropic 

medium, we construct a two dimensional photonic crystal of cylinder rods array with square lattice. In line with 

expectations, our simulation results show that a pair of gapless boundary states exists in the photonic bulk band 

gaps responsible for the polarization-dependent transportation of the TE and TM mode, which has contrary 

propagating directions along the boundary of the photonic crystal, leading to zero net energy flow. And then, the 

robustness of such photonic pseudo-spin-dependent transportation is further checked against impurities with 

different symmetries. The results demonstrate that PTI in our proposed photonic crystal is protected by 

anti-unitary pseudo-time reversal symmetry Tp, rather than unitary time-reversal symmetry Tb. 

Our finding provides a viable way to exploit the topological property of quasi-particles, and also can be used 

to develop a platform to mimic the spin properties of electrons. 
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Abstract— We fabricated arrays of micrometer-sized, three-dimensional chiral meta-molecule
(CMM) of cobalt (Co) by using a strain-driven self-coiling technique. In the arrays, the Co
CMMs were fixed on a silicon substrate and aligned in the same direction. We investigated the
ferromagnetic resonance of the arrays with varying angles of external dc magnetic field. The Co
CMM arrays show a resonance signal at a much lower field than the Kittel mode.

Chiral structures of ferromagnetic metals are of great interest in the field of matamaterials and
spintronics [1, 2]. It is a challenge to prepare micrometer-sized chiral structures, like microhelix
coils, only by standard micro-processing with photolithography and etching. In this contribution,
we report the preparation and ferromagnetic resonance (FMR) of an array of three-dimensional
and micrometer-sized chiral structures of cobalt (Co) using a technique based on strain-driven
self-coiling [3, 4].

Figure 1 shows schematics of the fabrication processes and sample cross-sections. The strain-
driven self-coiling technique consists of three steps [3]: (a) preparation of an SU8 resist strip, (b)-(d)
deposition of metal films, and (e) delamination and spontaneous coiling of the SU8 strip with a
metallic layer. In the present study, the SU8 strip forms an arc-shape, which leads to the control of
the coiling direction. The connection of the SU8 strips to large SU8 pads and selective deposition
of metals only on the strips through the lift-off process enable us to fix Co CMMs on a silicon
substrate. Figure 1(f) shows an optical microscopic image of a Co CMM array.

We investigated angle-resolved FMR of the Co CMM array using an X-band (9.8 GHz) electron
spin resonance spectrometer. The angle of an external magnetic field, θH , was changed. When θH
is -90◦, the magnetic field is perpendicular to both the chiral axis and the substrate, and when θH
is 0◦, the magnetic field is parallel to both the chiral axis and the substrate. An increment of the
angle is 15◦.

Figure 2(a) shows FMR spectra of Co CMM array. The CMM array shows two-types of res-
onances. Resonances observed at 22 mT and 60 mT when θH is -90◦ does not move as θH is
increased. Contrastingly a new resonance appears at 130 mT when θH = -75◦ shifts to a lower
magnetic field with an increase in θH . Figure 2(b) shows FMR spectra of strips before coiling.
When θH is -75◦, the resonance peaks are seen at 180 mT and 240 mT. These resonances shift to
lower magnetic fields as θH is increased. The weak resonance seen at 60 mT when θH is -90◦ does
not move as θH is increased.

The resonances that show shifts are assigned to the Kittel mode corresponding to a uniform
precession of spins in ferromagnetic films [5]. We note here Co strips shows doublet resonance
peaks. The resonance at the lower magnetic field is due to the Kittel mode. The resonance at the
higher field accompanying the Kittel mode is attributed to a localized edge mode confined in regions
of inhomogeneous magnetic field at the edge of the strip as reported by Jorzick and co-workers [7].

The isotropic resonance peak at 60 mT of Co strips is likely caused by residue of Co that does
not lifted-off. The resonance become dominant after coiling up. The reason is that the Kittel mode
with the magnetic field parallel to the Co film is excited in any angle because the Co CMMs have
portions that are always parallel to the magnetic field.

Co CMM array exhibits the resonance at a very low field around 25 mT. It is well known that
spin waves confined in a thin film with a finite thickness shows a number of additional resonance
peaks at lower magnetic fields than the Kittel mode [5]. Furthermore, Mendach and co-workers
[6] reported that a series of resonance modes which arise from the constructive interference of
spin-waves traveling along the circumference of the three-dimensional rolled-up ferromagnetic mi-
crotubes. The spin-wave interference in the CMMs is thus likely to be an origin of the characteristic
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Figure 1: (Color online) (a)-(e) Fabrication procedure of the Co chiral meta-molecule arrays using a strain-
driven self-coiling technique and (f) An optical microscopic image of an array of Co chiral meta-molecules.
Inset shows an SEM image of a typical meta-molecule. The scale bar in the inset corresponds to 50 µm..
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Figure 2: (Color online) Angular dependence of FMR spectra of (a) Co CMM array and (b) strips before
coiling. The angle of the magnetic field to the CMM array is defined by θH .

resonance at a lower field in the present study. In order to uncover the origin, it is necessary to
obtain clear resonance signal from single CMM and discuss the linewidth and intensity of the signal.
Such an improvement in the fabrication process is now underway in our group.

To summarize, we have fabricated an array of Co CMMs using the self-coiling of strained bilayer
films. By introducing arc-shaped SU8 strips anchored to a large pad and two step photolithography,
we have fixed Co CMMs aligned in the same direction on a substrate. Angle-resolved FMR studies
demonstrate that the Co CMMs array shows a resonance peak at lower magnetic field, which does
not shift as θH increases, besides the uniform Kittel mode by a Co film.
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Abstract- As a phenomenon originally discovered for electrons subjected into a periodic potential, 
Bloch oscillations (BO) have been studied in many other Hermitian physical systems for quantum 
particles exhibiting wave nature. Here by exploiting the emerging concept of parity-time synthetic 
photonic system, we experimentally realize for the first time Bloch oscillation in a non-Hermitian 
silicon photonic lattice consisting of periodic dissipative elements and show that such system gives 
rise to abundant physics. 

 
Bloch oscillations (BO) are a fundamental transport phenomenon in solid-state physics. It is well known as 

the coherent oscillatory motion of electron in a periodic potential driven by an external DC electric field1. Due to 
the similarity in wave description, BO have also been observed for matter waves2, optical waves3, acoustical 
waves4 and surface plasmon polariton(SPP) waves5. However, these studies on BO are primarily focused on 
systems with real-valued potentials, and BO in non-Hermitian systems especially with parity-time synthetic 
complex potentials6 has not been studied experimentally. In this work, we experimentally investigate BO in 
non-Hermitian silicon photonic lattices consisting of an array of bent dissipative silicon waveguides. By using 
scanning near-field optical microscopy (SNOM), we directly visualize the BO in real space and show that there 
exists secondary emission due to the PT symmetry breaking.  

The schematic of our complex photonic lattice, as shown in Fig. 1(a), consists of an array of identical silicon 
waveguides (220nm×400nm) with Cr layer (4nm×100nm) deposited on every other silicon waveguides. The 

evolution of mode amplitude !An
′  for nth waveguide element can be described within the framework of 

coupled-mode model as  

 
  
d
dz

An ' = iκ An−1 '+ An+1 '( )− γ
2

1+ −1( )n( )An '   (1) 
where γ  is the attenuation coefficient caused by Cr layers and κ  is the coupling coefficient between adjacent 

waveguides. The above equation can be solved by assuming 
  
An ' ∝ exp iβNH z − nqNH d( ) , and the resulted 

dispersion relation is determined to be 
  
βNH = iγ

2
± 4κ 2 cos2(qNH d)− γ

4

2

, where  βNH
 and  qNH  are the 



longitudinal propagation constant and transverse Bloch momentum, respectively. A plot of the calculated 
dispersion relation is shown in Fig. 1(b). Clearly, such a PT symmetric system possesses singularities or 

exceptional points at cos
4NHq d arc γ
κ

⎛ ⎞= ±⎜ ⎟⎝ ⎠
 as indicated by the black points. Beyond these exceptional points, 

the underlying system will go through a phase transition between PT symmetry and symmetry breaking. 

 
Figure 1 a) Schematic and b) band diagram of complex PT photonic lattices 

This parity-time synthetic photonic lattice is curved to introduce a linear refractive index gradient along the 
transverse direction. An example of the fabricated sample is shown in the inset of Fig. 2(a). The corresponding 
photonic transportation dynamics are studied in FDTD simulation with results shown in Fig. 2(a). Clearly the 
dynamics of simulated BO still exhibit a periodic feature with a decreasing intensity due to the dissipative 
background of this system. Surprisingly the BO here, as indicated in the zoom-in view in Fig. 2(b), is 
accompanied with noticeable secondary emission at the Bloch period point. Such emission is originated from the 
PT symmetry breaking experienced by the beam as it propagates down the photonic lattice and its transverse 
wave vector scans through the band diagram. Fig. 2(c) shows the near-field image at the Bloch period point. 
Compared with the simulation results in Fig. 2(b), although the finest feature is not well resolved, the secondary 
emission is clearly visible and overall results agree very well with the simulation.  

 
Figure 2 a) FDTD simulation of BO with inset showing the fabricated sample, b) zoom-in view of the simulated first Bloch 

period point, c) near field image of the first Bloch period point 
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Abstract- Phase-matching is critical for coherent nonlinear optical processes, allowing nonlinear 

sources to combine constructively, resulting in efficient emission. We experimentally demonstrate phase 

mismatch-free nonlinear propagation in a bulk zero index metamaterial that allow symmetric nonlinear 

emission to both forward and backward directions. We also discuss transverse phase matching, utilizing 

the in-plane zero index modes of metamaterials, which will allow coherent broadside emission. 

Nonlinear optics is the study of the response of materials when the incident light is strong enough to modify 

the material properties and has a wide range of applications from spectroscopy to frequency conversion. An 

important problem in obtaining efficient nonlinear conversion is phase-mismatch, which leads to destructive 

interference between microscopic nonlinear sources in different regions of the material. The lack of optical 

momentum conversation between the interacting waves in the nonlinear crystal is the origin for the 

phase-mismatch problem. Phase mismatch compensations techniques work by carefully balancing the momenta 

between all of the photons involved by tuning the refractive indices [1], through material birefringence, 

dispersion engineering, or quasi-phase matching [2]. Zero-index materials have a constant phase within the 

material, allowing nonlinear sources at all positions within the material to add up constructively, eliminating the 

phase mismatch problem. In most materials, the momentum balance is easily disturbed if one photon switches 

directions, changing the sign of the momentum, leading to efficient phase matching only in one direction (Fig 1. 

A,C). In contrast, photons in zero index materials satisfy phase matching for both forward and backward 

directions (Fig 1 B,D). In materials with a zero index in the transverse direction, phase matched broadside 

emission is possible (Fig 1 E). 

 Fig. 1 Four wave mixing propagation in negative and zero index materials. In a finite index medium (A), the nonlinear 

emission acquires phase as it propagates, leading to destructive interference when the process is not phase matched. For 

example, in a degenerate four wave mixing process, the sources destructively interfere in the backward direction (C) 

resulting in weaker backward emission. In a zero index medium (B), the radiation from all nonlinear sources acquires no 



phase as they propagate, guaranteeing a constructive interference and an increase of the signal in both directions with 

propagation length (D). Transverse phase matching (E) allows coherent broadside emission. 

We experimentally demonstrate phase mismatch-free nonlinear propagation [3] in a bulk fishnet [4] 

metamaterial with a zero refractive index. The fishnet metamaterial exhibits regimes of positive, zero, and 

negative refractive indices. Using intrapulse four-wave mixing [5] (FWM), we show that at the zero crossing of 

the refractive index, the forward/backward FWM ratio is nearly unity, indicating perfect phase matching for both 

directions. In contrast to existing phase matching techniques, zero index metamaterials allow perfect phase 

matching in both the forward and backward directions.  

Fig. 2 (A) The 

phase-mismatch of the 

forward (purple) and 

backward (blue) four 

wave mixing as a 

function of wavelength, 

based on experimentally 

measured refractive 

indices. The forward 

phase-mismatch is near 

zero (Δ𝑘+ → 0) for all 

wavelengths, while the 

backward has a large 

phase mismatch (Δ𝑘− ≠ 0) except when the index is near zero. (B) The measured four wave mixing in the zero index 

regime has almost the same yield in both directions, illustrating the lack of phase-mismatch. (C) In contrast, the forward 

propagating four wave mixing (solid purple) is much stronger than the backward in the negative index regime, due to the 

phase mismatch. 

Zero index materials have a number of exciting applications in nonlinear optics: multi-band zero index 

materials will perfectly phase match nondegenerate processes such as second harmonic generation [6] and 

parametric down-conversion, for frequency conversion and entangled photon generation, respectively. 

Transverse phase matching, utilizing the in-plane zero index modes of metamaterials, allows phase matched 

generation of in-plane radiation with a broadside pump, which is important for integrated optics applications. 

The removal of phase matching requirements through zero-index media opens new functionalities in nonlinear 

optics, such as efficient multidirectional nonlinear devices for frequency conversion and entangled photon 

generation. 
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Abstract- Inhomogeneous metamaterials with refractive index, dielectric permittivity or magnetic 
permeability gradually changing from positive to negative values – so-called transition metamaterials – 
are of significant interest from both fundamental science and applications viewpoints. This interest is 
motivated by anomalous field behavior in the vicinity of the transition point, where refractive index, 
dielectric permittivity and/or magnetic permeability is equal to zero. We report the first experimental 
demonstration of the predicted field enhancement effect in all-dielectric metamaterials made of 
high-refractive index dielectric blocks.. 

The emergence of metamaterials has given rise to many unique electromagnetic (EM) phenomena, including 
negative index of refraction, which has never been found in nature, and enhanced interactions between materials 
and the magnetic field component of EM waves.  

The unusual properties of negative-index materials (NIMs) are most prominently revealed at the interface of 
positive- and negative-index materials. Particularly, the right-handed triplet formed from the electric and 
magnetic fields and the wave vector (E,H,k) in the positive-index material (PIM) undergoes an abrupt change to 
form a left-handed triplet in the NIM, revealing a topologically critical phenomenon that leads to antiparallel 
directions of the wave and Poynting vectors in the NIM. 

Inhomogeneous metamaterials with refractive index, dielectric permittivity or magnetic permeability gradually 
changing from positive to negative values – so-called transition metamaterials – are of significant interest from 
both fundamental science and applications viewpoints. This interest is motivated by anomalous field behavior in 
the vicinity of the transition point, where refractive ( and/or ) index is equal to zero [1-5]. The physics of the 
phenomenon of resonant field enhancement in such graded-index metamaterials can be summarized as follows: 
for incident, transverse-magnetic, or transverse-electric waves, the thin layer near the zero-index point (transition 
point) can be considered a very thin capacitor or inductor that accumulates infinitely large electric or magnetic 
field energy, respectively, if we neglect the effects of dissipation and spatial dispersion. Note that such energy 
accumulation occurs only for obliquely incident waves, since the electric field at oblique incidence has a nonzero 
component in the direction of propagation. Because electric displacement is necessarily continuous, the electric 
field anomalously increases in magnitude as dielectric permittivity tends to zero. Such behavior of the field leads 
to the possibility of realization of efficient enhancement of nonlinear optical effects due to the local field 
enhancement in the zero-index region, such as second and third harmonic generation, parametric optical 
amplification, and other parametric processes at reduced intensities and on the length of few wavelengths.  

Here, we propose an alternative approach aiming at the demonstration of the predicted field enhancement effect 



in all-dielectric metamaterials made of high-refractive index dielectric blocks. Such blocks have been shown to 
produce optically induced electric and magnetic resonances, but, unlike plasmonic metallic nanoparticles, they 
do not suffer conduction losses. A magnetic resonance originates from the excitation of a particular 
electromagnetic mode inside the nanoblock with a circular displacement current of the electric field. This mode 
is excited when the wavelength of light becomes comparable to the particle's size.  

As athe first step, we report the first experimental demonstration a strong enhancement effect near the zero 
refractive index point in Mie resonance-based transition metamaterial operating in the microwave range. The 
transition metamaterial was realized using a high refractive index ceramic cubes array with graded lattice 
constants so that it possessed a graded magnetic permeability profile varying from positive to negative values, as 
shown in Fig. 1. Field enhancement can be seen in Fig. 1(e), providing the first experimental demonstration of 
the predicted phenomenon in transition metamaterials layers. Such localized field enhancement is expected to 
enable a number of enhanced nonlinear phenomena.  
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Figure 1. (a) Field enhancement effect in an all-dielectric magnetic transition metamaterial. (b) Unit cell (high-index 
ceramic cube) of transition metamaterial and magnetic permeability vs. frequency for varying unit cell size. (c) 
Transition material sample comprised of ceramic cubes with graded lattice constant. (d) Measured distribution of Ez 
field under oblique incidence of the electromagnetic wave on the transition metamaterial. (e) Enhanced longitudinal 
field component Hn distribution under oblique incidence. 
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Abstract— Recently it was predicted that scattering eigenstates of an optical system with
Parity-Time (PT ) symmetry display a spontaneous symmetry breaking. This was verified in the
microwave regime but remains an elusive goal in the optical regime. We propose to observe this
phenomenon in a multimode PT -symmetric waveguide, without the need to tune any system
parameter.

Parity-Time (PT ) symmetric optical systems have attracted growing interest in the past few
years. These systems are non-hermitian due to the presence of gain and loss, which are delicately
balanced to satisfy the condition n(x) = n∗(−x) on the refractive index. The plethora of findings
in such systems are tied to the spontaneous symmetry breaking at an exceptional point (EP)
[1, 2, 3], which was first suggested in non-hermitian quantum mechanism [4] and later realized in
the evolution of waves in the paraxial regime [5, 6, 7], where a PT symmetry breaking changes the
propagation constants from real to complex conjugate pairs.

Another type of PT symmetry breaking was found in the eigenstates of the scattering matrix
[8, 9, 10], independent of the system shape and dimension: their eigenvalues can remain on the unit
circle in the complex plane, conserving optical flux despite the non-hermiticity; the symmetry break-
ing results in pairs of scattering eigenvalues with inverse moduli. In Ref. [8], the two-dimensional
phase diagrams for these two regimes consist of the frequency of the incident light and the gain
and loss strength of the system. By tuning these two parameters in a RLC circuit, the spontaneous
symmetry breaking was observed in the microwave regime. In the optical regime however, these
two degrees of freedom cannot be easily tuned while maintaining the PT symmetry, and to this
date there has been no experiment showing the scattering symmetry breaking in the optical regime.

In this work we propose to observe this phenomenon in a multimode PT -symmetric waveguide,
without the need to tune any system parameter. As we show below, the key observation is that
modes of different transverse order m, at the same frequency, have different thresholds for symmetry
breaking in terms of the gain and loss strength. Therefore, if the system possesses PT -symmetry
at a particular frequency ω0, the modes with a cut-off frequency higher than ω0 at this frequency
will display two contrasting scattering behaviors, either in the PT symmetric phase with conserved
flux or in the broken symmetry phase with a pair of amplified and attenuated scattering eigenstates.
The transverse order m then plays the role of the symmetry breaking parameter.

This behavior is shown in Fig. 1, where the transition takes place between m = 4 and 5. Below
m = 5, all the scattering eigenstates of this simple waveguide are in the symmetric phase, while
the remaining ones are in the broken symmetry phase. This mode-dependent symmetry breaking
can be understood in two ways. First we note that the symmetry breaking threshold (and the EP)
of the scattering matrix for a 1D half-loss-half-gain structure (similar to the inset in Fig. 1(a) but
without the transverse extension) is given by the following expression [8]:

ωc

c
L ≈ 1

τ
ln

(
2n0
τ

)
, (1)

where we have taken the refractive index in the asymptotic regions (“leads”) to be 1. n0± iτ is the
complex refractive index in the loss and gain regions, and c is the speed of light in vacuum. For a
given n0 and τ , the broken symmetry phase lies in ω0 > ωc and the symmetric phase in ω0 < ωc.
In the semiclassical regime where the wavelength is much shorter than the system size, one can
apply the picture of ray optics, and propagating modes of different transverse order m experience
a different length Lm in the scattering region, because they propagate at different angles with
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Figure 1: Spontaneous symmetry breaking of the eigenvalues s of the scattering matrix in a quasi-1D
multimode waveguide. The inset in (a) shows the waveguide structure. The difference of the left and right
hand sides of the symmetry breaking condition (2) is shown in (b), which predicts exactly the symmetry
breaking condition (m ≥ 5).

respective to the sidewalls. Eq. (1) then indicates that ωc at the symmetry breaking threshold is
now m-dependent, and scattering eigenstates can co-exist in the two phases at the same frequency.

To be more quantitative and address the regime where the system size is comparable to the
wavelength, we offer an alternative but equivalent explanation, by mapping the wave propagation
to an effective 1D system where the criterion (1) holds. In this explanation the length L of the
scattering region is the same for all modes, while the effective frequency and refractive index now

become mode-dependent. The incident light has an effective frequency ωm =
√
ω2
0 − c2k2y,m in the

propagation direction x, where ky,m is the wavenumber in the transverse direction. The effective

index inside the gain and loss regions is hence nm =
√

(n0 ± iτ)2ω2
0 − c2k2y,m/ωm, which is still PT

symmetric. The criterion (1) now becomes

ωm

c
L ≈ 1

|Im[nm]|
ln

(
2Re[nm]

|Im[nm]|

)
, (2)

and it predicts a symmetry breaking threshold between m = 4 and 5 for the case shown in Fig. 1,
which agrees with the numerical finding.

The proposal discussed above does not require tuning any system parameter, and the modes
with different m can even be launched simultaneously, if a network analyzer is used at the two facets
to extract their amplitudes. We thank A. Douglas Stone and Liang Feng for helpful discussions.
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Abstract-We show that the TE-TM splitting of planar cavities leads to a special type of spin-orbit 

coupling for polariton graphene, a honeycomb superstructure formed by pillar microcavities, 

transforming into an emergent field with Dresselhaus symmetry at the Dirac points of the Brillouin 

zone. This transformation can be evidenced by the Optical Spin Hall effect. Under an applied 

magnetic field, polariton graphene behaves as a Z topological insulator with chiral surface states, 

which can be evidenced by direct resonant excitation. 

 

Exciton polaritons – the quasiparticles formed from the strong coupling of a quantum well exciton and a 

cavity photon in planar microcavities – are a subject of active research since the demonstration of their 

Bose-Einstein condensation in 2006 [1]. Their most important properties include light effective mass, two spin 

projections, and strong spin-anisotropic interactions. They can be created by non-resonant excitation, allowing to 

study condensation, or by quasi-resonant excitation, allowing to precisely control the wavefunction, which can 

then be fully analyzed by studying the photons, decaying from the cavity. 

The main origin of the spin-orbit coupling for polaritons is the TE-TM splitting, arising from the difference 

in the reflection coefficients of the cavity for TE and TM polarizations, which is enhanced by a difference in the 

exciton-photon coupling. The TE-TM splitting is at the origin of the Optical Spin Hall effect [2,3,4], consisting 

in the spatial separation of opposite spin projections. 

Polaritons can be confined in an in-plane potential, engineered by patterning the microcavity [5], by 

applying surface acoustic waves [6], by using the interactions with the reservoir excitons [7], or by using natural 

disorder. Many important results were obtained in all these configurations, including the Josephson oscillations 

[8] and the observation of bonding and anti-bonding state in a pair of coupled pillars [9]. The TE-TM splitting is 

usually enhanced by the in-plane confinement and the strain. More complicated structures include a polariton 

benzene molecule (6 coupled pillars) [10] and, finally, polariton graphene [11]: a large hexagonal array of 

overlapping pillar cavities etched from a larger planar cavity. The presence of the spin-orbit coupling was 

experimentally and theoretically demonstrated by its dramatic effects in the benzene molecule, while the 

polariton graphene was proven to have a band structure similar to that of the electronic graphene, including the 

Dirac points. The major difference with the electronic graphene arises from the original type of the spin-orbit 

coupling in polariton graphene. Unlike the well-known Rashba or Dresselhaus fields, or the Kane-Mele term 

acting as an out-of-plane magnetic field in monolayer graphene [12], the TE-TM splitting presents a double 

rotation, with the direction of the field rotating twice faster than the polar angle. 

In our recent works, we have shown that the TE-TM effective field leads to a strong modification of the 

band structure of polariton graphene [13]. While it does not open a band gap on its own, it leads to the trigonal 

warping – a transformation of a single Dirac cone into four, with two branches being split off. At the same time, 



the reduced symmetry of the Dirac point affects the field, which transforms into the Dresselhaus field close to 

the Dirac point, changing the pattern of the Optical Spin Hall Effect from a four-fold in the Gamma point into a 

two-fold in the Dirac point. 

Moreover, the degenerate eigenstates at the crossing of the branches exhibit spin asymmetry, being a 

combination of opposite spins on two distinct atoms, and this combination is exactly the opposite in the two 

different Dirac points K and K’. Therefore, a magnetic field, whose main effect when applied to polaritons is the 

Zeeman splitting, acts in an opposite way on these points, leading to the opening of a gap, whose eigenstates are 

inverted between K and K’. By calculating the Chern numbers, we have shown that due to the spin-orbit 

coupling, in presence of a magnetic field the polariton graphene becomes a Z topological insulator [14], with 

integer band Chern numbers equal ±2. The bulk-to-boundary correspondence predicts the existence of chiral 

states on the surface of such insulator, which we have demonstrated, confirming their one-way nature and their 

topological protection from backscattering. 

All these results were obtained first in the tight-binding model, where the TE-TM splitting leads to a 

difference in the tunneling coefficients for two linear polarizations. We have obtained both the band structure 

and the corresponding eigenstates for the infinite 2D polariton graphene and for a finite graphene ribbon, 

demonstrating the existence of the surface states. We have also carried out full numerical simulations of 

polariton graphene on a 2D grid by solving a spinor Schrödinger equation with TE-TM splitting and a potential, 

corresponding to the pillar confinement. 

We acknowledge the support of ITN INDEX (289968) and ANR Labex GANEX (ANR-11-LABX-0014). 
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Abstract-We show that the presence of parity-time symmetry, a hallmark of structures with a 

delicate balance of gain and loss mechanisms, leads to novel lasing schemes with exotic and 

controllable features. Specifically, in a microring laser, existence of rotational parity-time symmetry 

leads to intrinsic single-mode lasing regardless of the gain spectral bandwidth. Moreover, an 

interplay between the Fano resonances and parity-time symmetry in coupled ring cavities with 

balanced amplification and absorption results in lasing modes with unidirectional emission. 

 

 

 



Tunable Light-matter Interaction With Quantum Spillover and 2D materials  

 

Dafei Jin, Anshuman Kumar, Qing Hu, Yingyi Yang, Eunnie Lee and Nicholas X. Fang 

Department of Mechanical Engineering, Massachusetts Institute of Technology 

77 Massachusetts Ave, Cambridge MA 02139, USA 

 nicfang@mit.edu 

 

Abstract: 
 

Recently, exciting new physics of plasmonics has inspired a series of key 

explorations to manipulate, store and control the flow of information and energy 

at unprecedented dimensions. In this talk I will report our recent efforts on 

controlling light absorption and emission process through quantum effects in 

sub-20nm scale coatings. For example, we experimentally demonstrated strong 

absorption of 20nm thin oxides in the visible spectrum assisted by silver films. 

We found such a broadband light absorption below the bandgap of the oxide is 

a manifestation of quantum electron tunneling that penetrate into the thin 

oxide layer, and it is controlled by the static dielectric constant of the oxide 

instead of dopant. We also found quantum emitters on a graphene-hBN 

heterostructure can be switched on and off at mid infrared, by transferring 

energy into surface phonon polaritons, and this effect can be electrically tuned 

by biasing the graphene layer. Our findings shows promise to application of 

these nanostructure for efficient light harvesting and controllable emission, with 

potential impact in high resolution mid-IR spectroscopy and imaging. 
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Abstract - In this talk we present our recent work on dielectric metasurfaces for phase, amplitude 
and polarization control. We show new results in the near IR and the mid IR regime, in which the 
control over the properties of light can be achieve by controlling the retardation of a subwavelength 
periodic structure or by controlling the resonances of nano beams in semiconductors. We discuss 
approaches for achieving broadband retardation of light by tailoring the dispersion properties of the 
metasurface. Both guided mode and free space configurations are considered. The effect of 
introducing metals is also analyzed and demonstrated. Finally, we also discuss and demonstrate 
tunable metasurfaces. 
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Abstract-Topological photonic systems generate robust modes whose properties are well 

controlled. A difference to the original electronic context, from which these concepts are borrowed, 

are photon creation and annihilation processes, which induce a new class of exploitable symmetries 

but also serve as an extra source of noise. I illustrate these concepts for a few examples: 

PT-symmetric Lasers [1], selective amplification of a topologically induced defect mode [2], and 

emerging charge conjugation symmetry in coupled resonator optical waveguides [3]. 
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Abstract— We demonstrate coherent Rabi oscillations of single diamond nitrogen-vacancy
(NV) center spins and spin ensembles driven directly by gigahertz frequency strain. These
mechanically-driven spin transitions compliment magnetic field-based quantum control within
the NV center spin triplet manifold to provide access to all spin transitions. This work demon-
strates crucial steps toward a hybrid quantum interface between phonons and spins, and has
potential applications that include quantum enhanced metrology of inertial motion and decoher-
ence protection.

Resonant control of spin-based quantum systems is conventionally accomplished by driving with
an alternating magnetic field tuned into resonance with a spin transition satisfying the selection
rule ∆ms = ±1. Recently, we have demonstrated that resonant spin transitions may be driven
by alternating lattice strain using the NV center’s transverse anisotropy spin Hamiltonian Hσ⊥ =
−ε⊥σx(S2

x − S2
y) + ε⊥σy(SxSy + SySx), which permits direct ∆ms = ±2 spin transitions [1]. Here

we use ε⊥ as the non-axial component of local stress, ε⊥ = 0.015 Hz/Pa as the non-axial stress
coupling factor [3, 4], and Sx, Sy as spin-1 operators. This Hamiltonian may also be viewed as a
direct interaction between NV center spins and the phonons of the driven mechanical resonator [5].

To drive coherent spin transitions with high-frequency stress, we fabricate high-overtone bulk-
mode acoustic resonators (HBARs) from single crystal diamond substrates. Working with a res-
onator mode at ωmech/2π = 0.529 GHz with a mechanical quality factor of Q = 4000 (fQ > 1012),
we are able to drive coherent Rabi oscillations of an NV center ensemble with a frequency of up
to Ωmech/2π = 3.8 MHz [2]. First, we tune the static magnetic field so that the |(ms =)− 1〉 and
|+1〉 spin splitting is in resonance with the mechanical resonator frequency. To circumvent the
long ring-up/down time of our high-Q mechanical mode, we use the pulse protocol shown in Fig.
1(a). Starting from an optically polarized spin ensemble, we drive power into the HBAR while
systematically apply a pair of short (∼30 ns) magnetically driven π-rotation pulses that couple
|0〉 and |−1〉. In particular, we fix the inter-pulse delay and vary the relative delay between the
magnetic pulses and the acoustic driving. This pulse protocol controls the effective interaction time
between the spin ensemble and mechanical oscillator because stress driving only couples to the spin
ensemble while it has amplitude within the |−1〉 and |+1〉 subspace.

Figure 1: (a) Schematic diagram of the pulse protocol used in the experiment. (b) Plot of normalized |+1〉
projection as a function of magnetic pulse pair delay. Figure is taken from Ref. [2]



The result of this experiment is shown in Fig. 1(b). For short delays, coherent Rabi oscillations
are evident as the accumulated driving area is nearly linear as a function of pulse pair delay. For
longer delay times, the area does not accumulate linearly. Eventually, the effective spin-mechanical
interaction time decreases as a function of delay because the magnetic pulse pair begins to leave
the mechanically-driven region of the pulse sequence. These data are well-described by a numerical
model that accounts for both the realistic dynamics of the mechanical pulse and the dephasing of
the spin ensemble due to magnetic fluctuations.

To study single NV centers coupled to a high frequency mechanical resonator, we also fabricated
HBAR devices out of electronic grade diamond and find that they have similarly large fQ products.
In these devices, we demonstrate highly coherent Rabi oscillations of single diamond NV centers
and discuss their application for quantum information processing in a hybrid spin-mechanical sys-
tem, quantum enhanced metrology, and decoherence protection of a single spin with a mechanical
oscillator.

In conclusion, we have demonstrated coherent Rabi control over single spins and spin ensembles
using a diamond mechanical resonator. This work provides early progress toward quantum inter-
actions between spins and phonons in diamond. Additionally, the ideas demonstrated here could
have application for sensing magnetic fields and inertial motion.
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Abstract-We observe and measure atomic dipole forces for nanodiamonds (NDs) containing many 

NV centres, in a liquid environment. While holding the NDs (~150 nm in size) at the focus of 

classical optical tweezers in liquid, we employ a second laser beam slightly detuned from the dipole 

transition of the target colour centres and measure dispersive variations in the trap stiffness, due to 

the resonant forces, of ~10%. 

 

Nanodiamonds (NDs) are remarkable objects. They possess extreme mechanical, thermal, electrical and 

optical properties and display high surface areas and high chemical surface reactivity. They are also host to 

colour centres, such as the nitrogen-vacancy (NV) and silicon-vacancy (SiV) centers, possessing unique 

spin-optical quantum properties. In life sciences, fluorescent NDs are used as bio-compatible and non-toxic 

alternative to quantum dots for biomedical imaging [1] or as carriers for drugs and biomolecules [2, 3]. In recent 

proof-of-principle experiments, NDs have been tracked within living HeLa cells by means of quantum-based 

fluorescence mechanisms [4], and optically manipulated in a liquid environment [5]. However, the efficient 

manipulation, at will, of diamond nanosensors in a 3D biological environment remains beyond reach. Currently, 

classical optical tweezers cannot trap particles much smaller than ~100 nm. One potential solution takes 

inspiration from cold-atoms trapping experiments [6]. The idea is to exploit artificial atoms, e.g. colour centers 

incorporated in the host nanoparticle, and enhance the trapping of the whole crystal through near-resonant forces 

acting on these artificial atoms. 

 

Here, we report the observation of resonant effects on trapped nanodiamonds containing many (~10
3
) NV 

centers. While holding the diamond nanoparticle (~150 nm in size) at the focus of classical optical tweezers in 

liquid [7], we employ a second near-resonant laser beam, slightly detuned from the dipole transition of the target 

colour centers. We measure the resulting change in trap stiffness associated with the additional laser beam. 

Tuning the wavelength, produces dispersive variations with a ~10% change in the trap stiffness, which is the 

clear signature of atomic dipole forces. 

 

Our results show that it is possible to access a completely new trapping regime which holds the potential for the 

manipulation of nanoparticles smaller (~tens of nm) than those addressable via classical optical tweezers. In the 

talk, we discuss how the aforementioned resonant forces depend on the number, dipole strength and spectral 

linewidth of the centers themselves. While the effect of this resonant trapping is limited for NV centers in NDs, 

we project an increase of at least an order of magnitude for SiV centers. In current developments, we are 

investigating NDs only ~tens of nm in size and containing a very high density of colour centers suited for 



pushing the size limit of optical tweezing. This is ideal for biomedical applications, where this new method has, 

ultimately, the potential for achieving dynamic, in-vivo, single-molecule experiments. In addition, by capitalising 

on the strong increase of forces enabled by the presence of quantum emitters, this approach also has the potential 

to reach force regimes inaccessible with conventional tweezers [8]. 
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Abstract— In this paper we present our recent work on scanning probe magnetometry with
nitrogen vacancy centers in diamond. We focus on applications of this method to fundamental
nanomagnetism.

The ability to map magnetic field distributions with high sensitivity and nanoscale resolution is
of crucial importance for fundamental studies ranging from material science to biology, as well as
for the development of new applications in spintronics and quantum technology. In that context,
we follow a recently proposed approach to magnetic sensing based on optically detected electron
spin resonance (ESR). It was shown that this method applied to a single nitrogen-vacancy (NV)
defect in diamond could provide an unprecedented combination of spatial resolution and magnetic
sensitivity under ambient conditions [1, 2]. The principle of the measurement is similar to the one
used in optical magnetometers based on the precession of spin-polarized atomic gases. The applied
magnetic field is evaluated by measuring the Zeeman shifts of the NV defect spin sublevels. More
precisely, a diamond nanocrystal hosting a single NV defect is attached at the end of the tip of
an atomic force microscope (AFM) and used as a single spin scanning probe magnetometer [Fig.
1(a)]. If the probe spin is brought near a target, it will feel the presence of any local magnetic
field emanating from the vicinity, causing a shift of the associated ESR, and thus providing a
quantitative measurement of the magnetic field within an atomic-sized detection volume [3].
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Figure 1: (a) Schematic representation of our scanning probe magnetometer. A nanodiamond hosting a
single NV defect is placed at the apex of an AFM tip and used as an atomic-sized magnetometer. (b)
Top: AFM image of a Pt/CoFeB(1 nm)/MgO ferromagnetic wire with perpendicular magnetic anisotropy.
Bottom: Stray field distribution recorded above a domain wall with the scanning-NV magnetometer together
with the micromagnetic simulation.

In this talk, I will show how scanning-NV magnetometry can be used as a powerfull tool to
tackle fundamental problems in nanomagnetism, focusing on the study of domain walls in ultra-
thin ferromagnetic layers with perpendicular magnetic anisotropy [4, 5, 6].
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Abstract- We demonstrate coherent optical control of Nd rare-earth ions coupled to a nano-photonic 
resonator. Optical storage in the nano-resonator is demonstrated using multi-mode photon echo and atomic 
frequency comb protocols. The long optical and spin coherence of cavity-coupled rare-earth ions indicate that 
these are promising systems for on-chip quantum light-matter interfaces. 

 
Rare-earth-ions (REIs) are promising candidates for implementing solid-state quantum memories and quantum repeater 
devices [1]. Moreover, their high spectral stability, long coherence times, and small inhomogeneous broadening [2] make 
REIs a good choice for integration in an on-chip quantum nano-photonic platform. Here we demonstrate photon storage in 
an Yttrium orthosilicate Y2SiO5 (YSO) photonic crystal nano-beam resonator with mode volume of 1.6 cubic wavelengths. 
The coupling of the 883 nm 4I9/2-4F3/2 transition of Neodymium (Nd3+) ions to the nano-resonator results in a 40 fold 
enhancement of the transition rate (Purcell effect), and increased optical absorption (~80%) - adequate to realize efficient 
photon storage via cavity impedance matching [3]. Optical coherence times T2 up to 100 µs with low spectral diffusion were 
measured using the photon echo technique for ions embedded in the nano-beams, which are comparable to those observed 
in unprocessed bulk samples. This indicates that the remarkable coherence properties of REIs are preserved during 
nanofabrication process. Thanks to cavity impedance matching, enhancement of echo intensity by 12 times was observed 
compared to a nano-beam waveguide without a cavity. Multi-temporal mode photon storage using stimulated photon echo 
and atomic frequency comb (AFC) [4] protocols were implemented in these devices.  

The triangular nano-beam resonator was fabricated in Nd:YSO using focused ion beam milling. A resonance of 
Q=4400 and mode volume V = 1.6(λ / n)3  at 878 nm were tuned to the 883 nm Nd:YSO transition. When coupled, 

enhanced photoluminescence and reduced lifetime from 250 µs to 90 µs were observed, as shown in Fig. 1 (d). 

  
Figure 1 (a) SEM image of a Nd:YSO nano-beam resonator fabricated using FIB. (b) Efficient vertical in/out coupling of the cavity is through angled 

reflectors milled in the YSO substrate. (c) Simulated cavity mode profiles in the beam cross-section and along the beam length. (d) Reduction of 

spontaneous emission lifetime from 250 µs (blue) at off resonance to 90 µs (red) when the cavity is on resonance with Nd ions. 

Two-pulse photon echo experiments were performed to extract T2 optical coherence time of the Nd ions in the cavity. 
Shown in Fig. 2, with the 0.2% doped high-density nano-resonator, we measured T2 = 2.8 ± 0.4 µs  at 3.5 K temperature 
with a 500 mT applied magnetic field, which agrees well with a T2 = 3.2 ± 0.4 µs  measured in the bulk sample. In 0.003% 



doped low-density nano-beams, the measured T2 was 100.6 µs .  

Using the 0.2% doped Nd:YSO device, we measured an enhanced 
absorption by the ions in the cavity, indicated by a ~80% reduction of the cavity 
transmission at the center of a ~16 GHz inhomogeneous linewidth. This can be 
compared to <5% absorption by the same ensemble of ions in a nano-beam 
waveguide without a cavity.  

We then demonstrated multi-mode optical storage in our nanophotonic cavity 
based on stimulated photon echoes scheme. An arbitrary 3-bit pulse sequence 

(i.e. “101” or “110”) followed by a write, then a read pulse were sent into the 
cavity. As shown in Fig. 3, multiple photon echoes resembling the 
time-reversed input pulse sequence were emitted after the read pulse. An 
additional echo at ~7 µs was produced by the write and read pulses, which did 

not contribute to the data storage. Current data pulse widths were limited to 200 ns by our acousto-optic modulators (AOM). 
Much narrower pulses (~10 ns), thus longer bit length (~6 bit) storage can be, in principle, implemented using our device. 
These results point towards excellent prospects for implementing on-chip nano-photonic optical quantum memories based 
on rare-earth doped crystals. 

 

Figure 3: Optical data storage in the Nd:YSO nanocavity based on stimulated photon echoes. Ignoring the last echo at 7 µs, the echo amplitudes 

represent a time-reserved sequence of the input signals. 
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Abstract. We discuss recent progress towards building on-chip quantum networks of multiple spin 
qubits in nitrogen vacancy (NV) centers in diamond. An essential component for such networks is 
an efficient light-matter interface to entangle photons and stationary qubits. Here, we describe NV-
nanocavity systems in the strong Purcell regime with optical quality factors approaching 10,000 and 
electron spin coherence times approaching the millisecond regime; patterned NV-cavity 
implantation;  and techniques for high-yield integration multiple functional NV-cavity systems and  
single photon detectors on-chip. 

A central goal of quantum information science is the production of large entangled states with individually 
controllable quantum memories. Quantum networks, consisting of optically connected long-lived stationary 
quantum memories, are an attractive path towards this goal. Among solid-state systems, the nitrogen-vacancy 
center in diamond has emerged as an excellent optically addressable memory with second-scale electron spin 
coherence times [1]. Recently, quantum entanglement and teleportation have been shown between two nitrogen-
vacancy memories [2] despite very lossy optical channels connecting them. However, scaling to larger networks 
will likely require more efficient spin-photon interfaces based on optical resonators and efficient nanophotonic 
collection strategies. Here, we discuss progress towards the development of on-chip networks of multiple NV 
quantum memories entangled via photons in photonic integrated circuits (PICs) and on-chip photodetection. 

Figure 1 shows photonic crystal nanobeam cavities produced in high-quality single crystal diamond grown 
by chemical vapor deposition (CVD) by Element6. The diamond was thinned using mechanical polishing and 
oxygen reactive ion etching (RIE); the cavities were produced using a silicon hard mask that was mechanically 
transferred onto the diamond membrane [3]. Such silicon hard masks enable excellent selectivity for oxygen 
RIE, which makes them also useful for producing triangular waveguide networks in diamond [4]. In cavities as 
in Figure 1, which have mode volumes on the scale of the wavelength cubed and measured Q values as high as 
10,000, we measured the NV’s spontaneous emission rate to be enhanced by more than 50 times [5], and, using 
integrated microwave wires to perform optically detected magnetic resonance, electron spin-coherence times 
exceeding 200 µs.  

To improve the probability that NVs are overlapped with the cavity field maximum, we recently developed 
an implantation technique that uses the same silicon hard mask that is used for the photonic crystal etching. 
Using a combination of reactive on etching and aluminum oxide deposition, we are able to create implantation 
masks with a thickness of 270 nm and with through-holes with a dimension down to 1 nm. Proof-of-concept 
experiments with 15N implantation at energies of 6 and 20 keV resulted in NVs with a FWHM down to 26±2.4 
nm – limited, at this point, by straggle rather than the mask feature size [6]. When this targeted implantation 
approach is applied NV production in the cavity, we observe a strong improvement in the yield of highly coupled 



NV-cavity systems, with ∼ 1 NVs/cavity area [7]. 
 

However, even the targeted implantation is not fully deterministic since the number distribution of NVs in 
the cavity follows a Poisson distribution. To address this problem, we therefore developed a hybrid process in 
which NV quantum memories and the PICs are produced separately, and functional components are finally 
assembled. We have designed an adiabatic tapering between the SiN and diamond waveguides to enable an 
efficient photon transfer between them. The NV centers in these diamond nanowires exhibit relatively narrow 
linewidths of several hundred MHz at low temperature, evaluated by resonant excitation.  We estimate that > 106 
photons/second are coupled into the SiN waveguide. This approach facilitates the assembly of multiple quantum 
memories into a photonic integrated circuit with high yield [8].  

On-chip detection can also help improve the optical collection efficiency, since it avoids the ~ 3dB photon 
loss that we normally incur when coupling into a silica fiber from the photonic circuit. To this end, we recently 
developed a fabrication to integrate superconducting nanowire single photon detectors on photonic waveguides 
[9]. 
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Left: The diamond photonic crystal (PhC) cavities are integrated on a Si substrate with metallic striplines for 
coherent spin control. Top right: Simulated electric field intensity for the optimized fundamental cavity mode. 
Bottom right: Scanning electron micrograph (SEM) of a representative cavity structure.
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Abstract- In this talk I will present our latest results towards optically connected quantum networks 

and quantum error correction based on nuclear spins in diamond.  

 

The nitrogen vacancy (NV) center in diamond is one of the most promising candidates for solid-state 

quantum information processing and quantum networks. The NV electron spin couples to individual nuclear 

spins in the environment so that multi-qubit registers with long coherence times can be formed. These registers 

can be initialized, read out, and linked together in a quantum network through the optical transitions of the NV 

center. 

 

In this talk I will present our latest results towards these goals. I will explain how the electron spin can be 

used to selective control multiple nuclear spins in the environment and how the electron spin can be used to 

perform non-destructive measurements of nuclear spins. These results enable the exploration of 

measurement-based quantum error correction protocols that continuously protect quantum states against errors, 

an essential requirement for all large-scale quantum information processing [1, 2].   

 

Together with our recent demonstrations of the entanglement of two NV electron spins over 3 meters [3] and 

the unconditional teleportation of a nuclear spin state between these NVs [4], these results have the potential to 

establish quantum networks that test the fundamentals of quantum mechanics and enable long-range quantum 

communication and network-based quantum computation. 
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Abstract-We use a nanodiamond-hosted nitrogen-vacancy (NV) center attached to the apex of a 

silicon tip as a local temperature sensor. We apply an electrical current to heat up the tip to a 

predefined temperature and rely on the NV to monitor the small thermal changes the tip experiences 

as it is brought into contact with surfaces of varying thermal conductivity. With the aid of a 

combined AFM/confocal setup, we image the thermal conductivity of engineered microstructures 

with 10 nm resolution (Abstract).  

 

      Understanding nanoscale thermal transport is critical for the design of better thermal insulation [1] as 

well as for the implementation of advanced magnetic storage devices that use thermal energy to manipulate local 

magnetic states [2]. Although much progress has been made over the past two decades, many fundamental 

aspects of energy flow in nanostructures are not well understood, partly due to the experimental difficulties 

associated with high-resolution thermal sensing. New forms of nanoscale imaging are being developed that 

exploit the unique properties of nitrogen-vacancy (NV) center in diamond [3], a spin-1 defect that can be 

individually addressed and readout with optical and microwave pulses. The NV crystal field strongly depends on 

the system temperature [4, 5] thus leading to resonance frequency shifts that can be monitored via simple 

magnetic resonance protocols.  

      Here we use a single NV center within a 30-nm-diameter diamond nanocrystal as a nanoscale probe to 

monitor the temperature of a sharp silicon tip. The latter is part of an atomic force microscope (AFM) cantilever 

with an integrated heater, which can be used to heat the tip to a predefined temperature above ambient. For a 

constant electrical power dissipated at the cantilever end, the immediate consequence is a sample-dependent 

temperature drop at the tip that can be monitored locally with the aid of the probe NV. This is shown in Figure 

1(a) where we measure the NV frequency shift relative to room temperature as a function of the applied voltage 

for substrates of varying thermal conductivity. In all cases we find a quadratic response but the scaling depends 

on the sample material. In particular, the frequency shift is minimum when the tip is in contact with bulk 

diamond, the system with the highest thermal conductivity. To perform nanoscale imaging of thermal 

conductivity based on sensitivity of the nanodiamond-hosted NV we record the tip temperature as we scan an 

engineered structure formed by a patterned, 15-nm-thick film of gold on sapphire. The resulting image (Figure 

1(b)) corresponds to a nanoscale map of the substrate thermal conductivity. The thermal conductivity closely 

follows the sample topography indicating that the 10 nm spatial resolution inherent to the AFM tip is preserved. 

The small mass and high thermal conductivity of the diamond nanocrystal may be exploited to probe fast, 

time-dependent physical processes impacting the energy flow between the tip and the substrate. As a proof of 

principle, we apply a square voltage pulse (rise/decay time of 4 ns) between the two conducting arms of the 



cantilever and use the NV center to monitor the corresponding temperature change at the tip. We collect the NV 

fluorescence upon NV initialization via a 1-µs-long pulse of green light and a 500-ns inversion pulse of microwave 

(mw) resonant with the NV transition at 436 K. The NV fluorescence is initially bright because the mw is off 

resonance at room temperature and hence has no effect on the NV spin. Upon current injection at 6 ms, the cantilever 

reaches the steady-state temperature 436 K, which is accompanied by a concomitant reduction of the NV fluorescence 

upon spin inversion. The transition between both stationary states is exponential and has a characteristic response time 

184 µs.  

      The ability to peer into the nanoscale heat flow of a target material promises multiple applications ranging 

from the investigation of phonon dynamics in nanostructures to the characterization of heterogeneous phase 

transitions and chemical reactions in various solid-state systems.   

Figure 1: (a) NV frequency shift relative to room temperature as a function of the heater temperature upon 

contact with various substrates. The system-dependent NV shifts at a fixed heater temperature indicate 

contact-induced cooling of the AFM tip. (b) NV-assisted thermal conductivity image of a 15-nm thick gold structure 

on sapphire. The heater temperature is 465 K. 
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Abstract-The nitrogen-vacancy (NV) center has been demonstrated to be a robust magnetic field 

sensor with high sensitivity and spatial resolution. We illustrate the applications and challenges of 

using single NV centers to image magnetic features both at ambient conditions and at low 

temperatures. In addition, we show different types of scanning probes including tips fabricated on 

bulk diamond membranes.  

 

The NV center is a point defect in diamond composed of a nitrogen atom next to a vacancy in a diamond 

lattice. The result of this configuration is a spin-1 defect that can be addressed and readout optically
1
. Here, we 

will demonstrate using single NV centers as scanning probes to detect the magnetic fields of individual FeCo 

nanoparticles. A single nanodiamond housing an NV center was attached to the end of a commercial atomic 

force microscope (AFM) cantilever
2
. Using a homebuilt AFM with confocal microscopy, the NV center was 

scanned over the FeCo nanoparticle at a fixed height while the electron paramagnetic resonance (EPR) of the 

NV center was measured optically. The resulting image is shown in Figure 1. Fitting the experimental image 

with the calculated field profile of the nanoparticle indicated that the NV-nanoparticle distance was ~ 25nm.  

 

Figure 1. Magnetic field profile of a FeCo particle (diameter < 100nm) with a static 30 mT magnetization 

field. The image was taken using a single NV center in a nanodiamond embedded at the tip of an AFM 

cantilever.  

 

In addition to scanning magnetometry under ambient conditions, we are interested in utilizing the NV 

centers to study nanoscale condensed matter physics at low temperatures. We used single NV centers in 

nanodiamonds to study the local magnetization dynamics of the helimagnet FeGe. FeGe is a skyrmion type 

material with potential applications in data processing and as information carriers. For such applications to be 

successful however, the local magnetization dynamics of the material must be understood and well controlled. 

To study these dynamics, we used both stationary NV magnetometry and magnetic force microscopy (MFM) to 

probe the helimagnetic ground state of FeGe
3
. The results are shown in Figure 2.  The helimagnetic structure 

(λ~70 nm) can be obtained with MFM. With the NV center, we were able to measure the Néel temperature, TN, 

by detecting the onset of the magnetic stray field from the helimagnetic phase. Finally, we observed stochastic 



jump-like collective movements of the spin texture with both MFM and the NV center at all temperatures below 

TN and a drop in the NV contrast at TN. This drop in contrast may be due to dynamic magnetic fluctuations or 

transient local magnetic disorder with very large fields. 

     

Figure 2. NV magnetometry with single NV centers in nanodiamonds spread on the FeGe surface (left). 

Stationary NV magnetometry of the helical state of FeGe (middle) and scanning MFM of the same material 

(right). The EPR was monitored by optically detected magnetic resonance. In both cases, stochastic jumps in the 

local magnetization were observed (white arrows). 

 

One of the biggest challenges of scanning NV magnetometry is preparing the diamond probes. Although 

NV centers in nanodiamonds are easier to prepare, they have several shortcomings including low stability, poor 

spin properties (e.g. short T1 and T2), and low collection efficiency. One possible solution to these problems is 

using scanning diamond tips on bulk diamond substrate with shallowly implanted NV centers. Careful control of 

the shape and size of the diamond pillars leads to photon flux rates of up to 10
6
 s

-1
 while having no impact on the 

spin properties
4
. We describe our efforts in making similar tips on platforms that can be attached to cantilevers 

for scanning (Figure 3). 

                

Figure 3. Diamond pillars with shallowly implanted NV centers (left) and the same pillars fabricated onto 

breakable levers for scanning use (right). 
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Abstract— Using a quasi-isotropic etching technique to undercut nanostructures in bulk sin-
gle crystal diamond, we have fabricated diamond nanobeam mechanical resonators and optical
waveguides. The nanobeams support mechanical resonances with quality factor greater than
700,000, and can be sensitively probed using phase-matched evanescent coupling with an op-
tical fiber taper. Optomechanical and photothermal effects excite self-oscillations, resulting in
emergence of nonlinear nanomechanical softening.

Nanophotonic optomechanical devices [1] allow highly sensitive optical coupling to nanomechan-
ical resonances [2], providing opportunities for probing their quantum properties, and create sensing
and information processing technologies. Owing its desirable optical and mechanical properties,
single crystal diamond is an attractive material for implementing optomechanical devices. In addi-
tion, diamond hosts color centers whose highly coherent electronic and nuclear spins are promising
for quantum information science.

We have recently demonstrated a diamond chip–based optomechanical device which utilizes vari-
able guided-wave coupling to sensitively readout mechanical resonances with ultrahigh mechanical
quality factor (Qm) [3]. A scanning electron microscope (SEM) image of a typical device is shown
in Fig. 1(a). The optomechanical coupling in this system relies on efficient phase-matched evanes-
cent coupling between a fiber taper waveguide interacting with the near field of optical modes of
diamond nanobeam resonators. The nanobeams are fabricated from bulk single–crystal diamond
chips using oxygen plasma undercut etching. Unlike other diamond plasma etches, this previously
unreported process proceeds along diamond crystal planes

The fabricated nanobeams support mechanical resonances whose motion is transduced by the
optical fiber taper–nanobeam coupling. Figure 1(b) shows a thermomechanical noise spectrum of
a nanobeam measured in cryogenic conditions. These resonances exhibit ultrahigh Qm > 7.2×105,
and the dissipative optomechanical interaction mediating this measurement has a displacement
sensitivity of 9.5 fm/

√
Hz. This sensitivity is achieved without any cavity enhancement and is

significantly more sensitive than free space measurement techniques. In combination with low
nanobeam mechanical dissipation, interplay between pN photothermal forces and optomechanical
coupling can be used to excite nanomechanical self–oscillations with large amplitude > 200 nm,
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Figure 1: (a) SEM image of a diamond nanobeam waveguide nanomechanical resonator fabricated using
a quasi-isotropic oxygen plasma undercut. (b) Thermomechanical power spectrum, Sv(f), of a nanobeam
probed using guided-wave coupling between the waveguide and the optical fiber taper.



providing opportunities to probe photon-phonon-spin coupling via stress induced nanomechanical
coupling to nitrogen vacancy centers.

In summary, we have fabricated single crystal diamond nanobeams and demonstrated a waveg-
uide optomechanical coupling system with a combination of high displacement sensitivity, broad-
band coupling, and ultrahigh–Qm. This system is a promising platform for implementing sensors
as well as studies of photon-phonon-spin coupling in single crystal diamond.
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Abstract— Fast and high fidelity control of quantum systems and protection from decoherence
are critical for quantum computation and sensing devices, but they often pose contradicting
requirements. To overcome these issues, a strategy is to use a quantum actuator that interfaces
the system of interest with the classical controller, thus allowing fast operations while preserving
the system coherence. As a paradigmatic example, we focus on implementation based on the NV
center electronic spin in diamond (actuator) and nearby nuclear spins (qubits).

A critical task for the realization of practical quantum information processing devices is to
reliably control a quantum system, while protecting it from decoherence, by keeping it isolated
from any external influence. These requirements often pose a contradiction: fast control requires a
strong coupling to the external controlling device, but this entails an undesired interaction with the
external world, which leads to decoherence. The choice is thus between using a strongly connected
system, naturally subjected to a stronger noise, or a weakly connected one, with longer coherence
times because of it isolation from the environment, but also slower control. A possible strategy to
overcome this challenge is to use a hybrid system comprising both a strongly coupled system and
a more isolated one. This type of system can improve the control task in two ways.

First, one can exploit second-order effects due to mixing of the two subsystem states in order
to enhance the nutation speed of the isolated system under external driving. A second strategy
is to use the strongly coupled system not as a quantum actuator to interface the quantum system
of interest to the classical controller, thus allowing fast operations while preserving the system
isolation and coherence [8].

These two strategies are particularly appropriate for nuclear spin qubits, which only couple
weakly to external fields, but often show strong interactions with nearby electronic spins.

Here we focus on the nitrogen vacancy (NV) center in diamond[3] as a paradigmatic example,
assessing the achievable gate times of these two strategies. The NV is a naturally occurring point
defect in diamond [3]. Thanks to optical initialization and measurement, as well as long coherence
times, the NV has emerged as a powerful system for quantum information [11], quantum sensing [10]
and photonics applications [5]. Nearby nuclear spins (14N and 13C ) often play a key role in these
applications, as they can serve as qubits in small quantum algorithms [4], enhance the readout
fidelity of the NV electronic spin [6, 9] and achieve more sensitive detection of external fields [7].
It is thus imperative to devise strategies for the control of nuclear spins associated with the NV
center.

Enhanced Driving Speed in Hybrid Systems

Nuclear spins surrounding the NV electronic spin are coupled to it by the hyperfine interaction,
which can be as strong, or stronger, than the driving Rabi frequency and even the nuclear Larmor
frequency. The transverse part of the hyperfine A⊥ causes level mixing. Then, a field on resonance
with the nuclear spin transition also drives electronic transitions, resulting in an enhancement
of the nuclear state driving frequency. This enhancement has been long observed in ENDOR
(electron-nuclear double resonance) experiments [2] and is usually described as a pseudo-Zeeman
effect, affecting both the resonance frequency and the transition probability of nuclear spins. The
speed-up due to these nominally-forbidden transitions can be quite consistent (see Fig. 1).

Time-optimal control by a quantum actuator

If the hyperfine coupling between the NV and nuclear spin has a transverse component, it is possible
to achieve universal control of the nuclear spin, while bypassing all direct driving and only applying
π pulses on the electronic spin [1]. Indeed, evolution in different manifold of the electronic spin
amounts to rotations around non-parallel axes, that can be combined to generate any universal
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Figure 1: Left: 14N Rabi oscillations at B = 450G in the three NV manifold (Red, solid line ms = 0. Black,
dashed line, ms = −1. Gray, dotted line ms = +1). Center: ratio of actuator to direct driving times for
the generation of Y(π) in the NV system as a function of the distance between nuclear and electronic spins.
We consider all three electronic spin states |0〉, | + 1〉, | − 1〉 (red circles, gray plus signs, and black dash-
dot, respectively), for a bare Rabi frequency Ω≈ 20kHz. Right: Histogram of Rabi enhancement factors,
|1 + ζi|, for the closest nuclear spins to a NV center in diamond at B0 = 500G. The line with dots are the
enhancement for the 14N spin.

rotation. This strategy can improve the robustness of the control and in some cases, see Fig. 1,
also give a speed advantage.
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Abstract— The silicon vacancy (SiV) centre in diamond is a remarkable solid-state single
photon source. Up to half of its total fluorescence is contained within a stable spectral peak with
lifetime-limited linewidth. These properties have enabled the demonstration of indistinguishable
photons from distinct SiV centres, which might be used to distribute entanglement between
qubits for quantum information processing. Coherent electronic spin states have been prepared
optically in SiV centres, and it may be possible to produce technologically useful spin-photon
interfaces.

Effective interfaces between solid state qubits (which can have long storage times) and photon
“flying” qubits (which can distribute entanglement) are an important resource for quantum com-
munication and information processing. Color centers in diamond are attractive candidates owing
to unique properties of diamond, which include optical transparency and a high lattice quality that
allows spin to function as long-lived quantum memory. The negative silicon-vacancy (SiV) defect
in diamond has recently gained considerable attention in this context.

Figure 1: The silicon-vacancy (SiV) colour centre in diamond consists of a silicon atom taking the place of
two adjacent carbon atoms. It is understood that the silicon atom relaxes to sit at the bond-centred position,
giving this defect inversion symmetry.

SiV centres produce fluorescence that is concentrated in a strong narrow zero-phonon line, which
has four-fold fine structure resolvable at cryogenic temperatures. Using photoluminescence exci-
tation spectroscopy at 5 K we measured the individual transitions to have linewidths limited by
the 1.7 ns excited state lifetime [1]. In addition, these transitions show no frequency variation
over hours. Exceptional optical properties such as these facilitate efficient generation of indistin-
guishable photons from multiple distinct SiV emitters [2]. Such photons are ideal for distributing
entanglement.

Progress has also been made towards spin manipulation in the SiV centre, which is an electronic
spin-12 system [3]. An external magnetic field Zeeman splits the spin levels and makes individual
spin-selective transitions optically resolvable at low temperature. Resonant excition of specific
transitions provides the capability to initialise electron spin into a defined projection with high
(> 95%) fidelity. The spin relaxation time has been measured to be T1 = 2.4 ms for a well-aligned
magnetic field [4]. Two photon resonance has been used to optically prepare dark superposition
states, with a spin coherence time of T2 = 35 ns [4,5]. It is desirable to extend this coherence time,
and various techniques have been proposed based on an understanding of the physical process that
dephases spin states [6].

The SiV centre in diamond is an excellent single-photon emitter, and provides optically-accessible
solid-state spins. Work is ongoing to extend the spin coherence time, which is crucial for the de-
velopment of SiV spin-photon interfaces.
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Abstract-Interfacing photons with solid state quantum systems is important for quantum 

information processing and communication. Here we demonstrate storage of a photon qubit in a 

single solid-state nuclear spin qubit with fidelity exceeding 95%. The nuclear spin memory is made 

robust against repetitive excitation of the electron spin, a key requirement for a versatile quantum 

node. The photon-nuclear spin interface and the nuclear spin memory demonstrated here constitutes 

a further step towards a practical solid-state quantum network. 

 

Photons are natural carriers of quantum information over long distances. Matter systems have good memory 

capabilities and processing qubits. However, it is challenging to integrate all these capabilities into one system. 

The nitrogen-vacancy (NV) defect center in diamond does show significant potential for realizing solid-state quantum 

networks. The NV center provides a hybrid spin system in which electron spins are used for fast, high-fidelity control 

and readout, and nuclear spins are well-isolated from their environment yielding ultra-long coherence time. Electron 

and nuclear spins could form a small-scale quantum register. A so far missing link is to store quantum information 

from a light field into the defects spins in such a way that repetitive readout of the memory, essential for scalable 

networks is possible. Here we demonstrate a new scheme based on the interaction of an optical photon and a hybrid 

electron-nuclear spin system. The storage process is achieved by coherently transferring a single photon to an 

entangled electron-nuclear spin state of a nitrogen vacancy center in diamond. The process resembles a 

photon-nuclear spin teleportation without classical communication. We demonstrate this scheme by storage of a 

photon qubit in a single solid-state nuclear spin qubit with fidelity exceeding 95% and memory time of 10 

seconds. By choosing a particular optically excited state, the nuclear spin memory is made robust against over 

1000 rounds repetitive excitation of the electron spin, a key requirement for a versatile quantum node. The 

photon-nuclear spin interface and the nuclear spin memory demonstrated here constitutes a further step towards 

a practical solid-state quantum network comprising diamond spins and photons. 
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Abstract— Our method of nanoscale magnetic sensing and imaging makes use of nitrogen-
vacancy (NV) color centers a few nanometers below the surface of a diamond crystal. Using
individual NV centers, we perform NMR experiments on single protein molecules. We use isolated
electronic-spin quantum bits (qubits), that are present on the diamond surface, as magnetic
resonance “reporters”, for sensing, coherent coupling, and imaging of individual proton spins on
the diamond surface with angstrom resolution, under ambient conditions, at room temperature.

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful tool that has found applica-
tions in diverse areas of science and technology. Over the past several decades it has become a
dominant method for analysis of organic compounds, including large biomolecules. Conventional
NMR spectroscopy relies on detecting the weak magnetization of a thermally-polarized ensemble of
nuclear spins and therefore typically requires high magnetic fields and macroscopic sample quanti-
ties. Recently, it has been shown that single nitrogen-vacancy (NV) color centers in diamond can
be used as atomic-sized magnetometers capable of detecting nanoscale ensembles of nuclear spins
under ambient conditions. We utilize a sensor, consisting of two quantum bits corresponding to an
NV electronic spin and an ancillary nuclear spin, to demonstrate magnetic resonance detection and
spectroscopy of multiple nuclear species within individual Ubiquitin proteins, covalently attached
to the diamond surface. Using a quantum logic-assisted readout scheme to improve readout fidelity
and a novel surface treatment technique to extend the spin coherence time of shallow NV centers,
we demonstrate significant improvements in sensitivity and spectral resolution of nanoscale NMR.
These allow us to observe spectral features that reveal information about the chemical composition
of the protein.

In order to achieve single nuclear-spin sensitivity, we use isolated electronic-spin quantum bits
(qubits), that are present on the diamond surface, as magnetic resonance “reporters”. These
spin qubits are localized with nanometer-scale uncertainty, and their quantum state is coherently
manipulated and measured optically via a proximal nitrogen-vacancy (NV) color center located a
few nanometers below the diamond surface. This system is then used for sensing, coherent coupling
and imaging of individual proton spins on a clean diamond surface with angstrom resolution, under
ambient conditions. Our approach may enable direct structural imaging of complex molecules
that cannot be accessed from bulk studies. It realizes a new platform for probing novel materials,
monitoring chemical reactions, and manipulation of complex systems on surfaces at a quantum
level.

ACKNOWLEDGMENT

This work was supported by the Defense Advanced Research Projects Agency (QuASAR program),
NSF, CUA, ARO MURI, and Moore Foundation. IL was supported by the AFOSR NDSEG
Fellowship, 32 CFR 168a. NC was supported by NSERC PGS D.

REFERENCES

1. Sushkov, A. O., Lovchinsky, I., Chisholm, N., Walsworth, R. L., Park, H. and Lukin, M. D.,
“Magnetic Resonance Detection of Individual Proton Spins Using Quantum Reporters,” Phys.
Rev. Lett., Vol. 113, 197601, 2014.



Quantum and Nonlinear Nanophotonics with Diamond 
Michael Burek, Pawel Latawiec, I-Chun Huang, Xiao Xiong, Haig Atikian,  

Vivek Venkataraman, Shota Kita and Marko Lončar* 

School of Engineering and Applied Science, Harvard University, Cambridge, MA 02138, USA 
*corresponding author: loncar@seas.harvard.edu  

 
Abstract: Approaches to engineer light-matter interaction in crystal diamond are discussed, 
along with applications in quantum information science and nonlinear optics. Examples 
include enhancement of emission of diamond color centers and realization of frequency 
combs operating in visible wavelength range. 

 
Diamond possesses remarkable physical and chemical properties, and in many ways is the ultimate 
engineering material - “the engineer’s best friend!” For example, it has high mechanical hardness and 
large Young’s modulus, and is one of the best thermal conductors. Optically, diamond is transparent from 
the ultra-violet to infra-red, has a high refractive index (n = 2.4), strong optical nonlinearity and a wide 
variety of light-emitting defects. Finally, it is biocompatible and chemically inert, suitable for operation in 
harsh environment. These properties make diamond a highly desirable material for many applications, 
including high-frequency micro- and nano-electromechanical systems, nonlinear optics, magnetic and 
electric field sensing, biomedicine, and oil discovery. One particularly exciting application of diamond is 
in the field of quantum information science and technology, which promises realization of powerful 
quantum computers capable of tackling problems that cannot be solved using classical approaches, as 
well as realization of secure communication channels. At the heart of these applications are diamond’s 
luminescent defects—color centers—and the nitrogen-vacancy (NV) and silicon-vacancy (SiV) color 
center in particular. These atomic systems in the solid-state possesses all the essential elements for 
quantum technology, including storage, logic, and communication of quantum information.  

I will review recent advances in nanotechnology that have enabled fabrication of nanoscale optical 
devices and chip-scale systems in diamond that 
can generate, manipulate, and store optical signals 
at the single-photon level. Examples include a 
room temperature source of single photons based 
on diamond nanowires1 (Figure A) and plasmonic 
appertures2, as well as single-photon generation 
and routing inside ring3 (Figure B) and photonic 
crystal resonators 4. Novel, fabrication technique5 
– angled-etching - suitable for realization of 
nanophotonic6 (Figure C) and nanomechanic7,8 
(Figure D) devices in bulk diamond crystals will 
also be discussed. Our work on diamond based on-
chip frequency combs9 will also be discussed. 

 
1. T.M. Babinec, et al "A bright single photon source based on a diamond nanowire," Nature 

Nanotechnology, 5, 195 (2010)  
2. J.T. Choy, et al, "Enhanced Single Photon Emission by Diamond-Plasmon Nanostructures.," Nature 

Photonics, 5, 738 (2011) 
3. B.J.M. Hausmann, et al, "Integrated Diamond Networks for Quantum Nanophotonics", Nano Letters, 

12, 1578 (2012) 

	  



4. B. J. M. Hausmann, et al, “Coupling of NV centers to photonic crystal nanobeams in diamond”, Nano 
letters, 13, 5791-5796 (2013) 

5. M.J. Burek, et al, “Free-standing mechanical and photonic nanostructures in single-crystal diamond”, 
Nano Lett., 12, 6084 (2012) 

6. M. Burek, Y. Chu, M. Liddy, P. Patel, J. Rochman, W. Hong, Q. Quan, M. D. Lukin, M. Loncar, 
“High-Q optical nanocavities in bulk single-crystal diamond”, Nat. Comm., 5, 5718 (2014) 

7. M. Burek et al, "Nanomechanical resonant structures in single-crystal diamond", Appl. Phys. Lett., 
 103, 131904 (2013) 

8. Y. I. Sohn et al, “Dynamic Actuation of Single-Crystal Diamond Nanobeams“, arXiv: 1408. 5822 
9. B. Hausmann et al, "Diamond Nonlinear Photonics", Nature Photonics, 8, 369 (2014)  



Nuclear spin cooling and statistics with diamond NV centers

S. F. Yelin1,2 and S. Singh1

1Dept. of Physics, Harvard University, Cambridge, MA 02138
2Dept. of Physics, University of Connecticut, Storrs, CT 06269

susannefy@gmail.com

Abstract— A method for controlling the nuclear spin environment of artificial atoms like NV
centers makes use of laser manipulation of an electronic spin transition via coherent population
trapping (CPT). We describe the nuclear spin dynamics and its interplay with the optical exci-
tation of the electronic spin and introduce a simple model of this process that allows us to study
both optimal cooling parameters for nuclear spins and optimal information transfer between the
optical measurement of the electron and the nuclear bath dynamics.

The goal of nuclear spin cooling is to eliminate or considerably suppress the electronic spin
decoherence due to surrounding nuclei. Within this context, nuclear spin cooling can take place
when one or several electron spins, polarized and controlled by fine-tuned lasers and other external
fields, interact with all surrounding nuclear spins. This can amount to about 104−105 nuclear spins
of all the surrounding atoms in typical semiconductor quantum dots or to as few as the 10 − 100
spins of the 13C atoms in an otherwise spinless 12C diamond lattice. The quantum dynamics of a
solid-state defect center can be described by a central spin model, in which the (central) electron
spin can be controlled directly, while the environment of nuclear spins is only indirectly accessible
via the electron. The spin interactions existing in this system encompass three distinct time scales:
(i) the interaction of the electron spin with electromagnetic fields, in the range of 1-100 MHz;
(ii) the hyperfine and dipole-dipole interaction between electron and nuclear spins (of the order of
0.01-10s of MHz), which are responsible for the Overhauser field; (iii) the dipole-dipole interaction
among the nuclear spins, of the order of mostly a few kHz. One specific approach involves the
optical technique known as “coherent population trapping” (CPT). The essence of this techniques,
widely known in atomic systems, is that the atomic population is trapped in a superposition of
electronic states, decoupled from the laser fields, known as the “dark state.” creation of ultra-cold
molecules, optical magnetometry and atomic clocks, as well as for slowing and stopping light pulses.
The same technique has been applied to solid-state systems including the nitrogen vacancy center
in diamond [?], and individual quantum dots [4] where interesting dynamics between the quantum
dot and its nuclear environment have been observed. In particular, this quantum optical technique
can be used for cooling, measurement and manipulation of artificial atom-like solid-state systems
and their local environment [2, 3, 4, 5].

Specifically, the method can be applied to cooling, real-time projective measurement and control
of the nuclear spin environment surrounding the electronic spin qubit associated with individual
Nitrogen Vacancy (NV) centers in diamond. The NV center has a long-lived spin triplet as its
electronic ground state, with ms = ±1, 0 sublevels. In pure samples, the electron spin dynamics
are governed by interactions with the spin-1 14N nucleus of the NV center and spin–1/2 13C nuclei
present in 1.1 % natural abundance in the diamond lattice. Control over nuclear spins is of interest
for both fundamental studies and for applications such as nanoscale magnetic sensing and realization
of quantum networks.

We discuss the physical system and methods; we clarify the relationship between measurement of
electron dominated photon statistics and the dynamics and manipulation of the nuclear spin bath.
We find that, despite the fact that there is no direct proportionality between emitted photons and
nuclear spin flips, it is possible to draw clear conclusions about the nuclear bath and its momentary
temperature. This knowledge can then be used for cooling this bath — or freezing it to a single
state, depending on the parameters. In addition, it is possible to choose the parameters such as to
allow for a measurement of Lévy statistics of both the emitted photons and the nuclear spin flips
in the bath of this particular single quantum system. In addition, we showed here how a Markov
chain model can be used to gain theoretical information about this complex system, which can be
generalized to similar systems in a straightforward manner.
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Abstract— Optical defects in diamond have attracted great attention for quantum informa-
tion processing and sensing applications, but their performance is currently limited by low optical
collection efficiency. We propose an optimized dielectric circular grating structure which simul-
taneously provides Purcell enhancement and improves extraction efficiency into low NA optics.
The structures are fabricated using transferred hard mask lithography. These optimized gratings
are a promising platform for defect integrated optical devices with highly efficient out-coupling.

The Nitrogen Vacancy (NV) center, formed by a substitutional nitrogen atom and an adjacent
vacancy, is among the most exciting optical defects in diamond. Its unique energy level structure
and optical properties, combined with long spin coherence times even at room temperature, place
NV well in the place for applications like quantum computation and nanoscale magnetometry (4).
However, the high refractive index mismatch between diamond and air severely hinders the NV
emission from coupling into the optical collection mode, and this problem exists for other color
centers in diamond regardless of practical applications. Structures such as solid immersion lens
(9; 7; 3), photonic wire micro-cavities (1), dielectric optical antennas (8), periodic grooves filled
with silicon dioxide (2), and membrane bullseye gratings (6) have been proposed to tackle this
challenge.
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Figure 1: (a). Schematic of the proposed structure. The red dot shows that an <111> oriented NV is
registered at center of the grating structure, below the diamond surface. (b). Scanning electron microscope
(SEM) graph of a fabricated optimal circular grating in diamond (top view). (c). Electric field distribution
(log10(E2)) on the z = 0 plane. (d). Electric field distribution (log10(E2)) on the y = 0 plane.

Here, we propose an optimized circular grating structure (‘bullseye’ structure) etched into bulk
diamond to improve the collection efficiency of a pre-determined NV. The grating structure is shown
in Figure 1(a). The patterns are defined by Electron beam lithography followed with transferred



silicon mask lithography (5), then etched with oxygen plasma into a Chemical vapor deposition
(CVD) grown bulk diamond to form the air gaps. Figure 1(b) shows a scanning electron micrograph
of a fabricated grating on diamond. The bridges in the air gaps are introduced in the mask design
to be compatible with the fabrication process. Finite-difference time-domain (FDTD) simulations
are performed using Lumerical, FDTD Solutions. Figure 1(d) indicates that optical power is well
confined in the lateral direction and emits downwards with good directionality.

We perform a genetic optimization over the design parameters of the structure, namely the width
and position of the individual rings that constitute the grating, starting from a periodic grating
whose pitch is motivated by the second order Bragg condition. The figure of merit (FOM) is set to
be the collection efficiency from NV Zero-Phonon Line (ZPL) within an Numerical Aperture (NA)
of 0.5, assuming that the emission will be collected with an oil objective (NA = 1.3). The optimized
design indicates 35.8% of Zero-Phonon photons will be collimated into an NA of 0.5, as can be seen
from the the blue curve in Figure 2(a). In figure 2(b), as the Objective Collection Angle increases,
the change in collection efficiency is faster for NA<0.5 than that for NA>0.5. These two blue
curves in Figure 2(a) and Figure 2(b) agree with each other and together justify that the optimal
structure helps redistribute the photon emission into the designated NA and spectral region.

NV ZPL

0.2 0.5 0.2 0.5

wo PEC w/ PEC

(a) (b)

(c) (d)

Figure 2: (a). Collection efficiency within an NA of 0.5, as a function of wavelength, for the optimized
circular grating without and with a PEC capping layer on top. (b). Collection Efficiency over different
Objective Collection Angles (in units of NA) for emission from NV ZPL, compared between without and
with a PEC capping layer on top. (c) and (d). Farfield emission pattern from NV ZPL for the optimal
circular grating without (c) and with (d) PEC layer on top, the colormap of the two images are in the same
scale. The dashed concentric circles indicate the circular boundaries for corresponding collection NA.

We further justify the use of a Perfect Electric Conductor (PEC) layer on top of the grating
structure, which almost doubles the FOM without further optimization (FOM increases from 35.8%
to 63.9%). The farfield emission patterns between the grating alone and grating with PEC layer
(Figure 2(c) and Figure 2(d)) are in the same color scale, so it can be told that though the PEC
capping layer helps collimate the emission into low NA mode, it increases the total downward
emission as well, as can be seen from Figure 2(b) when Collection Angle (NA) is equal to 1.3. The
fraction of photons emitted downwards is 86.1% for the optimal grating and 96.3% for the grating
with a PEC layer on top.

To conclude, we numerically optimized the circular grating structure to redistribute the emission
from an NV center in a spectral band of interest into low NA collection, with further improvement
achieved by adding a conductive layer. The optimal grating structure is fabricated on a bulk
diamond using transferred hard mask lithography. The bulk structure proposed here is robust and
suitable for integration with other photonic structures to help form a scalable quantum network
with efficient out-coupling.
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3Institut Néel, UPR 2940, CNRS-Université Joseph Fourier, 25, rue des Martyrs, 38000 Grenoble, France

*corresponding author, E-mail: yurig@ariel.ac.il

Abstract

We examine, both theoretically and experimentally, an in-
teraction of chiral light with helical nanostructures, milled
on both sides of a suspended gold membrane. We analyze
the plasmonic near-field distribution and demonstrate the
beaming of a singular optical mode to the far-field. We
demonstrate the effect of near-field plasmonic distribution
on far-field optical angular momentum beaming.

1. Introduction
Structured light beams with phase or polarization singular-
ities reveal unique optical properties with numerous appli-
cations [1, 2, 3, 4, 5]. Currently, chiral nanostructures draw
promising routes for enhancing singular optical signatures
with new functionalities in metamaterial science [6, 7, 8].
Recently, near field singular optical effects have been dis-
cussed in relation to surface plasmon (SP) vortices (with
a helical field distribution of the form) which have been
shown to carry orbital angular momentum (OAM) [9]. As
was shown elsewhere [10, 11], the OAM provides an addi-
tional channel for optical communication, therefore requir-
ing an accurate ability to excite, transfer and modify the
topology of the beam. In this context, plasmonic devices
become potentially efficient in comparison with classical
optics [9, 10, 11] as for their high surface confinement and,
polarization and dispersion properties. One of the key fea-
tures, directly linked to those SP properties is the spin-orbit
interaction arising in a light-SP coupling process [9]. The
singular SP modes and associated spin-orbit coupling have
been recently probed in the near field [9, 12, 13] Here, we
show that a combined contributions of the incident light’s
and a plasmonic structure helicities can generate a beam
with a polarization dependent OAM in the far-field.

2. Plasmonic modulation of angular
momentum

We consider a suspended gold 300 nm thick film[14]. An
archimedean spiral groove, placed on each side of the mem-
brane is given by radial path ρn = (nλSP+mφλSP/2π)ρ̂,
with λSP is the SP wavelength. The spiral is defined by its
pitch, m, while a bull’s eye (BE) structure is obtained for
m = 0, and the integer n corresponds to the groove index.
The two structures’ centers coincide and a central circular

hole connects the sides. Note that orientation conventions
are chosen with respect to the light propagation direction,
so that a right-handed spiral corresponds to m > 0 when
placed on the front side and to m < 0 when placed on the
exit side (and vice versa).

Near-field generation of OAM at the front-side (z =
0+) of the structured membrane can be modeled by con-
sidering the polarization coupling condition, ESP ∝ [Ein ·
ρ̂n]ρ̂n. It is straight forward to show that x̂ - polarized
field incident on a BE structure (m = 0) excites a radially
propagating plasmonic field with a cosine amplitude dis-
tribution ESP ∝ cosφ. By the same arguments, the SP
field excited by the ŷ - polarized incident field acquires a
sine amplitude distribution. Obviously, by superposition
principle one can conclude that in the case of circularly
polarized illumination, Ein ∝ (x̂ ± iŷ)/

√
2 the excited

SP field bears a uniform amplitude and a spiral phase, i.e.
ESP ∝ exp (±iφ). In general, SP fields with helical phase
exp (−lφ), termed plasmonic vortices, were shown to carry
orbital angular momentum of l~ per photon [15, 16]. In
the current case, of a BE plasmonic structure, the OAM of
l = ±1 depending on the handedness of the incident polar-
ization (spin) arises from a spin-orbit coupling. Additional
spiral phase can be added when a spiral coupling structure
is used, i.e. for m ̸= 0 [9, 10, 14, 16], and the resulting
OAM of the plasmonic field results in lSP = m ± 1. This
SP vortex propagates on the front membrane surface, gets
transmitted through the central aperture and interacts with
the back side of the membrane where an additional structure
is milled. If a hole transmission is assumed to be indiffer-
ent for the incident SP OAM, the total transmission of the
complex structure can be described in circular polarization
basis by a Jones matrix of the form,

T ∝ ei(mout−min)φ

[
t++ t+−e

2iφ

t−+e
−2iφ t−−

]
(1)

with tij radial functions detailed in [14]. Note, that the
invariant matrix term represents the spin-orbit coupling at
the circular groove, while the factorized dynamic phase
represents the additional OAM due to the spiral twist of
the structure [9, 16]. Clearly, a BE structure, mout =
min = 0, T produces a pure spin–orbit angular mo-
mentum transfer, conserving the total angular momentum
[9, 14, 16, 19, 18, 17]. These results can be casted in a table



in the form of summation rules for the OAM generated and
transmitted through the membrane.

+ −
+ mout −min mout −min + 2
− mout −min − 2 mout −min

Table 1: Far field summation rules for OAM generated
through the membrane.

In this table the spin states ( + – right-handed and −
– left-handed) are arranged such that the rows correspond
to different incident states and the columns – to different
emerging states. However, the above results are not general,
and require that the OAM of the plasmonic mode excited on
the front surface will be allowed by the hole dimensions. As
the hole diameter reduces below a cutoff of a given OAM
mode, this mode is not transmitted to the back side and
the whole structure does not conserve angular momentum.
In the experiments, presented in the following sections we
analyze various double-sided structure in order to test the
cases described above.

3. Experiments
The structure is fabricated by evaporating a 300nm metal
film over a poly(vinyl formal) resine supported by a trans-
mission electron microscopy copper grid. After evapora-
tion, the resine is removed using a focused ion-beam (FIB),
leaving a freely suspended gold membrane. Plasmonic
structures are milled using the FIB on both sides of the
membrane around a central cylindrical aperture acting as
the sole transmissive element of the whole device.

As shown in Fig.1, the membrane is illuminated by a
single mode fiber pigtailed laser diode at λ0 = 785nm. The
depth of the grooves (30nm) is smaller than the skin depth
(∼ 70 nm at λ0) so that the membrane is absolutely opaque
for the incident light. We start with an aperture of subwave-
length diameter 400nm that still provides sufficient signal-
to-noise ratio when imaging in the far field the transmitted
beam. The intensity measured in the far-field comprises of
two contributions, a vortex beam emerging from the back
side of the membrane and a spherical wave, directly trans-
mitted through the hole. As the direct transmission polar-
ization state is conserved, it interferes with the correspond-
ing polarization component of the vortex beam producing
spiraling fringes. The beam with the opposite polarization
state produces a perfect doughnut intensity profile as ex-
pected for the vortex beam [15, 16]. This interference, how-
ever, is a convenient tool for OAM detection in our system,
therefore, in the latter case, the emerging polarization is in-
tentionally detuned so that the fringes become visible again.
The transmitted beam is analyzed in the same circular basis
and far-field images are recorded and arranged according
to the Table 1. The resulting intensities for the structures
with min = 0 and mout = ±1 are represented in Fig. 2.
The numbers correspond to the topological charge of the
far-field vortex, l. As can be assessed from the Fig. 2 the

Figure 1: (a) (a) Experimental setup: the incoming laser
beam is circularly polarized using half (HWP) and quarter-
wave (QWP) plates and weakly focused by a microscope
objective (MO,5×, NA= 0.13). The transmitted beam is
imaged by a second objective (40×, NA=0.60) and a lens
tube (f = 200 mm, not shown) on a CCD camera and an-
alyzed in the circular polarization basis by additional HWP
and QWP. (b) Scanning electron microscope (SEM) image
of a fabricated spiral groove. (c) Typical intensity distri-
bution, behind a structured membrane illuminated with in-
cident right circular polarization and analyzed with a left-
hand circular polarizer.

results are fully consistent with the prediction in Table 1.
Next we use the same structures in the inverse direction,

i.e. we illuminate them from the side of the spirals. In this
case, the signs of the spiral indices - m are reversed due
to the symmetry considerations. As can be seen in Fig. 3
the results of the flipped structure do not follow the predic-
tion of the Table 1. This points out the filtering of OAM
by a hole dimensions as was discussed earlier. Note that in
this configuration, the measured topological charges can be
described by the Table 1 when taking min = mout = 0,
i.e. for the BE. While the plasmonic higher order vortex is
not allowed in the hole the hole itself couples incident light
to the fundamental TE11 mode, which is then transmitted
to the back side. Despite the sufficiently low efficiency of
this coupling, this signal becomes dominant when the plas-
monic vortex is in the cutoff.

Considering the eigenmodes of cylindrical waveguide,
Eℓn(ρ) = Jℓ (kℓnρ) e

iℓφ with kℓn = xℓn/ρh where xℓn is
the nth roots of Jℓ (x) = 0 for a TM mode and ∂xJℓ (x) =
0 the cutoff hole diameter can be simply derrived as dcℓn =
xℓnλ0/π for a given wavelength λ0. The azimuthal phase
index of the waveguide mode, l, defines the its OAM. Using
this we find the cutoff hole diameter to be dc01 = 580nm for
TM01 mode (l = 0) and dc21 = 740nm for the TE21 mode
(l = 2). When a spiral structure with min = −1 is used at
the front surface, the topological charge of the excited SP
vortex is lSP = 0,−2. As the initial hole diameter (400nm)
is below the cutoff of either TM01 and TE21 modes, the re-
sulting OAM indices do not coincide with the prediction of
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Figure 2: Measured far-field distributions behind the struc-
ture with min = 0 and mout = ±1. Numbers represent the
topological charge and the + or - correspond to right and
left handed polarization, respectively.

Figure 3: Measured far-field distributions behind the struc-
ture with min = ±1 and mout = 0.

the Table 1. In order analyze the hole size effect, we fab-
ricate a series of structures with min = −1 and mout = 0
with a hole diameter varying from 400nm to 1000nm. The
Fig. 4 represents the far-field intensities measured for dif-
ferent incident and emerging polarization states. In the Fig-
ure it is clearly visible that for the right-handed incident po-
larization (+) the topological charge changes from 0 to -1
exactly after the hole diameter passes the TM01 cutoff. For
the left-handed polarization (−) the index changes when the
TE21 is allowed. Accordingly, the structures with hole di-
ameters larger than 800nm result in a vortex beam with the
OAM as expected from Table 1.

We expoit our structure, with properly designed hole
diameter to acheive higher order vortices. We fabricate a
structure withmin = −1 andmout = 5 and a hole diameter
of 800nm. As can be seen in Fig. 5 and in full compliance
with the Table 1 we achieve far-field vortex beam with a
topological charge of l = −8.

4. Combination of Linear and Orbital
momenta

Now we extend the functionality of the exit side structure
by modifying the local periodicity of the grating to induce
angular tilt of outcoupled light. This is achieved by local
variation of the grating period in order to provide a proper
momentum matching condition for the emerging beam. The
transmitted optical beam then refracted by the subwave-

Figure 4: Measured distributions behind the structure with
min = −1, mout = 0 and hole diameters dh varying from
400nm to 1 µm. The scale in the bottom demonstrates re-
gions of different hole-modes existance.

Figure 5: (a) - SEM image of a spiral structure milled on
the exit side of the membrane withmout = 5. (b) Measured
far-field distributions behind the structure with min = −1
and mout = 5, depicted in (a).

length membrane, due to the effective phase dislocation in
the field. The ability to access and modify the structure on
both sides of a thin membrane provides us a flexible and
simple way to design beams with abrupt phases.

We start by considering a two-dimensional dispersion
relation of the surface mode (see Fig. 6). The cross-section
of the dispersion at the laser frequency ω = ω0 repre-
sents the resiprocal plane of the SPs propagating on the
back surface away from the hole. The solid blue circle
corresponds to the SPs wave-vectors given by the equa-
tion (2π/λsp)

2 = k2spx
+ k2spy

. The light-cone (dashed
line) encircles the region where the free light propagation
is allowed. The beam propagation direction in k-space is
represented by a blue dot inside the inner circle given by
(2π/λ0) sin(θ) where θ is a tilt angle from the z axis. To
obtain a beaming in the desired direction the local momen-
tum mismatch (shown by a green arrow) has to be compen-
sated using a space-variant period explicitly given as,

Λ(φ) =

[
1

λ2sp
+

sin2 θ

λ20
− 2 sin θ cosφ

λ0λsp

]−1/2

. (2)

Here φ stands for the azimuthal angle with respect to the
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Figure 6: Conceptual scheme of a back-surface grating de-
sign. (a) - Dispaersion relation of SP. A blue cone depicts
the “light-cone”, a dashed circle on ω = ω0 plane is a mo-
mentum space representation of SP waves and a blue dot
corresponds to a desired k-vector of the emerging beam.
(b) SEM image of the fabricated structure at the exit side of
the membrane.

x axis as shown in Fig. 6. Note, that here we implement
only a local periodicity modulation which tailors the lo-
cal momentum matching condition of SPs. By doing this
we are still free to use the local radius variation to obtain,
for instance, a spiral wavefront. We demonstrate this by
fabricating a device consisting a BE structure (min = 0)
on the front side and a right spiral (mout = 1) structure
with space-variant period on the back-side. The desired
tilt-angle of the transmitted beam is chosen to 10◦. The
structure scanning-electron microscope image is given in
the Fig. 6.

In the Fig. 7 an emerging intensity distributions are
shown for the (±,+) situations as a function of the propa-
gation distance. The spiral fringe arising from the interfer-
ence with the direct transmission is clearly visible in Fig.7
(a) as compared to the “doughnut” intensity distribution in
Fig.7 (b) expected from a pure optical vortex. By analyzing

Figure 7: Measured intensity distributions behind the struc-
ture with min = 0 and mout = 1 designed for the 10◦

tilt. The images were taken every 20 microns. Polarization
states were (a) – (+,+) and (b) – (-,+). The SEM image is
shown in the bottom of the figure. A scalebar corresponds
to 2 microns. (c) The cross-sections of the results in (a) as
a function of the propagation distance (in microns).

the intensity cross-sections at different distances from the
element a tilt of the transmitted beam was found to be 9.98◦

which perfectly corresponds to the structure design (see
Fig. 7). This shows that by modifying both the azimuthal
phase lag of SPs and the periodicity of the structure one can
separately control the helicity of the beam and the propaga-
tion direction. Note that when the direct transmission is in
full distinction, no zero order is obtained. In this case a
mambrane with a modifyied structure on the back-side acts
as a pure phase modulator in a contrast with diffractive el-
ements or holographic plates. Moreover, by modifying the
front-side in the similar way (not shown here) one can con-
trol the resonant incident angle and even mimic negative
refraction.

5. Conclusions

High surface confinement of SP waves allows one to design
a novel two-dimensional optics. In this context substantial
phase structuring can be produced in a very thin optical ele-
ments. We have shown a way to generate high-OAM vortex
beam by use of a suspended metal membrane with nanos-
tructures at both surfaces. The serial effect of the structures

4



was presented and analyzed in terms of OAM rules. More-
over, we have presented a way to modulate the direction
of the emerging vortex by a local period modulation of the
back-side structure.
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Abstract. Structured metallic nanolayers allow spin-controlled shaping of the topological features 

of light. We present several options relying on geometrical properties of the metallic design. 

Experimental demonstration is made in the visible domain using ion-beam milled gold films with 

typical thickness of the order of 100nm. 

 

Subwavelength optics implies that the propagation constant of light may depend on its polarization state. This 

basically occurs when light interacts with structured matter endowed with a subwavelength characteristic length 

even if the bulk material is optically isotropic. As a result, the spatial distribution of the optical phase can be 

shaped at will, which has some practical applications regarding the preparation of light fields carrying a 

well-defined amount of orbital angular momentum per photon. In such systems, an added value is that the spin 

part of the optical angular momentum can be used as a control parameter to tune the orbital part of the optical 

angular momentum. 

We propose to use curved closed-path geometries homeomorphic to the circle to achieve spin-controlled 

topological shaping of light, first introduced in the case of nanoslits [1,2] and here extended to the case of 

particles and apertures. The fabricated samples are shown in Figure 1. Experimental results are compared to the 

case of spatially inhomogeneous metallic subwavelength gratings.  

m = 3 m = 4 m = 5

Particles

Apertures

Slits

 

Figure 1. Illustration of different kinds of geometries. Here are shown SEM images of 20µm-diameter particles, 

apertures and slits that are milled in a thin (60nm and 200nm) gold layer. The order m of a structure refers to its 

number of tips. 
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Abstract We study theoretically the rich optical response of gap plasmonic antennas supporting 
both cavity and longitudinal antenna modes. We show how small changes in the exact configuration 
of the gap can allow to tune the near and far field almost independently, as well as to track subtle 
morphological changes. We also discuss quantum effects due to tunneling, and the possibility to 
tune the plasmonic modes of flat-gap chains over a very large spectral range.  

 
A typical plasmonic antenna consists on metallic elements that interact strongly with light, allowing to emit 

or capture optical radiation very efficiently. A structure that has proven to be very useful to that end exploits a 
configuration of two particles located at very short distances forming a gap. The individual particles support 
modes characterized by currents flowing along the antenna axis, which, when coupled, give rise to strong 
longitudinal antenna plasmons (LAPS). Here, we study the rich physics resulting from the interplay between 
these LAPS and Transverse Cavity Plasmons (TCPs) formed at the gap. The TCPs [1] can be understood as 
Fabry-Pérot modes supported by finite gaps between planar metallic surfaces, where the plasmons propagate 

parallel to the gap in a finite 
Metal-Insulator-Metal (MIM) configuration 
and reflect at the gap edges. 
 We first consider a simple configuration 
composed of two closely situated straight 
nanorods that are terminated by planar 
surfaces (Figure 1a) [2]. The calculated optical 
response is very different to the frequently 
studied case of spherical terminations. The far 
field signal, which is dominated by the LAPs, 
saturates towards the spectra of one single rod 
of twice the length, as the gap closes, instead 
of presenting a diverging red-shift. This 
saturation is not modified by including the 
influence of electron tunneling across very 
narrow gaps, via the Quantum Corrected 
Model[3]. In contrast, tunneling has a critical 

impact on the far-field response for spherical terminations. Thus, flat-antenna configurations can considerably 
complicate the experimental demonstration of quantum effects. Furthermore, we show that chains of particles 
separated by flat gaps can also resemble the response of a single long rod, introducing an attractive possibility to 

Figure 1. a) Geometry of a flat-gap antenna. Fields at the 
horizontal plane across the center of the gap and at a vertical 
plane are also represented. b) Near field enhancement 
spectra at the gap obtained for this antenna, for different 
separations (in logarithmic scale). Black lines indicate TCPs 
and the white line the lowest energy LAP 
 



tune the plasmonic resonances over a very large spectral range. 
The near field spectrum of the simple flat-gap antennas is displayed as a contour plot in Figure 1a as a 

function of gap separation distance. We observe a clear signature from both LAPs and TCPs (Figure 1b). 
Notably we do not observe any anticrossing between the TCPs and the main, lowest energy LAPs, so that their 
corresponding spectral positions are unaffected by each other. Furthermore, both sets of modes are sensitive to 
the geometrical parameters (length, gap width…) in a very different fashion. The obtained behavior makes thus 
possible to tune the far and near field response essentially independently, offering a large degree of freedom to 
optimize the signal.  

Furthermore, we discuss how modifying the edges of a flat gap has profound consequences on the optical 
response, and notably, it opens the possibility to hybridize the TCPs and LAPs. To observe this hibridization, we 
modify the rounding of the edges of the gap and observe the evolution of the modes. We focus on calculations 
for a Nanoparticle on a Mirror configuration (NPoM) forming flat gaps [4,5]. In this case, we observe a clear 
coupling between TCPs and LAPs that affect both the far- and the near-field. Hybrid modes separated by a large 
Rabi splitting can be obtained under appropriate conditions, leading to a complex optical response exhibiting 
step-like features. By changing the contact angle between the flat area of the Nanoparticle and its lateral edges, 
we can tune the strength of the coupling and thus of the Rabi splitting. Notably, the experimental morphology of 
the gap in practical situations depends on atomic reconfiguration processes that are difficult to control. Thus, our 
results demonstrate the importance of these atomic phenomena in the plasmonic response, and can offer a path 
towards their optical characterization. 

 In conclusion, we demonstrate the large sensitivity of the plasmonic response to the exact morphology of a 
gap, when the cavity and antenna modes are simultaneously excited. Such sensitivity can be detrimental for 
experimental reproducibility, but also offers a large freedom to tune both the near and far field and could allow 
for characterizing optically different atomic morphological processes.  
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Recent experimental [1-5] and theoretical [6-10] advances in the study of graphene plasmons have triggered the 

search for similar phenomena in other materials that are structured down to the atomic scale, and in particular, 

alternative 2D crsystals [11], noble-metal monolayers [12], and polycyclic aromatic hydrocarbons, which can be 

regarded as molecular versions of graphene [13]. The number of valence electrons that are engaged in the plasmon 

excitations of these materials is  small compared with those of conventional 3D metallic nanostructures , and 

consequently, the addition or removal of a comparatively small number of electrons produces sizeable changes in their 

frequencies and near-field distributions. Graphene in particular has been shown to exhibit a large degree of electrical 

modulation due to its peculiar electronic band structure, which is characterized by a linear dispersion relation and 

vanishing of the electron density of states at the Fermi level; few electrons are needed to considerably change the Fermi 

energy. However, plasmons in graphene have only been observed at mid -infrared and lower frequencies [1-5], and 

therefore, small molecular structures [13] and atomically thin metals [12] constitute attractive alternatives to achieve 

fast electro-optical modulation in the visible and near-infrared (vis-NIR) parts of the spectrum. In this presentation, we 

review different strategies and recent advances in the achievement of strong optical tunability in the vis -NIR using 

plasmons of atomic-scale materials, as well as their potential application for quantum optics, light manipulat ion, and 

sensing. 
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Abstract— The symmetry of the meta-atoms and their arrangement of optical metasurfaces
can dramatically influence their response to spin polarized light. In particular we review our
recent studies on control of circular dichroism by metasurfaces of different rotational symmetries
as well as the control of spin of photons from emitters coupled to the meta-atoms.

Introduction
Optical metasurfaces have become a new paradigm for creating at optical devices. While being
typically an order of magnitude thinner than the wavelength of light, metasurfaces allow the full
control of the wavefront of light waves and therefore enable the realization of ultra-thin optical
elements such as lenses, waveplates and beam converters. Currently one of the limiting factors of
functional metasurfaces is their small range of operational angles. At oblique angles of incidence
the metasurface polarization response is influenced significantly by the symmetry of the lattice
and constituent meta-atoms and as such the metasurfaces can exhibit significant circular dichroism
and/or polarization rotation.

In this contribution we present our studies on polarization properties of optical metasurfaces
at oblique incidence and provide quantitative predictions of the impact of the metasurface point-
symmetry on polarization rotation and circular dichroism. Importantly, we show that by coupling
of quantum emitters to meta-atoms with broken rotational symmetry we can achieve emission of
chiral light of opposite handedness in the opposite directions. This selective spin-polarized far-
field emission from our antenna-emitter system makes our metasurfaces an ideal candidate for

Figure 1: (a) SEM image of the fabricated metasurfaces: (a-c) metasurfaces with symmetry of 4, 6 and 10,
respectively. Inset shows a side view of a single three-layer meta-atom made of Au/MgF2/Au layers. (d-f)
Circular dichroism spectra at oblique illumination for the corresponding metasurfaces. Blue and red lines
correspond to circular dichroism measured for opposite inclination angles. (g) The coupling of an emitter to
a nanoantenna with broken y → −y symmetry allows the emission of photons with different spin in different
direction (kx). (h) Measured polarization-momentum spectroscopy map, showing the spin-polarized far-field
emission from the antenna-emitter system.



fluorophore detection and advanced light generation. As such, our concept opens a new route
to practical nanoscale light sources of spin-polarized photons as well as for simple recognition of
emission from chiral emitters of different handedness.

Polarization properties of optical metasurfaces
In many practical applications, metasurfaces are required to operate for a wide range of angles
of incident light. As an example, for a metasurface-based lens the narrow range of operating
angles is a limiting factor for its numerical aperture and therefore its performance. Metasurfaces
demonstrated to date can operate only over a limited range of incident angles due to the dispersive
and polarization effect that arise at large angles of incidence. As such the angular response of
individual meta-atoms and a lattice of meta-atoms needs to be studied and carefully analyzed.

To test the the effect of coupling of meta-atoms arranged in a lattice of specific rotational symme-
try we investigate both theoretically and experimentally the polarization properties of metasurfaces,
such as circular dichroism and polarization rotation. The presence of such polarization effects is the
“smoking gun” of strong coherent coupling between the meta-atoms in the crystalline lattice of the
metasurface. By analyzing the polarization of light transmitted through the metasurface at oblique
incidence we show that their angular operation range can be broadened by increasing the meta-
surfaces rotational symmetry. Experimentally, we demonstrate these prediction for metasurfaces
consisting of identical circularly-symmetric meta-atoms, arranged into square lattices, hexagonal
lattices and on the vertices of a Penrose tiling [see Fig. 1(a-c)]. Our results shown in Fig. 1(d-f)
demonstrate the increasing angular performance and weaker circular dichroic effects for metasur-
faces with increasing rotational symmetry.

Spin-polarized light from emitters coupled to metasurfaces
Plasmonic nanoantennas enable enhancement of the spontaneous emission rates and increased direc-
tionality of fluorescent emission. However, the control of polarization of emitters by nanoantennas
and in particular the control of spin of the emitted photons remains unexplored. We have demon-
strated, for the first time, nanoscale spin control of photons emitted by an atomic system coupled to
a compact plasmonic nanoantenna with a broken rotational symmetry, such as a split-ring resonator
(SRR). Experimentally we observed the emission of chiral light from quantum dots (QDs) coupled
to the SRRs, where the spin of the emitted photons is locked to their transverse momentum, as
shown in Fig. 1(g). We have demonstrated that the polarization of QD emission can vary from
linear to elliptical with ellipticity reaching ±0.5 for emission into opposite halves of the symmetry
plane of the nanoantenna, as shown in Fig. 1(h). Importantly, the effect of spin-polarized emission
is pronounced even for an array of SRRs, such as in metasurfaces with randomly distributed QDs.
This novel concept [1] of generating spin-polarized light emission is generally applicable to other
types of nanostructures that support multipolar resonances and it enables the design of compact
optical nanoantennas based on single nanoparticles. Our findings open a new route to nanoscale
light sources of spin-polarized photons as well as can enable the recognition of different chiral
emitters.

Conclusions
In conclusion, we have shown that the symmetry properties of metasurfaces play in important
role in manipulating the transmission of spin-polarized light, as well as can effectively define the
emission of light from localized emitters, such as quantum dot. We believe that our results pave the
way to establishing novel meta-devices for control and manipulation of circularly polarized light, as
well as can be the bases for development of efficient circularly polarized light sources and displays.
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Abstract— We have developed techniques to control the scattering and probe the properties
of nanostructures with light [1, 2]. We show how the angular momentum and the helicity of
light fields can be used to retrieve information from nano and micro particles which is typically
hidden to the usual optical characterization techniques. In particular, we show applications to
position sensing, enhancement of the optical activity of molecular samples [3, 4] and design of
metamaterials for transformation optics [5].

Introduction. Natural Sciences are largely devoted to study conservation laws, such as charge,
energy, linear momentum or angular momentum, because they give us information about the sym-
metries of our Universe. This kind of analysis is very powerful for understanding the interactions
of light and matter. In particular, in the regime with the material particles are much smaller than
the wavelength of the electromagnetic field, the scattering and absorption of light can only be
rigorously studied using the full vectorial Maxwell equations. On the other hand, simple consid-
eration on the symmetries of the system, can provide us with enough information to simplify the
system of equations or even give us a deep understanding of the physical phenomena underlying
the light-matter interactions.
Thus, interactions with spheres can be analytically understood because the sphere has enough
symmetries so that we can completely fix the properties of the electromagnetic field. This gives
rise to the analytical theory of Mie scattering, i.e. scattering of electromagnetic field from a homo-
geneous and isotropic sphere embedded in an homogeneous, isotropic and non-absorving medium.
A spherical object has rotational symmetries with respect to all directions and a sphere is also
symmetric under spatial inversions (parity). The interacting field must conserve then the total
angular momentum (J2), the projection of the angular momentum on one particular direction (Jz)
and the parity (P ). The multipolar modes of the electromagnetic field are precisely eigenmodes
of these operators and thus they represent a good basis for describing the scattering of light from
spheres.

The multipolar electromagnetic modes are very useful in describing interaction of light with
material structures which are small or comparable to the probing wavelength. In such cases, the
sample can be simply described with a few multipolar moments.

Control of the angular momentum and helicity of a light beam. With the use of
spatial light modulators and polarizers we can control the angular momentum and the helicity of
light beams [1]. This, in turn, allows us to modify the multipolar content of light beams [2, 6], thus
selectively exciting multipolar moments of nanoparticles. In this way we experimentally achieve a
much finer control on the scattering properties of gap nano-antennas and small dielectric spheres
[7, 8].

Also, by controlling the properties of the incident light beam and analyzing accordingly the scat-
tered field, we can extract a wealth of information from the properties of the nanostructure, which
is unavailable with plane wave or Gaussian beam excitation. For this it is essential to understand
which properties of the scatterer alter the fundamental parameters of the light. This problem can
be treated by relating the differnet conserved quantities of a system with its corresponding sym-
metry. For this purpose, the angular momentum and the helicity are particularly well suited as
they are related to well known transformations of the system: rotations and the electromagnetic
duality, respectively [9].



Figure 1: Scattering from a small hole (432 nm diameter), when illuminated with different modes of light
with different angular momentum and helicity.
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Abstract-We present new electron energy loss (EEL) spectroscopic techniques to monitor 
intercalation-driven phase transitions in individual nanoparticles, focusing on the hydrogenation of 
Pd nanocubes, icosahedra, and rods. Plasmon-EEL spectroscopy and mapping are used to determine 
the thermodynamics of these nanoparticles, and are corroborated with diffraction and dark-field 
imaging studies.  

 
A number of energy-relevant processes, ranging from battery charging to hydrogen storage to memory 

switching, rely on nanomaterial phase transitions induced by solute intercalation. However, many of these phase 
transitions are poorly understood, since observing them in nanomaterials – and in particular in individual 
nanoparticles – can be extremely challenging. This presentation will describe a novel technique to investigate 
intercalation-driven phase transitions in individual nanoparticles, based on in-situ environmental transmission 
electron microscopy (TEM) and plasmon electron energy loss spectroscopy (EELS). By combining the high 
spatial resolution of TEM with a sensitive environmental plasmonic spectroscopy, we can correlate a material’s 
atomic structure with its local phase with nanometer-scale resolution. Such insights are crucial to the design and 
optimization of next-generation materials for energy storage applications. 

 
As a model system, this presentation will focus on the hydrogenation of palladium nanoparticles. Palladium 

hydrides are both a scientifically rich and experimentally accessible system to study general intercalation 
processes: the phase transition from the dilute α phase to the hydrogen-rich β phase is characterized by fast 
kinetics at readily achievable transition temperatures and pressures. Recent studies of nanoscale palladium 
hydride systems have revealed significant thermodynamic deviations from the bulk,1-4 likely attributable to their 
increased surface-area-to-volume ratio, modified defect chemistry and increased interaction with the support 
substrate.5 However, these studies have been somewhat inconclusive, yielding conflicting results about the 
nature of the phase transition and the mechanism of intercalation.  

 
To unravel the thermodynamics of phase transitions in individual Pd nanocrystals, we use the plasmon-EEL 

signal at varying hydrogen pressures as a proxy for hydrogen concentration in the particle. First, we investigate 
the hydriding properties of single-crystalline particles, free from defects and grain boundaries, and free from 
elastic interactions with the substrate.6 We obtain single particle loading and unloading isotherms for particles 
ranging from approximately 13 nm to 30 nm, allowing us to address outstanding questions about the nature of 
phase transitions and surface energy effects in zero-dimensional nanomaterials. We find that hydrogen loading 
and unloading isotherms of single crystals are characterized by abrupt phase transitions and macroscopic 
hysteresis gaps. These results suggest that thermodynamic phases do not coexist in single-crystalline 
nanoparticles, in striking contrast with ensemble measurements of Pd nanoparticles. Then, we extend our 



single-particle techniques to explore the hydriding properties of polycrystalline and multiply-twinned 
nanoparticles, including Pd nanorods and icosahedra. In contrast to single crystalline nanoparticles, these 
particles exhibit sloped isotherms and narrowed hysteretic gaps. Based on these results, we develop a model to 
deconvolve the effects of disorder and strain on the phase transitions in nanoscale systems. Lastly, we describe 
techniques to generate high-resolution plasmon-EELS (and hence phase) maps of nanoparticles. These mapping 
studies promise unprecedented insight into the internal phase of nanomaterials, and can be complemented with 
diffraction and dark-field imaging studies. We will discuss how these results could be used to interpret the 
thermodynamics of Li-ion insertion in battery electrodes, hydrogen absorption in state-of the-art metal hydride 
catalysts, or ion exchange reactions in quantum dot syntheses.  
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Abstract— Light with strong intensity gradients at the wavelength scale exhibits a significant
polarization component along its direction of propagation. The interaction of quantum emitters
with such light fields leads to new and surprising effects. Making use of these findings, we
experimentally demonstrate first examples of a new class of nonreciprocal nanophotonic devices
which exploit the chiral interaction between quantum emitters and transversally confined photons.

When light is strongly transversally confined, significant local polarization components that
point in the direction of propagation arise. In contrast to paraxial light fields, the corresponding
intrinsic angular momentum of the light field is position-dependent - an effect referred to as spin-
orbit interaction of light. Remarkably, the light’s spin can even be perpendicular to the propagation
direction. The interaction of emitters with such light fields leads to new and surprising effects. For
example, when coupling gold nanoparticles or atoms to the evanescent field surrounding a silica
nanophotonic waveguide, the intrinsic mirror symmetry of the particles emission is broken. This
allowed us to realize chiral nanophotonic interfaces in which the emission direction of light into the
waveguide is controlled by the polarization of the excitation light [1] or by the internal state of the
atoms [2], respectively. Moreover, we employ this chiral interaction to demonstrate nonreciprocal
transmission of light at the single-photon level through a silica nanofiber [3]. The resulting optical
diode is the first example of a new class of nonreciprocal nanophotonic devices which exploit the
chiral interaction between quantum emitters and transversally confined photons.
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Metasurfaces have become a powerful tool to shape surface plasmon polaritons (SPPs) beams. I will 

present new experiments on imaging SPP that have revealed the formation of Cherenkov SPP wakes and 

demonstrated polarization sensitive light couplers that control the directionality of SPP and lenses which 

demultiplex focused SPP beams depending on their wavelength and polarization.  

 

1.  P. Genevet and F. Capasso Reports on Progress in Physics 78, 24401 (2015) 
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Abstract - Media with extreme electromagnetic parameters have created significant fundamental 

and applied interest recently. Here, I discuss our recent work on infinite anisotropy. I point out 

opportunities for controlling light at the nano-scale with infinitely anisotropic metamaterials. I show 

that they allow diffraction-free propagation of deep-subwavelength beams. I demonstrate interfaces 

that are impedance-matched for deep-subwavelength beams and enable reflection-free routing with 

zero bend radius without diffraction. These behaviors indicate an unprecedented possibility to 

manipulate deep-subwavelength beams and images using infinite anisotropy. 

 

Meta-materials with extreme properties have generated significant basic physics interest in recent years. 

Notable examples include epsilon-near-zero,1 ultra-low,2 and ultra-high refractive-index materials.3-5 Many 

photonic structures can benefit greatly from the very large index contrast provided by these meta-materials. 

Media and meta-materials with extreme anisotropy, i.e., a large difference in magnitude/sign between 

permittivity/permeability tensor components, can lead to novel behaviors.6-8 Moreover, they can solve a 

fundamental problem in nanophotonics: efficient light transport in deep sub-wavelength apertures.9 
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Figure 1. Reflectionless, diffraction-free routing with zero bend radius of deep-subwavelength beams using 

interfaces between metamaterials with exterme anisotropy. a) Metamaterial interface geometry. Metamaterials 

have a 1D periodic structure (period a << ) and two alternating layers ( ε1 > 0 and ε2 < 0). b,c) Magnetic-field 

distribution (real part) for propagating beams (100 nm wide top-hat) with uniform phase across the beam (b) 

and a π phase shift in the middle of the beam (c). Dashed red line shows location of the excitation. 



Here, I discuss our recent work on infinite anisotropy and point out opportunities for controlling light at the 

nano-scale using infinitely anisotropic media and metamaterials.10 First, I show that a single medium with 

infinite anisotropy enables diffraction-free propagation of deep-subwavelength beams. Next, I demonstrate 

interfaces between two infinitely anisotropic media that are impedance-matched for complete 

deep-subwavelength beams. This unusual property enables reflection-free routing with zero bend radius that is 

entirely free from diffraction effects even when deep-subwavelength information is encoded on the beams. 

These behaviors indicate an unprecedented possibility to use media with infinite anisotropy to manipulate beams 

with deep-subwavelength features, including complete images. To illustrate a physical realization, I discuss a 

metamaterial design using existing materials in a planar geometry (Figure 1), which can be implemented using 

well-established nanofabrication techniques. Infinite anisotropy thus provides an approach to 

deep-subwavelength routing of information-carrying beams and far-field imaging unencumbered by diffraction 

and reflection. 
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Abstract-Certain novel opportunities for exploring nanophotonics (including tailoring thermal 

radiation, and angular selectivity) for energy applications will be presented. 

 

Nanophotonics provides superb opportunities for tailoring the flow of light. This way, many novel physical 

phenomena can be enabled, as well as many important functionalities for novel energy applications [1]. In order 

to make these phenomena useful for large systems, large-area nano-fabrication techniques have to be 

successfully implemented [2]. In this talk, I will present some of our recent theoretical and experimental progress 

in exploring these opportunities.  
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Abstract: I will discuss the use of vanadium dioxide (VO2) to achieve anomalous and thermal 

emission properties. The temperature-driven insulator-to-metal transition in VO2 results in 

widely-varying optical properties in the infrared, making it an excellent material for thermal 

emission engineering. We demonstrated structures with regions of negative differential thermal 

emission (emission inversely proportional to temperature) and super-positive differential thermal 

emission. Modifying the phase change properties of VO2 by doping provides a mechanism for 

custom design of thermal emission. 

 

The radiative thermal emission process is well described by Planck’s law with an emissivity correction, which 

states that the spectral radiance of light emitted by an object is given by  

3
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where K = f/c is the spectroscopic wavenumber, f is the frequency, c is the speed of light, h is Planck’s constant, 

kB is the Boltzmann constant, T is the temperature, and ε(K, T) is the emissivity. Eqn. (1) can be integrated over 

all frequencies to yield the Stefan-Boltzmann law which states that the emitted power is proportional to T 
4
. As a 

consequence of a thermodynamic statement known as Kirchhoff’s law of thermal radiation, the emissivity ε of 

any material or object is exactly equivalent to its absorptivity. Therefore one can utilize the tools of 

nanophotonics which are frequently used to tailor the reflectance, transmittance, scattering and absorptivity of 

materials to engineer thermal radiation.  

 

At temperatures close to room temperature, most materials do not have optical properties that vary strongly with 

temperature, and therefore the temperature dependence of ε(K, T) is negligible compared to the T 
4
 term in the 

Stefan-Boltzmann law. However if ε(K, T) can be made to vary fast enough, then a number of unusual 

phenomena can be observed. 

 

We were able to reach this regime by utilizing the insulator-to-metal transition (IMT) in vanadium dioxide (VO2), 

which is temperature-driven and occurs at ~70 ˚C in intrinsic VO2. At room temperature VO2 is insulating; 

however past its IMT it becomes metallic, with the carrier density rising by orders of magnitude. As a result its 

optical properties in the infrared spectral range change significantly. The phase transition in this material occurs 

as a percolation; in the transition region, which can be engineered to persist for tens of degrees, VO2 comprises 

nanoscale islands of its metal and insulator phase [1], and can thus be viewed as a natural, disordered 

metamaterial with temperature-tunable optical properties [2, 3].  



 

By combining thin films of VO2 with a sapphire back-reflector, we achieved a design which enhances the 

interaction between light and the VO2 film during the intermediate state, enhancing the optical absorbance and 

correspondingly the thermal emittance. In this structure the temperature dependence of ε(K, T) is not only 

non-negligible, but can dwarf the intrinsic temperature dependence of blackbody radiation. As a result we were 

able to observe regions where 0  I T  over a large wavelength range, with the device emitting less thermal 

radiation as the temperature increased [3]. We were also able to observe regions where  I T  was positive 

and larger than what would be expected from blackbody emission. We confirmed our findings with Fourier 

transform infrared (FTIR) spectroscopy as well as conventional thermal imaging using an infrared camera (Fig. 1) 

These findings are promising for a wide variety of applications including infrared camouflage, enhanced infrared 

thermometry, and thermal regulation.  

 

I will discuss our ongoing efforts to harness and engineer these anomalous thermal emission properties, 

including the modification of the temperature and wavelength regions where these behaviors emerge by doping 

and patterning the VO2 films.  
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Abstract: We use a diluted refractory metal as a selective emitter/absorber to enhance the 

efficiencies of thermal-light and light-thermal conversions. The absorptivity (emissivity) was 

measured at high temperatures up to 750°C. 
OCIS codes: (290.6815) Thermal emission; (300.1030) Absorption; (260.3910) Metal optics; 

 

Thermal-to-light and light-to-thermal conversion are commonly used in the technology fields. In both cases, thermal 

radiation plays an important role in determining the energy conversion efficiency. A good example of thermal-light 

conversion is the incandescent bulb. Current incandescent lights have very low efficiency because the hot tungsten 

filament emits most of the energy in the IR range according to the blackbody radiation. Ideally if the emissivity of 

the filament can be 1 in the visible range and 0 in the IR range shown as blue dashed line in Fig. 1 (a), the thermal-

light conversion efficiency can be drastically improved. In light-thermal conversion regime, concentrating solar 

power (CSP) is a practical technology that uses mirrors to reflect and concentrate sunlight onto receivers that 

convert the solar power into thermal energy for a heat engine to generate electricity [1]. According to Carnot’s 

theorem, a higher temperature of the engine leads to a higher efficiency. At the current level of temperature between 

600°C to 1000°C, thermal radiation represents a form of significant energy loss. An ideal receiver should be a good 

absorber for the solar spectrum and a poor radiator for IR light, as illustrated by the dashed blue line in Fig. 1 (b). 

Since emissivity is equal to absorptivity at thermal equilibrium according to Kirchhoff’s law, the ideal emitter in 

thermal-light conversion is equivalent to the ideal absorber in light-thermal conversion; therefore one structure could 

help to improve both efficiencies.  

Metal is a natural selective emitter/absorber since it is a good reflector (poor emitter) at the frequencies lower than 

the plasma frequency p while a good absorber at the frequencies above p. However, due to great amount of free 

electrons, p usually lies in UV range. We can shift p to the visible or near-IR range by diluting the metal with 

some dielectric as shown (Fig. 1 (c)), leading to a candidate of a selective emitter/absorber for improved thermal-

light and light-thermal conversions as discussed above. In this work, we provide a way of using a diluted refractory 

metal to achieve a tunable selective emitter/absorber at high temperatures. 

 

 

Fig. 1 Thermal-light and light-thermal conversion efficiencies improved by selective emitters/absorbers made of diluted refractory metal. (a) 
Spectral radiance of tungsten, two diluted refractory metals and an ideal selective emitter (emissivity equal to 1 for visible light and equal to 0 for 

IR light) at 3000°C. (b) Absorptivity (emissivity) of an ideal selective absorber and a diluted refractory metal compared with the normalized 

spectrum of sunlight (AM 1.5) and blackbody radiation at 1000°C. (c) Illustration of red-shifting the p from UV to the boarder of visible and IR. 

 

We choose refractory titanium nitride (TiN) [2,3] in our structure due to its durability and metallic behavior at high 

temperature and suitable optical property in terms of a sharp transition near the epsilon-near-zero wavelength which 

is located close to IR. A TiN/SiO2 multilayered architecture is employed as a diluted refractory metal (Fig. 2 (a) 

inset). The effective permittivity of the multilayered structure is  1eff m df f       . Therefore by tuning the fill 



ratio f , the absorptivity/emissivity spectrum can be adjusted (Fig. 2 (a)). Based on the emissivity of the diluted 

refractory metal and that of tungsten, the spectral radiance at 3000°C is calculated (Fig. 1 (a)). The emission of 

tungsten in the visible range (390nm to 700nm) is only ~20% of that in the range of 390nm to 1700nm, while the 

TiN(30 nm)/SiO2(20 nm) multilayered structure increases this ratio to ~40% so that efficiency is doubled. When the 

TiN/SiO2 multilayered structure is applied in solar-thermal power application, as shown in Fig. 1 (b), the high 

absorbing range covers a large portion of the solar spectrum and the low emissivity beyond ~1500nm helps to 

reduce thermal radiation loss. Further, the emitting/absorbing region of the diluted refractory metal can be tuned by 

adjusting the fill ratio as shown in Fig. 2 (a), providing a way to optimize the efficiency of a certain incandescent 

light or CSP.  

 

Fig. 2 (a) Simulated absorptivity (emissivity) of TiN bulk and two 5-cycle TiN/SiO2 multilayered structures by using the permittivity of TiN 

from ellipsometry measurement on sputter-deposited TiN films. The spectrum of tungsten is for comparison. (b) Absorptivity (emissivity) of a 5-
cycle TiN(30 nm)/SiO2(20 nm) multilayered structure through reflection measurement at 750°C. The multilayers were sputter-deposited on an 

oxidized-Si substrate (300nm oxide on p-type Si). An oxidized-Si sample was measured for comparison. The spikes near 1400nm are due to the 
absorption of the fiber that transmits the incident light. As shown in the inset picture, the TiN/SiO2 sample and the oxidized-Si show different 

emission color and intensity due to different emissivities. 

Five-cycle TiN(30 nm)/SiO2(20 nm) multilayers were fabricated by sputter-deposition on an oxidized-Si substrate 

(300nm oxide on p-type Si) and measured at elevated temperatures for absorptivity(emissivity). A multilayered 

sample and an oxidized-Si reference sample were mounted together on a heater in a vacuum chamber for 

comparison. A collimated white light shines through a window onto the samples and the reflection is collected by a 

spectrometer. The measurement was performed at several elevated temperatures as well as the room temperature, 

which serves as a reference, and emissivity can be calculated. The experiment confirms that the layered TiN/SiO2 

structure indeed show much enhanced absorptivity in the visible and suppressed emission in the IR than the control 

sample. The proposed strategy is not limited to the TiN nor the layered structure. Optimal material and structural 

choices can lead to significantly improved thermal-light and light-thermal conversion efficiencies.  
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Abstract-We describe thermal emission control by manipulating electronic and photonic states, 

more concretely, using an intersubband transition in quantum well and a photonic- crystal 

band-edge resonant effect. We show that the thermal emission peak intensity can be more than four 

times greater than that of a reference blackbody sample under the same input power and thermal 

management conditions. In addition, we demonstrate the dynamic control of thermal emission via 

the control of emissivity, at a speed four orders of magnitude faster than is possible using the 

conventional temperature-modulation method. 

 

Converting from a broadband to a narrowband thermal emission spectrum with minimal loss of energy is 

important in the creation of efficient environmental sensors and biosensors as well as thermo-photovoltaic power 

generation systems. In the first part of our talk, we demonstrate such thermal emission control by manipulating 

photonic modes with photonic crystals as well as material absorption with quantum-well intersubband transitions 

[1]. We show that the emission peak intensity for our device can be more than four times greater than that of a 

blackbody sample under the same input power and thermal management conditions due to an increase in the 

temperature compared to the blackbody reference, and the emission bandwidth are narrowed significantly 

(Q>30~100). These results indicate that the energy saved by thermal emission control can be recycled and 

concentrated to enhance the narrow peak emission intensity. 

So far high-speed modulation of thermal emission has proved difficult to achieve because the intensity of 

thermal emission from an object is usually determined by its temperature, and the frequency of temperature 

modulation is limited to 10–100 Hz even when the thermal mass of the object is small. In the second part of our 

talk, we experimentally demonstrate the dynamic control of thermal emission via the control of emissivity 

(absorptivity), at a speed four orders of magnitude faster than is possible using the conventional 

temperature-modulation method [2]. Our approach is based on the extraction of electrical carriers from the 

quantum wells leads to an immediate change in emissivity from 0.74 to 0.24 at the resonant wavelength while 

maintaining much lower emissivity at all other wavelengths.  
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Abstract- We will discuss tailored thermal emission from periodic metallic structures. First, we 
will describe experiments on tungsten bull’s eyes on which surface plasmon polaritons are excited 
at elevated temperatures. In the direction normal to the film, a spectrally narrow beam of thermal 
emission is observed at a wavelength equal to the spacing between the grooves. Second, we will 
describe a simple layered structure that is being explored as the selective emitter in a hybrid 
thermophotovoltaic device. 

 
Patterned metallic films allow the generation and manipulation of special electromagnetic waves known as 

surface plasmons that propagate along a metal interface. Because these waves allow the concentration of light in 
nanometer-scale volumes, they have implications for fundamental phenomena as well as applications such as 
imaging, sensing, and solar cells. Thus, the field of plasmonics has arisen to study and utilize surface plasmons. 
While light is typically used to create these waves, in some cases it would be more convenient to have a 
non-optical source for surface plasmons. One route is thermal excitation (i.e., heat). Here, we will explore hot 
plasmonic structures for obtaining new optical behavior. 

For example, we previously predicted that metallic films patterned with a series of circular concentric 
grooves (a bull's eye pattern) should, when heated, emit light that is narrow, both in terms of its spectrum and its 
angular divergence.1 Thus, a simple metallic foil could generate a directional beam of narrow-band light by a 
thermal process. Here we confirm these predictions experimentally with tungsten bull’s eyes (Figure 1).2 

We will discuss the implications of this effect for thermophotovoltaic devices, which convert heat into 
electricity. In addition, we have begun to investigate an even simpler structure, an alternating tungsten/dielectric 
stack. We optimized the thickness of the layers to obtain a selective emitter for thermophotovoltaics. We will 
discuss incorporation of this selective emitter into a hybrid thermophotovoltaic device. 
 

Figure 1. Scanning electron micrographs of a tungsten bull’s eye, containing 300 circular concentric 
grooves that are 180 nm deep and 1.76 µm wide. The period of the structure is 3.52 µm. 
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Abstract: We numerically demonstrate frequency-tunable coherent thermal emission from 

graphene coated silicon carbide (SiC) grating metamaterials. Rigorous coupled-wave analysis 

shows emission peaks associated with magnetic polariton, whose resonance frequency can be 

dynamically tuned by varying graphene chemical potential. The underlying physical mechanism is 

elucidated, while the geometric and directional effects on the selective emission peaks are explored. 

The metamaterial structures coated with multiple graphene sheets are further investigated to achieve 

a larger tunability up to 8.5% in peak frequency. 

 

Infrared (IR) thermal sources with tunable frequencies are highly desired for IR spectroscopy, radiative 

cooling and energy harvesting. Metamaterials with exotic optical and radiative properties that cannot be obtained 

in naturally-occurring materials have been studied for IR emitters. As a pioneering work, Greffet et al. 

demonstrated both temporal and spatial coherences of thermal emission by exciting surface phonon polaritons 

(SPhP) from SiC gratings [1]. By using materials with tunable optical constants, optical and radiative properties 

of micro/nanostructured metamaterials can be dynamically controlled. For example, phase transition VO2 has 

been proposed to design metamaterials with switchable or tunable thermal emission peaks by thermally 

modulating the resonance conditions of magnetic polariton (MP) [2,3] or surface plasmon polariton (SPP) [4].  

Graphene has been employed in the design of tunable metamaterials due to its variable optical properties 

induced by chemical doping, voltage bias, or external magnetic field [5], while most of reported work focused on 

tuning SPP conditions with graphene. In this work, we numerically demonstrate infrared frequency-tunable 

coherent thermal emission, whose spectral location can be shifted by modulating the MP resonance via varying 

chemical potential of graphene. Figure (a) schematizes the proposed tunable metamaterial structure, which is 

made of a graphene-coated 1D SiC grating array with period  = 5 m, width b = 0.5 m, and height h = 1 m.  

 

Figure 1. (a) Schematic of the tunable coherent thermal emitter made of graphene-coated SiC gratings. (b) 

Calculated spectral normal emittance at different graphene chemical potential  for TM polarized waves. 



Spectral-directional emittance of the graphene-coated SiC grating is obtained indirectly as  = 1R, where R 

is the spectral-directional reflectance of the opaque metamaterial structure within the phonon absorption band of 

SiC. The radiative properties were numerically calculated with the rigorous coupled-wave analysis (RCWA), 

whose convergence was ensured with a sufficient total of  diffraction orders. The thickness of monolayer 

graphene is considered as tG = nm in the calculation, which was verified to be sufficiently small from careful 

convergence check. The spectral emittance at normal direction for transverse-magnetic (TM) polarized wave (i.e., 

magnetic field is along the grating groove) is plotted in Fig. 1(b) with varying graphene chemical potential  

For the bare SiC grating without graphene monolayer on top, there exists a temporally-coherent emission peak at 

the wavenumber res =  cmwith an peak emittance of , which is associated with the excitation of 

phonon-mediated MP in SiC gratings [6]. When a graphene sheet with a chemical potential  =  eV is coated 

onto the SiC grating, the emission peak location barely shifts, but peak emittance increases to  As the 

graphene chemical potential increases from  to eV, the emission peak frequency monotonically shifts from 

 cm to cm, resulting in a relative tunability of % in peak frequency. 

Electromagnetic fields at the MP resonance conditions are plotted to study the behavior of MP in 

graphene-covered SiC gratings. With the help of an inductor-capacitor (LC) model, which considers the 

graphene sheet as an additional inductor in the resonant circuit, the magnetic resonance condition is analytically 

predicted and in good agreement with the numerical results. The modulation of MP resonance frequency with 

varying graphene chemical potential can be well understood in terms of the LC model. Furthermore, the 

geometric and directional effects on the tunable coherent emission peaks are also studied. Moreover, by covering 

the SiC grating with multilayer graphene sheets, the tunable spectral range for the coherent thermal emission can 

be further broadened to cover most of the phonon absorption band of SiC, resulting in a large tunability of 8.5% 

in peak frequency with 4 layers of graphene sheets. The novel tunable metamaterial would pave the way to a 

new class of tunable thermal sources in the infrared region. 
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Abstract-Selective solar absorber and thermal emitter are highly desired for improving the 

performance of solar thermophotovoltaic (STPV) systems. In this work, nanowire arrays made of 

different materials exhibiting either selective broadband absorption or narrowband thermal 

emission are numerically designed with finite-difference time-domain method. The spectral 

selectivity results from the excitation of magnetic polariton. Particle swarm optimization algorism 

is implemented for obtaining optimal geometric parameters of selective solar absorber and thermal 

emitter by maximizing the conversion efficiency of the STPV system. 

 

Solar energy is sustainable, clean and abundant. However, the conversion of solar energy with photovoltaics 

is restricted by the Shockley-Queisser limit. By converting broadband solar radiation into narrowband thermal 

radiation that matches the bandgap of photovoltaic cells, conversion efficiency of solar thermophotovoltaic 

(STPV) systems can potentially reach up to 85% [1]. Solar absorber and TPV emitter with spectral selectivity are 

highly desired to enhance the conversion efficiency of a STPV system, which can be realized with multilayers [2] 

and subwavelength micro/nanostructured metamaterials [3].  

(a) 

(b) 

(c) 

W W Air 

MP3 MP1 

MP2 

  

Figure 1. (a) Schematic of the proposed nanowire structure for the STPV absorber. (b) Spectral 

absorptance for selective absorber structure with different nanowire diameters. (c) The electromagnetic 

field distribution at the resonance frequency of first harmonic magnetic polariton mode (MP1). 

 

The present study focuses on nanowire based metamaterials with excitation of magnetic polariton (MP) for 

improving the performance of STPV systems. Nanowire arrays are advantageous over multilayers due to less 

thermal stress issue and over submicron periodic grating metamaterials due to cost-effective fabrication 

techniques. Finite-difference time-domain (FDTD) simulation will be employed for numerically designing a 

broadband solar absorber made of lossy tungsten nanowires and a narrowband near-infrared thermal emitter 

mailto:liping.wang@asu.edu


composed of low-loss indium tin oxide (ITO) nanowires, both of which exhibit spectral selectivity due to 

excitation of magnetic polaritons [4]. When the excitation of magnetic polariton is induced by the incident 

electromagnetic field, an oscillating resonant electrical current is generated inside the nanowire structures as 

illustrated in Fig. 1(a). The resonant electrical current loop oscillates between neighboring nanowires with 

strongly confined electromagnetic energy in the air gap, resulting in the enhancement of spectral 

absorptance/emittance at resonance wavelengths.  

The effect of geometric parameters such as nanowire diameter, filling ratio, and nanowire height will be 

investigated and understood on tuning the magnetic polariton resonance and the resulting optical and radiative 

properties. Figure 1(b) shows the simulated spectral absorptance of the tungsten nanowire array with different 

nanowire diameters. Broad absorption band from UV to the near infrared regime can be clearly seen, which is 

caused by the first, second, and third harmonic modes of magnetic polaritons along with the lossy nature of 

tungsten. The MP resonance condition shifts to longer wavelengths with larger nanowire diameters. In order to 

elucidate the excitation mechanism of MPs, Fig. 1(c) plots the distribution of electromagnetic field at the 

resonance wavelength of first harmonic MP mode obtained from FDTD simulation, which shows the confined 

electromagnetic energy within the air gap due to the MP resonance.  

 The effects of filling ratio and nanowire height will be also studied for tungsten nanowire selective solar 

absorbers. Similarly, a selective TPV emitter made of ITO nanowires will also be investigated for achieving a 

narrow emission band with near unity emittance matching the bandgap of TPV cells (i.e., 2.22 m for InGaAs). 

Systematic analysis on the performance of the STPV system composed of the tungsten nanowire selective solar 

absorber, ITO selective TPV emitter, and an InGaAs cell will be conducted. In particular, particle swarm 

optimization algorism will be employed to obtain optimal design parameters of both nanowire based solar 

absorber and TPV emitter by maximizing system conversion efficiency for given operation temperature and 

optical concentration. The design and optimization of nanowire based metamaterials will lead to the performance 

improvement of practical STPV systems for more efficiently converting solar energy to electricity beyond the 

Shockley-Queisser limit. 
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Abstract- The cold of outer space is a heat sink for all energy processes on Earth that can be 
accessed by thermal emission from a sky-facing surface. We first show that to maximally achieve 
radiative cooling through this mechanism, a selective emitter is necessary due to the spectral 
features of atmospheric emissivity in the mid-infrared. We next report the first experimental 
demonstration of radiative cooling in the daytime using a photonic design that is both a selective 
thermal emitter and a strong solar reflector. 

 

From a thermodynamic standpoint, one can improve the efficiency of any energy conversion process by 
having access to both a higher-temperature source of heat and a lower-temperature cold sink. While the Sun has 
long been exploited as a renewable source of the former, relatively little work has gone into making use of a 
lower-temperature sink that we have access to radiatively: the coldness of outer space. The broad theme of our 
work is that photonic approaches to controlling far-field thermal radiation enable us to efficiently exploit the 
‘heat sink’ of the universe at all hours of the day to improve energy efficiency and conversion processes.  

 
From a practical point of view, cooling is a significant end-use of energy globally and a major driver of peak 

electricity demand in the middle of the day. At night, electricity-free cooling below ambient air temperature has 
been demonstrated using an approach known as radiative or night-sky cooling1, where one uses a surface 
exposed to the sky to radiatively emit heat to outer space through a transparency window in the atmosphere 
between 8-13 µm. Peak cooling demand however occurs during the daytime. Daytime radiative cooling below 
ambient under direct sunlight has not previously been achieved because sky access during the day results in 
heating of the radiative cooler by the sun.  

 
We show how a photonic approach to the control of far-field thermal emission from a surface is both 

formally necessary for optimal radiative cooling, and enables new technological possibilities. We first introduce 
the theoretical requirements necessary for daytime radiative cooling and derive the upper bound of performance 
possible by a thermal emitter. This bound is constrained by the second law of thermodynamics and is only 
attainable using a selective emitter, potentially necessitating remarkably fine-grained control of thermal emission. 
We show moreover that the optimal selective emitter for radiative cooling varies as a function of the operating 
temperature below ambient. This theoretical foundation points to the necessity of considering photonic 
nanostructures, metamaterials and metasurfaces for optimal radiative cooling. 

 
We then present results of the first experimental demonstration of daytime radiative cooling, where we 

achieve a temperature of nearly 5°C below the ambient air temperature under direct sunlight (see Figure 1a). 



Using a thermal photonic approach, we design and fabricate an integrated photonic solar reflector and thermal 
emitter consisting of 7 layers of HfO2 and SiO2 that reflects 97% of incident sunlight while emitting strongly and 
selectively in the mid-infrared atmospheric transparency window (see Figure 1b). Even when exposed to direct 
solar irradiance of greater than 850 W/m2 on a rooftop, the photonic radiative cooler achieves an average of 
4.9°C below ambient air temperature over, and has a cooling power of 40.1 W/m2 at ambient2.  

 

 
Figure 1: a) Temperature of the sky-facing photonic radiative cooler while under direct sunlight. It remains 5-7°C 
below air temperature even under > 850 W/m2 of sunlight. (b) SEM side profile of the photonic design that achieves the 
cooling shown in a). The design is non-periodic with varying thicknesses and materials that collectively achieve 
interference effects to enhance emissivity in the mid-IR while also improving reflectance of visible/near-IR sunlight. 
 
Finally, we will discuss both the theory behind, and an experimental demonstration of, a photonic approach 

to passively maintain solar cells at lower temperatures through radiative cooling, while maintaining their solar 
absorption4. Unlike radiative cooling below the ambient, the goal here is to simply cool an object that will, by 
virtue of its properties in the visible spectrum, heat up under sunlight, to a temperature lower than what it could 
attain by its own intrinsic emissivity properties in the mid-infrared. Solar cells are the most relevant such objects 
that are sky-facing, heat up under the sun and would benefit substantially from lower operating temperatures. 
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Abstract A Metal-insulator-metal structure forming a Fabry-Perot cavity resonator is 

investigated for tailoring cavity resonances ranging from visible to near-infrared, and for 

generating thermal emission in the near-infrared.  
 

 Metal-insulator-metal (MIM) cavity structures have recently attracted a significant amount of 

interest due to their narrow-band absorption property.[1-3] Narrow-band absorbers have applications in 

several fields, such as optical sensing, thermal emission, etc. [4, 5] According to Kirchhoff’s law of thermal 

radiation, the emissivity (ελ) of a material is equal to its absorption (Aλ), at thermal equilibrium, 

      ελ= Aλ =1-Rλ-Tλ ,                           (1) 

where Rλ and Tλ represent the reflectivity and transmissivity of the material, respectively. The spectral 

radiance I(λ, T) of an object of emissivity ελ, can be expressed as 

I(λ, T) = ελ(𝑇)
2𝜋ℎ𝑐2

λ5𝑒

ℎ𝑐
λ𝑘𝑏𝑇

−1
  ,                                                          (2) 

where λ is the vacuum wavelength, T is the temperature of the object, h is Plank’s constant, c is the vacuum 

speed of light and kb is Boltzmann’s constant. From equation 1, emission or absorption of a material is 

directly controlled by the reflection and transmission properties of the material, which further allows 

controlling the intensity of spectral radiance. 

 
Figure 1. a). Schematic representing the MIM resonator. b). The reflection spectrum of MIM cavity for 465 

nm SiO2 layer thickness. 

 

A schematic representation of the continuous MIM cavity structure is shown in Figure 1a. Two metallic 

layers (Au) separated by a dielectric spacer layer (SiO2) placed over a silicon substrate, serves as the Fabry-

Perot (FP) photonic resonator. The bottom layer should be thick enough (90 nm) to act as a reflector and 

top layer should be ultrathin (10 nm) for transmitting the incident light and further generating resonances. 

The dielectric layer serves as optical cavity, and the thickness of the dielectric layer (optical cavity length) 

determines the resonance position. Au is deposited onto a silicon substrate by e-beam evaporation, and SiO2 

is deposited by RF magnetron sputtering. A 3 nm titanium adhesion layer is deposited by e-beam 

evaporation between the interfacial layers. All layers are deposited with an evaporation rate of 0.3 Å/s. 

Figure 1b presents the reflection spectrum of the MIM cavity structure for 465 nm SiO2 layer thickness 

under normal incidence. The first-order resonance of the cavity is seen in the near-infrared (  ̴1600 nm), and 

the higher order resonance span the visible region of the spectrum.  



            

Figure 2a (red trace) presents the variation of the cavity resonance as a function of SiO2 layer thickness. 

Tailoring of cavity resonance from visible to near-infrared is obtained by changing the dielectric layer 

thickness. The effect of top Au layer thickness on cavity resonance for a fixed dielectric layer thickness 

(472 nm) is shown in the Figure (blue trace). The reflection peak shifts towards shorter wavelength and 

decrease in line width and depth [6] is observed by increasing the top metallic layer thickness. Figure 2b 

shows the reflection measurements at high temperatures and thermal emission from MIM cavity resonating 

around 1600 nm.  A shoulder peak around 1600 nm is clearly distinguished in the emission measurements, 

and a rise in emission intensity is observed with temperature.  Ideal black-body spectra for corresponding 

temperatures are also shown in the Figure.   

 
Figure 2. a) MIM cavity resonance as a function of SiO2 and top Au layer thickness with respect to fixed 

top Au layer and SiO2 layer, red and blue traces, respectively. b). Reflection and thermal emission 

measurements on MIM resonator, and ideal black-body spectra for 400, 500 and 600 °C.   

 

Continuous MIM structures stand out as FP cavities exhibiting resonances in the visible and near-

infrared regions of the spectrum, and generating thermal emission in the near-infrared. MIM cavity 

resonances are highly tunable over a wide spectral regime. Simple deposition techniques can be used to 

fabricate MIM cavity structures, and allows for the wafer-scale fabrication of these photonic FP resonators 

with minimum production cost.  
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Abstract- We studied the far field thermal emission pattern of multipolar nanoantennas of arbitray 

shapes at a given equilibrium temperature. The numerical investigation was performed by using a 

method based on the fluctuational electrodynamics approach and on the discretization of the 

resulting volume integral equation. Our calculations suggest that coherent emission and high 

directionality can be obtained by taking advantage of multipolar contributions.  

 

We developed a numerical model based on the fluctuational electrodynamics approach and on the 
discretization of the resulting volume integral equation to calculate relative emissivity and spatial emission 
pattern of nanoparticle ensembles smaller than the thermal wavelength T=hc/kBT [1]. The emission and 
scattering properties of these systems, also called oligomers, are governed by their multipolar resonances. 
In the recent years, optical analogs of the Yagi-Uda antennas, widely used in the microwave regime, 
have been proposed and experimentally studied. The electromagnetic properties of these systems are dominated 
by multipolar resonances arising from interactions and coupling between different elements. Both metallic 
and dielectric nanostructures, supporting electric and magnetic resonances, have been studied in order 
to tailor the far field emissivity of a point source (i.e. a quantum dot) as a function of the wavelength 
and of the position of the feeder with respect to the antenna ensemble [1-3]. Here we show that a 
similar concept can be applied if thermal radiation from heated coupled nanoantennas is considered. The 
main difference in our case is the lack of a deterministic feeder indeed all the structure contributes to 
the total field radiated through chaotic thermal fluctuations.  

We also show that a detailed analysis on the extinction, scattering and absorption cross sections 
can be extremely useful in the optimization process, as a preliminary study, before  performing the more 
complicated and time consuming calculation of thermally emitted fields.  

We studied for example the case of three Au dipole antennas,  655 nm long with a (83 nm x 33 
nm) rectangular section,  placed at a distance of 85-nm from each other, along the y- direction as 
sketched in Figure 1. We calculated the relative emissivity as a function of the wavelength. Results are 
depicted in figure 2. We note that the relative emissivity spectrum exhibits both electric (1=2.5 m) and 
magnetic and electric (2=3.35 m) dipole resonances. We show in the insets of figure 2 that the emission 
pattern at  has a typical dipole like shape, while at 2 most of the energy is emitted along the y- axis 
with a solid angle of 0.4 sr. The emission patterns have been calculated at a temperature of 1200 K. 
Finally we show that the integration of designed emitters with photonic elements such as waveguides could 
be considered in order to manipulate the evanescent components of the emitted radiation for the creation 
of a new class of integrated sources.  

 



 

Figure 1: sketch of the system composed by 3 Au antennas. 

 

Figure 2: relative emissivity as a function of wavelength for the system depicted in figure 1. The 
insets show the emission patterns corresponding to the main peaks. 
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Abstract 

In this work, we propose a detailed study of various novel 

waveguides made using doped semiconductors at the mid-and far 

infrared ranges. These waveguides support a plasmonic-like mode 

with ability to confine and manipulate the infrared energy at 

nanoscale.  

1. Introduction 

The Mid infrared range (MIR) is the range associated with 

thermal radiation. This thermal radiation can propagate in 

vacuum and travels with the speed of light as an 

electromagnetic wave. Manipulating this energy in nanoscale 

is of prime importance for various applications. These 

applications include nanoscale thermal emitters, 

nanoantenna for thermal harvesting, and MIR sensors [1-4]. 

However, manipulating this electromagnetic radiation in 

nanoscale is challenging due to the long wavelength of these 

waves which increase the size of the confined region based 

on the diffraction limit. Thus, traditional focusing and 

confining methodologies will be always limited by the 

diffraction limit to few micrometers size.  

Plasmonic waveguides have been known for the ability 

to confine the electromagnetic light in nanoscale. Most of 

these waveguides are made using Noble metals and operates 

in the visible or near infrared range. Using these metals in 

MIR do not provide high confinement and tend to leak in the 

surrounding dielectric. This is mainly due to the fact that the 

tight confinement occurs at wavelengths near the plasma 

resonance of the metal. 

In this work, we propose to use highly doped 

semiconductors as a plasmonic-like metal. The doping level 

can be tuned and hence control the plasma resonance of the 

plasmonic waveguide. We also propose various 

configurations for confining and manipulating the 

electromagnetic thermal radiation at the nanoscale. 

. 

2. Thermoplasmonic Waveguide 

The material is modeled using the Drude model for 

permittivity, which is given by,  

𝜀𝑚(𝜔) = 𝜀∞ −
𝜔𝑝

2

𝜔2 + 𝑗𝜔𝛤
 

            

(1) 

 

where 𝜔𝑝  is the plasma frequency in rad/s, 𝜀∞  is the 

permittivity at very high frequencies, 𝜔 is the frequency in 

rad/s, and 𝛤 is the collision frequency in rad/s, and is given 

by, 𝛤 = q/(𝑚∗𝜇), where 𝑚∗ is the electron effective mass, 𝜇 

is the carrier mobility and 𝑞  is the electron charge. The 

plasma frequency is defined as 𝜔𝑝 =  √𝑁𝑑𝑞2 𝜀0𝑚∗⁄ , where 

𝑁𝑑  is the free carrier concentration and 𝜀0 is the free-space 

permittivity. The plasmonic resonance frequency occurs 

when the permittivity of the doped silicon, 𝜀𝑚(𝜔), is equal to 

negative of the permittivity of the surrounding dielectric. For 

an interface with air, we obtained a plasmonic resonance 

wavelength at ~3μm using a doping concentration of 5 x 1020 

cm-3 [5,6].  The calculated permittivity of the doped silicon 

versus wavelength is shown in Fig. 1.  

 
Fig. 1.   Permittivity vs. wavelength for doped silicon with 𝑁𝑑= 5x1020 cm-3 

 

2.1. Dispersion of Doped Silicon plasmonic slot Waveguide 

We did a further study on the dispersion properties of doped 

silicon waveguide to prove that the chosen doping 

concentration has tuned the plasma resonance of the silicon. 

This study will also clarify the potential applications of the 

doped silicon slot waveguide. Figure 2, shows the structure of 

a doped silicon slot waveguide with an air gap. 
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Figure. 2. Slot structure using doped silicon, where Wgap is the gap width 

of the slot. 

Figure 3 illustrates the dispersion of a doped silicon slot 

waveguide with a 100nm gap. The effective refractive index 

is plotted against the wavelength, λ.  

 
Figure. 3. Dispersion of an MIM doped silicon waveguide showing the 

effective refractive index against the wavelength.  

Moreover, we study the effect of changing the slot gap width 

on the effective refractive index. Figure 4 shows the effective 

refractive index versus the slot gap width. Figure 4 shows the 

zoomed-in dispersion of doped silicon plasmonic slot 

waveguide of a 0.1µm-wide gap, 0.2µm-wide gap, and 

0.3µm-wide gap. Moreover, it can be seen a smaller gap 

width results in a slightly larger effective refractive index as 

shown in Figure 4, also it is a generally less steep curve. These 

results are intuitive as it is expected of smaller gaps to confine 

the light better, hence, resulting in a larger effective refractive 

index 

 

Figure 4.  Zoomed-in dispersion of doped silicon  plasmoic waveguide 
showing the effective refractive index against the wavelength at different 

gaps of 0.1, 0.2, and 0.3µm.  

 

Furthermore, we can express the loss by plotting the 

attenuation constant, α against the wavelength at different slot 

gap widths. Figure 5 shows the zoomed-in for the attenuation 

constant, α verses the wavelength of MIM doped silicon 

waveguide of a 0.1µm-wide gap, 0.2µm-wide gap, and 

0.3µm-wide gap. As expected the loss increase as increase the 

gap width increases, because it leads to less light 

confinement. 

 
  
Fig 5. Zoomed-in of MIM doped silicon waveguide showing the 

attenuation constant (α) against the wavelength at different gaps of 0.1, 

0.2, and 0.3µm. 
 

3. Conclusions 

Doped silicon is an appropriate alternative for plasmonic 

noble metals in MIR region. It allow nanscale confiment for 

the thermal radiative energy. It can realize more compact 

devices that are simple to fabricate. By controlling both the 

doping concentration and structure dimensions, the plasma 

resonance can be tuned to the MIR region.  It opens the door 

for thermal energy harvester and emitter that can be fabricated 

in nanoscale on silicon chip. 
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Abstract- We suggest a novel type of photonic topological edge states in zigzag arrays of resonant 
subwavelength particles. We experimentally verify our general concept for plasmonic nanodisks in 
visible and for dielectric spherical particles in microwave ranges. We demonstrate the ability to 
control the subwavelength topologically-protected electromagnetic edge modes by changing the 
polarization of the incident wave.  

Topological insulators represent a novel class of materials with a topologically protected phase order. Such 
materials attracted a lot of attention in the past years due to the existence of novel types of conducting surface 
states in otherwise insulating bulk materials being protected by time-reversal symmetry, and they demonstrate 
exotic phenomena such as the quantum Hall effect. Recently, the concepts of topological states became attractive 
in optics for the realization of backscattering- immune topologically-protected flows of light [1]. Different types 
of electromagnetic topological states have been realized by now, for a number of microwave and photonic 
systems [2-4]. Recently, it was predicted theoretically that a novel type of topological edge states can be realized 
in the subwavelength regime for a zigzag chain of plasmonic nanoparticles [5]. Nontrivial topological properties 
of such a type of plasmonic edge states have been studied in the framework of the coupled-dipole approximation, 
and also by direct numerical simulations of Maxwell’s equations.  

In this work we demonstrate experimentally a novel type of topological edge states realized in the 
subwavelength regime for a zigzag chain of gold nanodisk (see Fig. 1). We have fabricated a zigzag chain of 
seven gold nanodisks on a glass substrate using the electron beam lithography. The disks had a diameter of 250 
nm and a height of approximately 40 nm, while the distance between adjacent disk edges was equal to 100 nm.  

for applications in new and advanced technologies.1 One of the recognized topologically

nontrivial phases of electronic matter is associated with the quantum Hall effect when a

magnetic field applied to a two-dimensional system of free electrons breaks the time-reversal

symmetry.2 A similar quantum spin Hall effect relies on spin-orbit coupling.3 Recently,

similar concepts penetrated into the field of optics.4 Various suggestions are based on explicit

breaking of the time-reversal symmetry by applying a periodic modulation to the structure,5

relatively weak magnetooptic effects,6 and engineering photonic crystals and metamaterials

with built-in synthetic magnetic fields and spin-orbit interactions.7,8 The first demonstrations

of electromagnetic edge states were achieved in the samples with the characteristic period

of several centimeters operating at radio frequencies.9–11 Recently, the topological states of

light were demonstrated at the optical frequencies in the coupled silicon waveguide arrays

with the sizes of tens of microns.8,12–14 The waveguide-based15 and photonic crystal-based

structures16 have an inherent limitation: the minimal size of their building blocks should

be larger than the light wavelength. Further reduction of the structure size would allow

deterministic coupling between the optical topological states and quantum excitations of

the matter. This can be used for the development of optically controlled on-chip quantum

computing and communication structures robust against disorder.17,18

Figure 1: Schematic illustration of an edge state in the zigzag chain of plasmonic nanodisks
with odd number of nanoparticles excited by a linearly polarized light. The inset shows the
SEM image of the fabricated zigzag chain of gold nanodisks with the scale bar representing
200 nm.

2

Figure 3: Experimental observation of topological edge states at the nanoscale. a,b, Near-
field patterns of the polarization-sensitive localized plasmonic modes measured at the 100 nm
distance from the substrate surface for 700 nm excitation wavelength for x- (a) and y- (b)
polarizations. The scale bars represent 500 nm. c,d, Spectral dependence of the normalized
intensity of the hot spots corresponding to the 1-st and 7-th disks for x- (c) and y- (d)
polarizations of the incident wave.

of existing proposals to mimic the Majorana fermions in the classical systems,26,28,29 the

advantage of our approach is the possibility to resonantly excite either left or right edge of

the zigzag chain with odd number of nanodisks simply by switching the corresponding linear

polarization direction of the incident plane wave E0. For even number of disks the structure

supports simultaneously both edge states, which are now co-polarized and excited with the

same amplitude.

In order to demonstrate the effect experimentally, we have fabricated a zigzag chain of

seven gold nanodisks on a glass substrate using the electron beam lithography. The disks

had a diameter of 250 nm and a height of approximately 40 nm, while the distance between

adjacent disk edges was equal to 100 nm (see the scanning electron microscopy (SEM) image

in the inset of Fig. 1). The electron exposure was carried out on the 120 nm PMMA layer

covered with thin 10 nm Au layer for charge draining. After the gold layer was removed and

the exposed electron resist was developed, the Cr/Au layers were thermally evaporated with

3 nm and 40 nm thicknesses, respectively and the procedure was finalized with lift-off.

The structure is illuminated from the substrate side by a weakly focused linearly polar-

5

 
Fig.1 (Left) Schematic illustration of the zigzag chain of plasmonic nanodisks .(Right) Experimental observation of 

topological edge states at the nanoscale. a,b, Near-field patterns of the polarization-sensitive localized plasmonic modes 
measured at the 100 nm distance from the substrate surface for 700 nm excitation wavelength for x- (a) and y- (b) 
polarizations. c,d, Spectral dependence of the normalized intensity of the hot spots for x- (c) and y- (d) polarizations. 



The structure is illuminated from the substrate side by a weakly focused linearly polarized laser beam. As 
predicted by the analytical model, the distribution exhibits hot spots at the edges of the structure, which is the 
signature of the excitation of different edges of the structure depending on the polarization.  
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Figure 2. (a) Theoretical scattering e�ciency calculated by
Mie theory for spherical particles (b) Experimentally mea-
sured forward scattering of a single dielectric particle.

devices [14].
For our current study, we choose dielectric spheres

with large permittivity (" = 15) as the building blocks
(or “meta-atoms”) of our subwavelength electromagnetic
structures [see Figs. 1(a,b)]. From the exact Mie solu-
tion of light scattering by a spherical particle, the low-
est frequency resonance in the spectra is the magnetic
dipole resonance (at the frequency ! ⇡ c/R for " =15,
where c is the speed of light), the second is the elec-
tric dipole resonance (! ⇡ 1.4c/R) and the third one is
the magnetic quadrupole resonance (! ⇡ 1.5c/R), see
Ref. [15]. Based on the model geometry suggested in
Ref. [12], the topologically nontrivial edge states are ex-
pected for either electric or magnetic Mie-type resonant
modes. At the same time, the cross-coupling between
two electric and magnetic responses may break the chiral
symmetry, essential for edge states to exist. According to
the spherical multipole decomposition of a single dielec-
tric sphere [see Fig. 2(a)], one may notice that the mag-
netic quadrupole resonance provides almost ideal condi-
tions where all other contributions are vanishing. The
experimentally measured forward scattering amplitude
of a single sphere is shown in Fig. 2(b). In agreement
with the theoretical results [see Fig. 2(a)] based on the
optical theorem, the experimental scattering spectrum
demonstrates three maxima at the positions of magnetic
dipole, electric dipole, and magnetic quadrupole reso-
nances, marked on the graph. Another obvious advan-
tage of the quadrupole resonance is higher quality factor
(Q ⇠ 70) due to reduced radiative losses. Figure 1 shows
two types of dielectric arrays made from such spheres: a
zigzag array, in Fig. 1(a), and a linear array, in Fig. 1(b).
For both the arrays, the spheres are touching each other.
Each bond angle formed by three consecutive spheres
of the zigzag array is equal to ⇡/2. Panels (c) and (d)
show the numerically calculated electric field amplitude
induced by a plane wave in both zigzag and linear struc-
tures at the frequency of the quadrupole resonance of the
single sphere. In both the cases, the incoming plane wave
is polarized perpendicular to the array (an arrow for the
field H0 in the figure). The full-wave numerical simu-
lations are performed using the CST Microwave studio

2014. The colors correspond to the absolute value of the
electric field at the surface of the particle. The calculated
field has strong maxima at the first and last nanoparti-
cles in the zigzag array [see Fig. 1(c)], however the field
distribution in the linear array is rather uniform and no
edge states can be observed [see Fig. 1(d)]. While these
results are qualitatively similar to the plasmonic array
studied earlier [12], we observe that the field localization
at the edges of the dielectric zig-zag array array is much
stronger, due to lower radiative losses of the magnetic
quarudpole.
Being inspired by this numerical demonstration of the

edge excitation in the zigzag array, we have performed the
proof-of-concept experiments in the microwave frequency
range. To mimic the electromagnetic properties of silicon
nanoparticles, we employed MgO-TiO2 ceramic spheres
that are characterized by a dielectric constant of 15 and
small dielectric loss factor in the 4–10 GHz frequency
range [16]. The sphere radius is equal to R = 7.5 mm
and the spheres are touching each other. Our main exper-

Figure 3. Experimental results. (a-d) Measured electric field
intensity at the frequency of the magnetic quadrupole reso-
nance of a single sphere for di↵erent incident wave polariza-
tions ✓ = 00, 900,�450, and 450 respectively, indicated in the
panels by arrows. (e,f) Electric field intensity measured at
the 1 mm distance from the surface of particles for (e) ✓ = 00

and (f) ✓ = 900 polarizations. (a-d) Results for odd number
of particles. (e-f) Results for even number of particles. Scale
bar represents the incident wavelength.
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Figure 2. (a) Theoretical scattering e�ciency calculated by
Mie theory for spherical particles (b) Experimentally mea-
sured forward scattering of a single dielectric particle.

devices [14].
For our current study, we choose dielectric spheres

with large permittivity (" = 15) as the building blocks
(or “meta-atoms”) of our subwavelength electromagnetic
structures [see Figs. 1(a,b)]. From the exact Mie solu-
tion of light scattering by a spherical particle, the low-
est frequency resonance in the spectra is the magnetic
dipole resonance (at the frequency ! ⇡ c/R for " =15,
where c is the speed of light), the second is the elec-
tric dipole resonance (! ⇡ 1.4c/R) and the third one is
the magnetic quadrupole resonance (! ⇡ 1.5c/R), see
Ref. [15]. Based on the model geometry suggested in
Ref. [12], the topologically nontrivial edge states are ex-
pected for either electric or magnetic Mie-type resonant
modes. At the same time, the cross-coupling between
two electric and magnetic responses may break the chiral
symmetry, essential for edge states to exist. According to
the spherical multipole decomposition of a single dielec-
tric sphere [see Fig. 2(a)], one may notice that the mag-
netic quadrupole resonance provides almost ideal condi-
tions where all other contributions are vanishing. The
experimentally measured forward scattering amplitude
of a single sphere is shown in Fig. 2(b). In agreement
with the theoretical results [see Fig. 2(a)] based on the
optical theorem, the experimental scattering spectrum
demonstrates three maxima at the positions of magnetic
dipole, electric dipole, and magnetic quadrupole reso-
nances, marked on the graph. Another obvious advan-
tage of the quadrupole resonance is higher quality factor
(Q ⇠ 70) due to reduced radiative losses. Figure 1 shows
two types of dielectric arrays made from such spheres: a
zigzag array, in Fig. 1(a), and a linear array, in Fig. 1(b).
For both the arrays, the spheres are touching each other.
Each bond angle formed by three consecutive spheres
of the zigzag array is equal to ⇡/2. Panels (c) and (d)
show the numerically calculated electric field amplitude
induced by a plane wave in both zigzag and linear struc-
tures at the frequency of the quadrupole resonance of the
single sphere. In both the cases, the incoming plane wave
is polarized perpendicular to the array (an arrow for the
field H0 in the figure). The full-wave numerical simu-
lations are performed using the CST Microwave studio

2014. The colors correspond to the absolute value of the
electric field at the surface of the particle. The calculated
field has strong maxima at the first and last nanoparti-
cles in the zigzag array [see Fig. 1(c)], however the field
distribution in the linear array is rather uniform and no
edge states can be observed [see Fig. 1(d)]. While these
results are qualitatively similar to the plasmonic array
studied earlier [12], we observe that the field localization
at the edges of the dielectric zig-zag array array is much
stronger, due to lower radiative losses of the magnetic
quarudpole.
Being inspired by this numerical demonstration of the

edge excitation in the zigzag array, we have performed the
proof-of-concept experiments in the microwave frequency
range. To mimic the electromagnetic properties of silicon
nanoparticles, we employed MgO-TiO2 ceramic spheres
that are characterized by a dielectric constant of 15 and
small dielectric loss factor in the 4–10 GHz frequency
range [16]. The sphere radius is equal to R = 7.5 mm
and the spheres are touching each other. Our main exper-

Figure 3. Experimental results. (a-d) Measured electric field
intensity at the frequency of the magnetic quadrupole reso-
nance of a single sphere for di↵erent incident wave polariza-
tions ✓ = 00, 900,�450, and 450 respectively, indicated in the
panels by arrows. (e,f) Electric field intensity measured at
the 1 mm distance from the surface of particles for (e) ✓ = 00

and (f) ✓ = 900 polarizations. (a-d) Results for odd number
of particles. (e-f) Results for even number of particles. Scale
bar represents the incident wavelength.

 

Fig. 2 Experimental results. (a-d) Measured electric field intensity at the frequency of the magnetic quadrupole 
resonance of a single sphere for different incident wave polarizations θ = 0, 90, −45, and 45 degree respectively, indicated in 
the panels by arrows.  

 
 As a second example, we employ microwave experiments with zigzag arrays of 

electromagnetically-coupled dielectric spheres and provide the first proof-of-principle experimental observation 
of optically-induced magnetic topological edge states operating in the subwavelength regime. We demonstrate 
that such topological edge states can be selectively excited with the linear polarization of the incident electro- 
magnetic wave, and we visualize them directly by map- ping the corresponding electromagnetic fields. We use 
MgO-TiO2 ceramic spheres that are characterized by a dielectric constant of 15 and small dielectric loss factor 
in the 4–10 GHz frequency range. The sphere radius is equal to R = 7.5 mm and the spheres are touching each 
other. The near-field measurements are performed at the magnetic quadrupole resonance frequency. The near 
field was scanned at the 1 mm distance from the back inter- face of the zigzag array to avoid the contact between 
a probe and the sample. The polarization dependence of the structure response is examined by rotating the source 
antenna. Figures 2(a-d) show the electric field maps for different angles θ between the polarization direction of 
the incident magnetic field H0 and the x axis. The maps present a direct confirmation of the edge excitation in 
the structure at the magnetic quadrupole resonance.  
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Abstract- We find a correspondence between the surface impedance and the bulk geometric phase 

of the bands for photonic crystals. This surface-bulk correspondence actually applies to all one 

dimensional periodic systems with mirror symmetry. We extend this correspondence to two 

dimensional systems with C4v symmetry. Such correspondence allows us to use the bulk geometric 

phase to predict the existence of an interface state between two different photonic crystals.  

 

Surface impedance is an important concept in classical wave systems such as photonic crystals (PCs). It tells 

how a wave is reflected and transmitted when encountering an interface. Moreover, it can also predict the 

existence or absence of an interface state in the interfacial region of two PCs. On the other hand, Zak phase is a 

special kind of geometric phase, or more commonly known as the Berry phase
1
. It describes the geometric 

property of a one-dimensional (1D) bulk band and is defined as      
/

, ,
/ unit cell

a

n n q q n q
a
dq d i u u




  


   r r r r , 

where a is the length of the unit cell, un,q(r) is the normalized periodic in cell part of the Bloch electric field 

eigenfunction of a state on the nth band with wave vector q. For a 1D PC with mirror symmetry, the Zak phase is 

quantized as 0 or π
1,2

.  

As a starting point, we consider a 1D AB-layered periodic structure as shown in Fig. 1(a). The band structure of 

this system is shown in Fig. 1(b). As this system has mirror symmetry with respect to the center of slabs, the Zak 

phase of each isolated band must be either 0 or  . The values of the Zak phase of each band are marked in red 

in Fig. 1(b). We then truncate this system at the center of the A slab. We obtain the reflection coefficient and 

then the surface impedance according to Z=Z0(1+r)/(1-r), where Z0 is the vacuum impedance. Inside a band gap, 

the incident wave is totally reflected, and thus the surface impedance (as a function of frequency) is purely 

imaginary. We find that for all the frequencies inside one gap, the signs of the surface impedance are the same 

and it is either positive or negative. We use the color magenta to represent gaps with surface impedance of 

positive signs and blue for those of negative signs in Fig. 1(b). Zak phase describes property of the bulk band 

and the sign of the imaginary part of surface impedance describes the property of gap. We can prove rigorously 

that the relation between the two quantities is given by sgn[Im[Zn]]/sgn[Im[Zn-1]]=exp[i(θn-1+π)]
3
, where Zn is the 

surface impedance inside the n
th
 gap. This relation states that the signs of the surface impedance of two neighbor 

band gaps are related to the Zak phase of the band sandwiched by these two gaps.  

Now we extend the surface bulk correspondence from 1D to 2D
4
. We consider a dielectric cylinder array shown in Fig. 

1(c). The reciprocal space of square lattice is shown in Fig. 1(d). With a fixed ky, which is the wave vector along the y 

direction, the band structure along the x direction (the green line in Fig. 1(d)) is effectively 1D. Note here, the Zak 

phase in a 2D system is a function of ky. In Fig. 1(e), we show the band structure (black curves) of PC with εc=12.5, 

rc=0.22a and ky=0.25π/a. We then calculate the values of Zak phases (red) of all the bands. The sign of the surface 

impedance of the lowest gap can be obtained from effective medium theory, which is negative in our case. The signs 



of the surface impedances of higher gaps can then be obtained iteratively with the surface bulk correspondence, and 

the results are also shown in Fig. 1(e) where color has the same meaning as in Fig. 1(b).  

With the sign of the surface impedance inside each band gap determined, we can predict the existence of an interface 

mode between two different PCs. In Fig. 1(f), we show the real part of the electric field distribution of an interface 

mode. The PC on the left hand side is same as used in Fig. 1(e). On the right hand side, we tune the parameters of the 

PC such that, there is a common frequency range between two PCs with different colors of gaps.  

 

Fig. 1. (a) Schematic showing a plane wave impinging on a layered structure. The yellow dashed line marks the 

boundary of a unit cell. (b) The band structure of PC shown in (a) with parameters given by εA=4, μA=εB=μB=1, 

dA=0.4a and dB=0.6a, where dA and dB are the thickness of A and B slab, respectively. (c) Square lattice of 

dielectric cylinders. (d) Reciprocal space of square lattice with Zak phase defined along the green line with fixed 

ky. (e) The band structure of PC shown in (c) with parameters given by εc=12.5, rc=0.22a and ky=0.25π/a, where 

we consider the TM mode, that is the electric field along the cylinder In both (b) and (e), the values of the Zak 

phase are shown in red, and magenta (cyan) strip represents gap with positive (negative) imaginary part of 

surface impedance. (f) The real part of the electric field of an interface mode at ωa/2πc=0.53 and ky=0.25π/a. 

The PC on the left hand side of the is the same as used in (e), and the parameters of the PC on the right hand side 

are εc=10 and rc=0.205a. 
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Abstract-In this work we demonstrate that judicious engineering of solid structures can give rise to 

unusual topological systems supporting disorder-immune helical edge states for phonons. This 

approach opens up possibilities to realize novel topological phononic materials in both static and 

time-dependent regimes. 

 

The discovery of topological order without breaking time-reversal symmetry, such as that in Quantum Spin 

Hall (QSH) effect and Topological Insulators, is one of the most groundbreaking advancements of recent 

years in condensed matters physics
1,2

. The approach to topological order without breaking time-reversal 

symmetry is particularly important in elastics because natural elastic materials lack linear nonreciprocal 

response. However, these topological states have so far been observed only in electronic
1,2

 and photonic
3–8

 

systems. Here we illustrate the first elastic-wave system emulating QSH effect and demonstrate the existence 

of topologically protected elastic edge states. The system represents an elastic metamaterial-based phononic 

crystal. In this crystal, we achieved degenerate linear dispersion for two sets of modes (Fig. 1a), symmetric 

and antisymmetric, classified by the out-of-plane mirror symmetry σz. Then, by relaxing that symmetry (Fig. 

1b) and deliberately engineering a gauge field emulating a strong spin-orbit coupling of QSH type, we 

observe opening a complete topological bandgap (Fig. 1c). Finally, the hallmark of the topological order, 

namely the presence of one-way chiral edge waves on the domain walls (Fig. 1d-e) insensitive to 

nonmagnetic defects and disorders (Fig. 1f), is demonstrated in such elastic metacrystals. We illustrate the 

unique property of these elastic edge waves to flow around sharp corners without back-reflection or 

localization.  
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mailto:zheng.wang@austin.utexas.edu


 

Figure 1: (a) Dual-scale phononic crystal with degenerate Dirac cones, (b) perspective view of the phononic 

crystal made of a triangular lattice of air holes in a slab of aluminum metamaterial before (top) and after 

(bottom) the spin-orbit coupling is introduced. (c) Spin-orbit coupling and band gap opening by breaking 

mirror symmetry σz. (d-e) Topologically protected phononic helical edge modes propagating along the 

domain wall. (f) Displacement fields of the forward edge mode demonstrating reflectionless propagation 

along a zigzag shaped domain wall. 
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Abstract-Certain novel, topologically non-trivial, photonic states will be presented. Their 

properties and potential applications will be discussed. 

 

Topologically non-trivial states have been raising a substantial interest in the electronics community because 

of their novel and unique properties. Similarly, a topological states in photonics display an equally diverse range 

of novel and surprising phenomena. For example, many of interesting properties of graphene emerge from its 

Dirac electronic dispersion relation. While Dirac dispersion in graphene is a 2D phenomenon, we present one of 

its 3D analogues in photonics: Weyl points [1]. In addition, we also discuss embedded eigenvalues in photonic 

crystal systems [2], whose robustness can also be understood as emerging from certain topological properties 

[3].  
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Abstract— We propose to create an effective magnetic field for photons in a two-dimensional
waveguide network with strong scattering at waveguide junctions. The effective magnetic field is
realized by a directional phase on waveguide links, which can be produced by dynamic modulation
or magneto-optical effect. Compared to previous proposals, this scheme is resonator-free, thus
greatly reduce the experimental complexity.

Topologically protected one-way edge state for photons has been proposed and achieved as a
way of robust light guiding. Previous proposal for generating an effective magnetic field by dynamic
modulation [1] relies on a resonator lattice and is described by a tight binding model, which imposes
limits on the coupling strength. However, the essential ingredient is the directional phase in the
coupling constant. Here we propose a waveguide network as a platform for retaining the mechanism
for creating gauge field without the additional complication of site-resonators.
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Figure 1: (a) A single unit of the waveguide network. (b) The junction and the directional phase component.
(c) Two possible realizations of the directional phase: dynamic modulation based on two mixers and magneto-
optical waveguides. Band structure of infinite square waveguide network for (d) t = 0.5 and (e) t = 0.4.

The waveguide network system consists of power-splitting junctions connected by waveguide
links, based on a system proposed in [2]. When the waveguide cross section dimension is smaller
than the wavelength, the junction acts like a point-source and decays equally into all output port
[2]. One can envision such a system for RF photons built by transmission lines, as well as for optical
photons using plasmonic metal-insulator-metal waveguides [3]. The four-wave junction is described
by a scattering matrix which preserves the four-fold symmetry

S =

 −t+ ir t t t
t −t+ ir t t
t t −t+ ir t
t t t −t+ ir

 (1)

In particular, when t = 1/2, the input power from any waveguide is equally split into the four
output ports of the junction.

Figure 1(d-e) shows the band structure of an infinite, reciprocal square waveguide network. For
t = 1/2 the band structure is gap-less, and the dispersion is linear near Γ. For t < 1/2, the band
structure is gapped, and the dispersion near Γ is quadratic.

We introduce uniform magnetic field by imposing directional phase on each vertical waveguide
link, as shown in Figure 2(a). The flat bands are unchanged since they are localized resonance.
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Figure 2: (a) Network model with uniform effective magnetic field. (b) Band structure and edge state wave
functions (y-flux) of a semi-infinite square waveguide network with magnetic flux φ = 2π/3 per unit cell for
t = 0.5. Assume lossless waveguides and perfect reflecting boundary conditions. (c) Transport spectrum and
(d) flux map of a 10× 10 network excited within the gap (edge state) and in the bulk bands.

Since the flux is 1/3 flux quanta, each extended bulk band splits into three groups, consistent with
the Hofstadter butterfly [4]. In each band gap, there are two edge states located on opposite edges
of the stripe and propagate in opposite directions.

Figure 2(c-d) further demonstrate the transport property of the edge states. Transmission is
maximized when the frequency lies in the band gap. When the frequency is in the bulk band, the
flux is diffused into the bulk of the waveguide stripe. In contrast, when the frequency is in the band
gap, energy transfer efficiently through edge states. At a constant frequency, when input/output
ports are switched, the flux flows on opposite edges.
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Figure 3: Hofstadter butterfly for (a) t = 1/2 (linear) and (b) non-symmetric t < 1/2 (quadratic).

The Landau level for a system with linear dispersion is proportional to
√
B, while for quadratic

dispersion is proportional to B. One can verify this by comparing the Hofstadter spectrum in
Figure 3 for small B.
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Abstract— We demonstrate a microwave analogue of topological quantum spin Hall system
in a photonic crystal-like system embedded into a parallel plate waveguide. Topologically pro-
tected transport of microwave radiation is found along the reconfigurable boundary between two
domains of crystals with opposite synthetic gauge field emulating spin-orbital interaction. Waves
propagation is controlled in a reconfigurable manner by modifying the domain walls. Protected
states are shown to be reciprocal and robust against defects, including abrupt changes in the
propagation direction.

Recently topologically nontrivial states of light with protected transport in systems with engi-
neered synthetic gauge fields have been predicted and demonstrated experimentally. Topologically
order for light has been demonstrated in linear silicon photonics structures [1], photonic topological
insulators [2] and magnetic photonic crystals [3], and light traveling in an array of waveguides has
been shown to mimic spin states in the Quantum Spin Hall Effect (QHSE) [4, 5]. Propagation
of the protected states inside these systems is analogous to the transport of electron spins in 2D
condensed matter systems both with and without time-reversal symmetry.

Here we present the first experimental realization of topological protection for microwave radia-
tion which enables propagation along an arbitrary path within a 2D meta-waveguide with engineered
pseudo-spin-degree of freedom and synthetic gauge field emulating spin-orbital coupling. We rely
on the topologically nontrivial photonic phase emulating QSHE and robust photonic transport that
have recently been predicted for the microwave metamaterial system [6]. A topologically protected
path along the boundary is created between two periodic arrays of posts with rings attached, which
are placed inside copper parallel-plate waveguide. The gauge field emulating the spin-orbital cou-
pling is created by breaking inversion symmetry in the out-of-plane direction and is controlled by
pushing individual rings so that the ring touches one or the other copper plate, as shown in Fig.
1a. Reversed spin-orbital interaction can thereby be emulated inside the domains Fig. 1a.

The rods inside the parallel plate waveguide form a hexagonal structure which produces Dirac
cones corresponding to linear photonic dispersion near the K and K′ points of the Brillouin zone.
In the structure of Fig. 1a, the dispersion of electromagnetic states is designed so that the TE and
TM modes are degenerate. The gauge field is created by mixing TE and TM modes of the meta-
waveguide by reducing out-of-plane inversion symmetry, while simulations show that the TE-TM
degeneracy at the Dirac point is lifted to produce a photonic topological band gap. Topologically
protected edge states are then created at the interface between two lattices of opposite bi-anisotropy
shown in Fig. 1b. These states are reciprocal (they are bi-directional) and are related to each other
via time-reversal symmetry. The two states are topologically protected so that they cannot scatter
into each other and so possess unidirectional propagation characteristics.

The robustness of the topological protection is confirmed in microwave measurements of prop-
agation along the domain wall formed along the boundaries between topological crystals which
include sharp turns in the path. Spectra of transmission through the path along the interface for
two configurations are shown in Fig. 1c. The system exhibits a bandgap in structures in which all
the rings are pushed against the same copper plate (i.e. continuous black curve in Fig. 1c). When
the rings of a portion of the structure are pushed to the other side, a topologically protected state
is created inside the bandgap along the boundary between the two crystals, as shown by the dashed
gray curve in Fig. 1c. Measurements of the derivative of the microwave phase with angular fre-
quency shown in Fig. 1d give the dwell time within the sample. The source and detection antenna



are place in small holes within the copper plate. The dwell time increases linearly with distance
along the path indicating that the wave is not scattered along the path.

A variety of experiments are made possible with this reconfigurable system, in which different
degrees of disorder can be introduced by randomly moving the rings. This structure can be used
to explore properties of random media with perfect coupling to a sample and to explore the nature
of topologically protected transport in which the wave is propelled forward even as it encounters
strong disorder [5, 7].

(c)

10         20          30
x (cm)

(d)

Figure 1: (a) Photo of experimental prototype of the bi-anisotropic crystal. (b) Top view of the experimental
prototype. Rings are shown in up and down positions. (c) Measurements of the transmission when up and
down rings are positioned to create a path with a sharp vertex. Measurements when the field is measured
at the end of the path (dash line) and far from the path (continuous line) are presented. Small insets
present a schematic of the experimental configuration. (d) Experimental measurements of the dwell time
over frequency range [20.5GHz 21.5GHz], inside the crystal when a section of the rings of the structure are
pushed to one copper plate and the other section to the opposite copper plate. The source antenna is placed
to excite one topologically protected state at the intersection between the two sections. Measurements are
made along the intersection. The dwell time increases linearly with the distance along the path.
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Abstract

Topological Quantum Field Theories (TQFTs) are pow-
erful tools to describe universal features of topological or-
ders. The hallmark example is 2+1 D Chern-Simons (CS)
theory which describes topological properties of both the
integer and fractional quantum Hall effects. The gauge
invariant form of the CS theory with boundaries, encom-
passing both edge and bulk terms, provides an unambigu-
ous way to relate bulk topological invariants to the edge
dynamics. This bulk-edge correspondence manifests as a
gauge anomaly of the chiral dynamics at the edge, and pro-
vides a direct insight into the bulk topological order. In
this work, we experimentally implement the CS theory in
a photonic system which corresponds to the integer quan-
tum Hall model. By selectively manipulating and probing
the edge, we exploit the gauge anomaly of the CS theory to
measure bulk topological invariants. This experiment pro-
vides a new approach for direct measurement of topological
invariants, independent of the microscopic details, and thus
can be used to gain insights into the fascinating world of
strongly correlated topological order.

Recently, topological edge states were imaged in
two concurrent experiments [1, 2] and the topologi-
cal robustness of transport was quantitatively confirmed
[3].Experimental signatures of quantum Hall states in the
photonic setup has so far relied on the microscopic descrip-
tion of the implemented model. Thus it is desirable to de-
velop experimental tools in a photonic setup that can di-
rectly access the topological state from a universal perspec-
tive and allows direct measurement of topological invari-
ants [4]. Universal features of the quantum Hall state can be
defined using the quantum Chern-Simons theory which, un-
like the microscopic model, can be extended to the strongly
correlated regime of topological phases. One of the remark-
able features of the CS theory is the gauge anomaly at the
boundary. This gauge anomaly connects the bulk topologi-
cal phase to the anomalous chiral dynamics at the boundary.

In this work, we first explain how this anomaly is man-
ifested in a photonic system, and then, we experimentally
demonstrate that this anomalous behavior can be exploited
to measure topological invariants. One unique feature of
our photonic system is the ability to selectively manipulate
the edge state — a feature that is technically challenging to
achieve in electronic and atomic systems.
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Abstract- We propose an experimental method to measure Zak phase in optical system. We can 

extract the property of each band gap through surface states which exists at the interface of trivial 

mirrors and nontrivial mirrors. By comparing the properties of two adjacent band gaps, Zak phase 

of the band sandwiched between them can be directly determined. We can also manipulate the 

excitation frequency and polarization of surface state by metasurfaces designed.  

 

Topological invariants are very important concept in band theory. The most famous example is topological 

insulator [1,2], which being insulating in the bulk, but conducting electricity on their surface without dissipation 

or back-scattering, even in the presence of large impurities. Analogy to electronic system, topological insulator 

has also been realized in optical system [3-6]. To characterize topological invariants of various systems, Berry 

phase [7] is widely used. In two-dimensional system, the first Chern number [8,9], which is related to the Berry 

phase enclosing the Brillouin zone, is mostly used. While in one dimensional system, the topological invariants 

is characterized by Zak phase [10].  

In recent years, topological invariants has been measured in cold atom with optical lattice [11-13] and 

acoustic system [14]. Although in optical system, researchers propose different methods to measure topological 

invariants in optical system [15-18]. But there is still no experiment result of measuring Zak phase. Here we 

propose a method to experimentally measure the Zak phase in optical system. 

We design an A-B-A layered system as shown in Fig. 1. Slab A is made of HfO2 with its thickness about 

177.6nm, and slab B is made of SiO2 with thickness about 579.8nm.The period  of PC is 935nm. We 

theoretically calculate its dispersion as shown in Fig. 2(a) and mark Zak phase of the two bands with green. Red 

(Blue) solid dots label symmetric (antisymmetric) edge state. In our experiment, the period of sample is 12. We 

numerical calculate the reflection phase (
PC ) shown in Fig. 2(b) with gray curve. The highlighted red line 

represents 
PC in three band gaps, and the yellow regions labels 0PC   in band gaps, and the blue labels 0PC  . 

And the purple line shows the amplitude of reflection phase ( Ag ) of a 70nm-thick silver film, actually Ag Ag   . 

The two crossing point in band gap 3 and 4 means that 0PC Ag   , and is the condition for the existence of 

surface state. But there is no surface state in band gap 2 for no crossing point. According to Eq. (2), we can 

directly determine that   Zak of the band 2 sandwiched by gap 2 and 3 is 0 , and  for the band 3 sandwiched by 3 

and 4, which is coincident with theoretically calculation shown in Fig. 2(a). A plane wave with wide spectrum is 

normally incident on the sample, and the intensity reflection spectrum is measured by a spectroscope. The 

experimental result is showed in Fig. 3(a). The black solid line shows the reflection intensity of PC, the regions 

with high reflection intensity indicate three band gaps as showed in Fig. 2(b). The reflection intensity of the 

structure with sliver film is marked by red solid line, the two sharp deeps in band gap 3 and 4 mean the existence 



of surface state, while there is no surface state in band gap 2. All the results match well with numerical result 

showed in Fig 3(b). According to Eq. (2), we can directly determine Zak phase of both bands that   Zak of the band 

2 is 0 , and  for the band 3. 

In summary, we propose a method and experimentally measure Zak phase of PC in optical range. Instead of 

measuring the reflection phase, Zak phase can be determined by intensity reflection spectrum. 

 

FIG.1. Sketch of the optical 

system for measuring the Zak 

phase. A metasurface is 

deposited on a layered photonic 

crystal. The unit length of the 

photonic crystal is .  

FIG.2. (a) The band structure of a 

one-dimensional (1D) A-B-A layered 

photonic crystal (PC) shown in Fig. 1. (b) 

The gray curves represent the reflection 

phase of a system consisting of 12 unit cells 

of the 1D PC used (a).  

FIG.3 Experimental (a) and Numerical 

(b) intensity reflection spectrum of pure 

photonic crystal (black) and photonic 

crystal decorated a 70nm-thick silver 

film (Red).  
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Abstract- Bulk spectrum and edge modes of a magnetic photonic crystal with broken time-reversal 
and parity symmetries are studied. It is shown that for specific values of parameters defining the 
strength of the symmetry reduction the bulk modes exhibit a peculiar one-way Dirac-like dispersion. 
The domain wall formed by two crystals with reversed symmetry reduction parameters is shown to 
support an edge mode which coexists with the one-way bulk Dirac regime. This allows for 
transferring electromagnetic radiation by localized and extended states in two opposite directions. 

 
Recently, there was a significant interest in topological states of electromagnetic systems [1-3] leading to 

experimental demonstrations of topologically protected robust transport from microwaves [4,5] to optical 
frequencies [6,7]. Historically, the magnetic photonic crystal with broken time-reversal (TR) symmetry was the 
first system in which topologically nontrivial states were demonstrated [1-5]. In Ref. [1] it was shown that a 
photonic crystal with gyroelectric form of dielectric permittivity can be described by the effective Hamiltonian 
of the Dirac form with the mass term. Although in the same pioneering work the effect of parity symmetry (PS) 
was studied and the topological phase diagram was calculated, it is interesting to investigate the effects of such 
double symmetry reduction on the bulk and edge states of the system. Here we theoretically study the 
honeycomb photonic crystal with gyromagnetic form of magnetic permeability 
𝜇 = [𝜇!! , 𝑖𝜇!" , 0;−𝑖𝜇!" , 𝜇!! , 0; 0, 0, 1]  and PS reduced by different A and B sites of the lattice (𝜖! ≠
𝜖!   or  𝑟! ≠ 𝑟!), and investigate the topological state at the interface between topologically nontrivial and trivial 
phases. We found that the effective Hamiltonian for the system with broken TR and IS has the form 

ℋ =
ℋ! 𝛿𝒌 + (𝑚! −𝑚!)𝜎! 0

0 ℋ! 𝛿𝒌 + (𝑚! +𝑚!)𝜎!
                 (1) 

where ℋ! 𝛿𝒌 = 𝑣! 𝜎!𝛿𝑘! + 𝜎!𝛿𝑘! , is the Dirac Hamiltonian, 𝑣! is the Dirac velocity of the bulk modes, 
𝜎! are the Pauli matrices, and 𝑚! and 𝑚! are the mass terms originating from the TR and PS reduction, 
respectively. 𝑚! and 𝑚! are responsible for the gap opening at the Dirac point. The two blocks in Eq. (1) 
correspond to 𝐾 and 𝐾′ valleys of the Brillouin zone and immediately reveal that the mass term 𝑚! stays the 
same at the two valleys while 𝑚! reverses its sign. This leads to subtraction between two contributions at the 
𝐾-point and their addition at the 𝐾′-point, which eventually leads to the nonreciprocal bulk dispersion, when 
both TR and PS are broken [8], and to the topological transition at 𝑚! = 𝑚! condition [1,8]. The latter case 
deserves special investigation since in this case the band structure shows quite peculiar bulk spectrum with 
Dirac-like dispersion at 𝐾 valley and gapped spectrum at 𝐾′ valley, as illustrated in Fig. 1(a). To study the 
effect of such dispersion on the edge modes, we focus on the edge states existing at the domain wall between the 
crystals with the reversed symmetry breaking parameters. In fact, we find that the condition of reversal of both 



TR and PS reduction parameters is the only possible configuration supporting gapless edge modes. While the 
condition 𝑚! = 𝑚! corresponds to the crossover between topologically trivial and nontrivial regimes, the edge 
modes at this point still exist and exhibit gapless spectrum shown in Fig. 1 (b) by blue circles.  

   
Fig. 1. (a) Bulk and edge photonic band structure of 2D magnetic photonic crystal with broken parity: the bulk modes with 
one-way Dirac dispersion and the edge modes are shown by surfaces and by blue circles (projected on the 𝜔-𝑘! plane), 
respectively. Structure parameters: 𝜇!!

(!,!)=2.1, 𝜇!"
(!,!)=±1.5, 𝜖!

(!,!) = 15 ± 0.8, 𝜖!
(!,!) = 15 ∓ 0.8, and 𝑟!/! = 0.15𝑎!. (b) 

log( 𝐸 !)  field distribution over the crystal illustrating excitation of the edge mode (in backward direction) and the bulk 
Dirac mode (in forward direction) by the dipole placed (the star-shaped symbol) at the domain wall.  
 
  In summary, we have investigated the spectrum of the magnetic photonic crystal with broken time-reversal 
and parity symmetries, and identified a unique regime characterized by the one-way Dirac dispersion and the 
presence of the edge mode in the opposite direction. 
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Abstract- We show that free-space light has intrinsic quantum spin-Hall effect (QSHE) properties. 

These are characterized by a non-zero topological spin Chern number, and manifest themselves as 

evanescent modes of Maxwell equations. The recently discovered transverse spin of evanescent modes 

demonstrates spin-momentum locking stemming from the intrinsic spin-orbit coupling in Maxwell 

equations. As a result, any interface between free space and a medium supporting surface modes exhibits 

QSHE of light with opposite transverse spins propagating in opposite directions. In particular, we find 

that usual isotropic metals with surface plasmon-polariton modes represent natural 3D topological 

insulators for light. Several recent experiments have demonstrated transverse spin-momentum locking 

and spin-controlled unidirectional propagation of light at various interfaces with evanescent waves. Our 

results show that all these experiments can be interpreted as observations of the QSHE of light. 

 

Solid-state physics exhibits a family of Hall effects with remarkable physical properties. The usual 

Hall effect (HE) and quantum Hall effect (QHE) appear in the presence of an external magnetic field, 

which breaks the time-reversal ( ) symmetry of the system. The HE represents charge-dependent 

deflection of electrons orthogonal to the magnetic field, whereas the QHE offers distinct topological 

electron states, with unidirectional edge modes (charge-momentum locking), characterized by the 

topological Chern number. 

The intrinsic spin Hall effect (SHE) can occur in -symmetric electron systems with spin-orbit 

interactions. The SHE manifests itself as spin-dependent transport of electrons orthogonal to the external 

potential gradient (electric field). By analogy with the QHE, there is also the quantum spin Hall effect 

(QSHE), which is characterized by topological edge states, where opposite directions of propagation are 

strongly coupled to two spin states of the electron. Such topological states with spin-momentum locking 

gave rise to a new class of materials: topological insulators. 

Both the SHE and QSHE originate from the spin-orbit interactions and accompanying Berry-phase 

phenomena. The difference is that the SHE is a ‘weak’ spin-momentum coupling effect described by 

flexible geometric Berry curvature, while the QSHE and topological insulators are characterized by 

‘strong’ spin-momentum locking and are described by quantized topological numbers (e.g., integrals of 

the Berry curvature). 

Alongside the extensive condensed-matter studies of electron Hall effects, their photonic 

counterparts were found in various optical systems. In particular, both the HE and QHE with 

unidirectional edge propagation have been reported in magneto-optical systems with broken 

-symmetry. Furthermore, since photons are relativistic particles with spin 1, they naturally offer 

intrinsic spin-orbit interaction effects, including Berry phase and the SHE stemming from fundamental 



spin properties of free-space Maxwell equations. Note that optical systems have some significant 

advantages compared to condensed-matter electronic systems because of the direct access to the local 

wave-function (electromagnetic field) measurements and absence of many side effects (impurity 

scattering, temperature dependence, etc.). For instance, the first direct observation of the spin-dependent 

deflection of the particle trajectory (SHE) due to the Berry curvature was realized in optics. 

The only missing optical part in the above family of Hall effects is the QSHE or topological 

insulators for photons. Recently, it was suggested that photonic topological insulators can be created in 

metamaterials, i.e., complex artificial electromagnetic analogues of natural crystals.  

However, here we show that pure free-space light already possesses all the properties needed for 

the QSHE, and simple natural materials (such as metals supporting surface plasmon-polariton modes) 

represent perfect 3D photonic topological insulators. We show that the Berry curvature of free-space 

photons naturally provides a non-zero spin Chern number responsible for the QSHE. Remarkably, the 

QSHE edge modes with strong spin-momentum locking are well-known evanescent waves, which 

appear at any interface supporting surface waves. We show that recently discovered transverse spin in 

evanescent waves and several very recent experimental demonstrations of the strong transverse 

spin-directional coupling at interfaces with evanescent surface modes demonstrate inherent QSHE and 

topological-insulator properties of light. These properties are independent on the details of the interfaces 

and are determined by fundamental spin-orbit interaction features of free-space Maxwell equations. 

Thus, our theory solves an important puzzle and reveals new profound features in Maxwell’s 

theory of light, by combining several previously disconnected pieces into a unified and comprehensive 

picture. 
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Abstract— We outline a rigorous bifurcation theory of topologically protected edge states in
1D dimer structures and 2D honeycomb structures. Our models are continuous Schroedinger
operators with potentials consisting of two parts: a bulk periodic potential having Dirac points
and a domain wall interpolation between asymptotic periodic structures. We also present a
photonic realization of the edge states of dimer structures as highly robust guided wave modes
for a class of dielectric structures.

We outline a bifurcation theory of topologically protected edge states in 1D [3, 4] and 2D [5, 6]
structures, modeled by a class of continuous Schroedinger operators on Rd, d = 1, 2. Our models,
motivated by [1, 2], are continuous Schroedinger operators with potentials consisting of two parts:
a bulk periodic potential with Dirac points at high-symmetry quasi-momenta, and a domain wall
interpolation between asymptotic periodic structures. Our theory makes no assumptions on the
size of the potential (material contrast) and allows for the full range, from weak potential (free
photon limit) to tight-binding. For edge states to exist, a spectral no-fold condition associated with
the edge (line-defect) must be satisfied. While a T − breaking or P− breaking perturbation induces
a spectral gap to open in a local quasi-momentum neighborhood of the Dirac point, the no-fold
condition ensures that symmetry breaking opens a global spectral gap along the appropriate quasi-
momentum slice (dual to the physical edge) of the band structure. It is possible, for example by
varying the lattice constant, to tune between phases where the no-fold condition holds and where
it does not hold. Finally, we present joint work with the Wong group [7] on a photonic realization
of the edge states in our dimer model as highly robust guided wave modes for a class of dielectric
structures. Their robustness, within a full 3D setting, is supported by numerical simulations.

This research was supported in part by NSF grants: DMS-1265524 (CLF); DMS-1008855, DMS-
1412560 and the Columbia Optics & Quantum Electronics IGERT DGE-106942 (JPL-T, MIW).
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Abstract-Anti-reflective coating designs for conventional lens systems are well-documented. 

However, the recent development of transformation optics has piqued interest in designing gradient 

index, particularly flattened, lenses. Previous works have not yet considered the application of 

anti-reflective coatings to such systems. Here, we present several anti-reflective coating designs 

developed for gradient index systems. Conventional design techniques are leveraged in conjunction 

with transformation optics to produce coatings that reduce reflections of a flat gradient-index lens. 

 

The development of quasi-conformal transformation optics (QCTO) has opened up the possibility for 

designing isotropic gradient index (GRIN) systems [1], [2], relaxing material requirements predicted by the more 

general TO approach [3], [4]. However, anti-reflective coatings (ARCs) for such GRIN systems have not yet 

been investigated and often times high-performance optical systems require ARCs to reduce return losses. ARC 

design techniques are well-established for homogeneous lens systems [5] and extend beyond the narrowband 

quarter-wave transformer, to include multi-layer, GRIN, or nature-inspired coatings that offer wideband 

solutions [6], [7]. In this work, we extend these ideas and present methods for designing ARCs for GRIN 

systems. 

In this study, we investigated flattening a converging lens based on a biconvex-to-flat transformation [2] 

both with and without the use of an ARC; the transformation with the ARC included is shown in Figure 1a and 

1b. The performances of each system were evaluated using COMSOL Multiphysics. The electric field 

distribution, shown in Figure 2a, demonstrates that the flattened lens without an ARC has a reflection 

coefficient magnitude of approximately 0.7 (i.e. about 50% power reflected) due to the mismatch between the 

lens material and free space. As a result, it is highly desirable to develop a straightforward ARC design 

methodology that reduces the reflections of these GRIN systems. 

ARCs for conventional lens (i.e. homogeneous) systems can leverage the quarter-wave transformer. The 

resulting system achieves impedance matching at a single frequency. The approach for GRIN lenses is not as 

obvious due to the inhomogeneous material composition. One possible design technique includes the ARC 

coating in the QCTO computation as a subset of the total system, as shown in Figure 1a and 1b. This results in a 

flattened lens system with an embedded GRIN ARC profile, which effectively reduces the reflection coefficient 

to 0.01. Alternatively, the ARCs can be developed independently from the QCTO computation. This region can 

be populated with a homogeneous index distribution of a corresponding quarter-wave thickness. When 

optimized (i.e. parametrically studied) for minimal system reflections, the ARC also achieves 0.01 reflection 

coefficient at a single frequency. Another method populates this region with a radial GRIN distribution 

corresponding to the geometric mean of the refractive index along the surface of the GRIN lens. When the 

thickness of this coating is then tuned for peak performance, the system also achieves a minimum reflection 

coefficient of 0.01. Although these methods attain similar peak performance, the distinctions manifest in design 

complexity, ease of fabrication, and bandwidth. Detailed comparisons will be highlighted in the full paper. 



 

 Figure 1. (a) QCTO mapping of a bi-convex lens system with ARC coatings and (b) the resulting refractive 

index distribution of the lens system with embedded ARC layers. 

 

  

Figure 2. Normalized electric field distribution of (a) a GRIN lens without an ARC and (b) a GRIN lens 

with a GRIN ARC. 
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Abstract- By utilizing new freedom introduced by spatial dispersions in the material parameters, 

we expanded the Brewster’s angle from a single angle to a wide range of angles, leading to 

wide-angle and even omnidirectional non-reflection and total transmission through the interface of 

the materials, which we denote as ultra-transparency. By designing pure dielectric photonic crystals 

with a shifted elliptical dispersion, we achieved ultra-transparent spatially dispersive media with the 

ability of forming ideal virtual images without aberrations. The ultra-transparency effect is 

experimentally demonstrated in microwave frequency regime. We further provide transformation 

optics examples based on such media. Our work provides a theory for realization of 

ultra-transparency with spatially dispersive media, opening new possibilities in optical designs such 

as wide-angle super-polarizer and transformation optics devices. 

 

Metamaterials and transformation optics have enormously enriched human’s ability to control 

electromagnetic waves and light, leading to novel applications such as cloaking, exotic lens, illusion optics, etc. 

 

In previous designs of transformation optics devices, local media with special parameters and anisotropy 

have been widely used. However, the realization of these parameters is really difficult. For example, in most of 

previous experimental realization of cloaking, reduced parameters have been applied, which would lead to 

reflection and therefore compromised cloaking effect.  

 

In fact, we demonstrate that ultra-transparent materials with wide-angle and even omnidirectional 

non-reflection and total transmission can be realized with spatially dispersive electromagnetic media, whose 

parameters are k-dependent. 

 

We theoretically and experimentally demonstrate realization of ultra-transparent spatially dispersive media. 

We also demonstrate novel transformation optics devices beyond traditional theory based on local media [1]. 

 

Our work shows the possibility of spatially dispersive media in controlling electromagnetic waves and light 

in unprecedented ways. 
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Abstract-Transformation Electromagnetics (TE) is an innovative concept that allows realizing 

electromagnetic devices in a novel way. It offers an unprecedented control of the routes of 

electromagnetic waves by properly designing artificial metamaterials for desired material 

parameters. We present the design of transformation media based devices able to tailor 

electromagnetic emissions in a unique way. The performances are validated numerically and 

experimentally. 

 

Since the first experimental demonstration of an electromagnetic cloak through the use of TE concept [1], 

other systems have emerged from theoretical analysis and experimental verifications. Such systems are generally 

implemented through the use of gradient parameter metamaterials. The first devices did not include a source, but 

later another technique of transformation media including a source has been proposed for the design of active 

devices [2, 3]. Using such source transformation concept, we present the simulation, implementation and 

measurement of several devices allowing to engineer electromagnetic emissions of sources embedded in 

transformation media. 

First, we present the development of the quasi-perfect isotropic antenna using a metamaterial coating 

engineered to produce specific anisotropic material parameter values. Electric-LC (ELC) metamaterials are used 

to produce radial and angular permittivity gradients so as to transform a bi-directional directive emission into an 

omnidirectional radiation. We will describe the design of the coating, the fabrication and the measurement of a 

prototype device for comparison with numerical predicted results. Fig. 1 shows a photography of the fabricated 

prototype together with the measured near-field distribution of the emitted radiation. 

Secondly, we present a device that is able to transform the signature of a radiating source. We will show that 

a linear space compression followed by a space expansion, make the radiation pattern of a small aperture antenna 

appear like that of a large one. The material parameters generated from the transformation are discussed and the 

results are validated by numerical simulations performed using sources of different shapes and lengths. We will 

further show that the proposed transformation can also be applied to an array of miniaturized electromagnetic 

radiators, as illustrated in Fig. 2. 

 Finally, still using space compression and expansion, we propose a device capable of producing an illusion 

on an antenna radiation pattern. We will show that it is able to change the radiation pattern and to make the 

radiation location appear outside the latter space, such that we have the impression that the emission appears like 

coming from a virtual source at another location. 



 

 

 

Figure 1: Photography of the omnidirectional antenna and measured electric field mappings at 10.8 GHz, 

showing the creation of an omnidirectional radiation. 

 

 

Figure 2: Illustration of the transformation of a small aperture source array into a much larger one. The 

electromagnetic radiator used radiates isotropically in free space but produces a directive emission when 

surrounded by the transformed medium. 

  

 

REFERENCES 

1. Schurig, D., J. J. Mock, B. J. Justice, S. A. Cummer, J. B. Pendry, A. F. Starr and D.R. Smith, “Metamaterial 

electromagnetic cloak at microwave frequencies,” Science, Vol. 314, No. 5801, 977−980, 2006. 

2. Luo, Y., J. Zhang, L. Ran, H. Chen and J. A. Kong, “Controlling the emission of electromagnetic source,” 

PIERS Online, Vol. 4, No. 7, 795−800, 2008. 

3. Allen, J., N. Kundtz, D. A. Roberts, S. A. Cummer and D. R. Smith, “Electromagnetic source 

transformations using superellipse equations,” Appl. Phys. Lett., Vol. 94, No. 19, 194101, 2009. 



            

Surface Wave Manipulation Design 

 

Luigi La Spada and Yang Hao 

School of Electronic Engineering and Computer Science  

Queen Mary University of London London,  

United Kingdom, Mile End Road, E1 4NS  

l.laspada@qmul.ac.uk 

y.hao@qmul.ac.uk 

 

Abstract- In this paper a new design for surface waves manipulation is presented. A rotationally 

symmetric graded index media above a ground plane is used. First of all an analytical approach is 

developed to design the proposed structure. Then, the device is manufactured and measured in the 

range 8-10 GHz. The proposed approach is a useful tool for telecommunications and radar 

applications, paving the way for the design of conformal surface wave-based antenna devices in a 

broad frequency range. 

 

In recent years, there has been an increasing interest in cloaking electromagnetic waves by using 

metamaterials and transformation optics. A considerable amount of literature has been published on such 

a topic from microwave to optical frequencies, especially in the design of antennas and devices for 

telecommunications and radar applications [1, 2]. Despite their long success, cloaking has a number of 

problems in use: materials are highly dispersive, intrinsically narrow-band, and lossy [3]. In other words, 

in order to implement a good cloak, complex structures are needed. Such a problem has recently been 

challenged by several designs, applied also to surface waves: the Pendry’s cloak design [4] and the carpet 

cloak idea [5]. Unfortunately, the bigger limitations of such structures are their anisotropy and their large 

dimensions, compared to the operative wavelength.  

The aim of this paper is to present a new design for surface wave manipulation: from the combination 

of curved geometries and graded index media it is possible to create an isotropic and omnidirectional 

surface wave cloak. This work has been divided into two main parts.  

The first part deals with the analytical formulation and the design of surface wave cloak. Therefore, 

the surface wave device, by using a graded dielectric slab above a ground plane, is simulated. 

The second part will examine the measurements of the proposed structure in the frequency range 8-10 

GHz. 

             

(a)                                  (b) 

Fig.1: (a) Perspective view for the proposed structure; (b) Experimental setup used  
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RESULTS 

A surface wave implementation is investigated by using a graded dielectric slab over a ground plane. 

To achieve the cloak at the desired frequency (10 GHz), it is necessary to modify the permittivity of the 

materials accordingly, for a specific dielectric slab thickness. Therefore the permittivity of each slab of the 

graded index media was chosen in the range 9 – 15. A plane wave was selected for simulations (performed 

by the finite-integration commercial code CST Studio Suite); despite this, the cloak would also perform 

similar results for any other form of excitation, such as point source. 

Fig. 2(a) and 2(b) show the frequency scanning performance (experimental results) of the designed 

structure. For lack of space, only the 10 GHz results are shown here. From 8 to 10 GHz the performances 

are shown to be accurate in the reconstruction of the plane wave fronts. Although the surface wave device 

was designed to operate at one single frequency, such work demonstrates a wide operation bandwidth.  

One of the most significant findings to emerge from this study is that the design process is robust: any 

deviations coming from the manufacturing and/or measurement process would not too much influence 

the device performances.  

In addition, it can be applied not only for symmetric, omnidirectional, and isotropic structures, but also 

to a broad range of designs. 

The second major finding was that this method can cloak arbitrary shapes and electrically large 

objects, even if the single structure layer are only a fraction of a wavelength in thickness. 

 

(a)                                          (b) 

Fig.2: Field distribution of surface wave for (a) Uncloaked sample and Cloaked Sample (b) at 10 GHz. 
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Abstract- We present the simulation and measurement results for a multi-band absorber and 

broadband absorber at terahertz frequency. The quad-band absorber is composed of four 

metallic square loops averagely located on two polymide layers. It experimentally exhibits 

four absorption peaks with absorptivity over 98.5%. The broadband absorber is formed by 

averagely stacking 12 metallic sticks with varying lengths on three PI layers. The measured 

absorptivity totally exceeds 95% from 0.81 to 1.32 THz and the FWHM is 60%. 

 

 

Since the first experimental demonstration by Landy et al., metamaterial absorbers (MA) have 

undergone a rapid and prosperous development [1]. However, most of them are of single-layered 

structure at terahertz frequencies, whose number of absorption peaks and absorption bandwidth are 

limited [1]. In this work, we present the simulation, implementation, and measurement of a multi-band 

absorber and broadband absorber at terahertz frequencies.  

First, we present a terahertz broadband absorber consisting of multiple sticks with different lengths 

distributed on three different polymide (PI) layers, as shown in Fig.1 (a). Fig.1 (b) demonstrates that 

the strength and position of all four absorption peaks are insensitive to incident angles. The 

experimental absorption spectra reach the maximum value of 98.6%, 98.7%, 98.8% and 98.8% at 

frequencies 0.48, 0.67, 0.99 and 1.29 THz, respectively, which have excellent agreements with 

simulation results. 

 



Figure. 1 (a) structure of the quad-band absorber. (b) The simulated absorptivity of the designed MA as a 

function of frequency and incident angle under TM polarization. (c) The measured absorptivity at 0, 20 and 40 

degrees incidence. 

 

Next, a novel broadband absorber is designed, analyzed and fabricated at THz frequencies, which 

consists of multiple sticks with different lengths distributed on three different polymide (PI) layers, as 

shown in Fig.2 (a). Fig.2 (b) shows the absorptivity spectra from 0.3 to 1.6 THz, which goes beyond 

90% from 0.8 to 1.28 THz, covering a bandwidth of 0.48 THz and the FHBW reaches 57%. We notice 

that the absorptivity almost keeps stable for incident angles from 0 to 70 degrees. The measured results 

plotted in fig.2 (c) shows good agreements with simulation results. 

 

Figure 2. (a) Schematic of the THz absorber design. (b) The simulated absorption spectra for TM polarization (c) 

The measured absorptivity at 0, 20 and 40 degrees incidence. 

 

Based on the above two examples, we conclude that the number of absorption peaks can be 

increased and the bandwidth of absorption can be broadened using multiple layers of metallic structure. 

 

Acknowledgements, if any, including all funding information, should be gathered into a brief statement at 

the end.  
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Abstract- Broadband absorbers were obtained by a multilayer arrangement of polymer 

nanocomposites built from alternating dielectric polycarbonate films and conducting layers. The 

latter are stacked in a gradient of conductivity, and consist of either Nickel nanowires carpets 

sandwiched between polycarbonate films or Carbon Nanotubes - patterned polycarbonate films. 

Nickel-based absorbers demonstrate excellent performance thanks to enhanced attenuation provided 

by magnetic response of Nickel, while anisotropic conductive layers obtained by ink deposition of 

carbon nanotubes patterns onto polycarbonate films provide polarization-selective absorbers.  
 

The  metamaterial approach developed at UCL aims at demonstrating the potential of a clever 

hierarchization of nanoscaled inclusions (carbon nanotubes, graphene1, metallic nanotubes and nanospheres) into 

polymer matrices for controlling signals, with a particular focus on EM broadband2 or frequency selective 

absorption3,4. The paper illustrates the versatility of the approach through 2 implementations of thin 

metamaterials absorbers, namely a Nickel-nanowires (Ni-NW)-based broadband absorber, and a 

polarization-selective Carbon Nanotubes (CNT)-based absorber. 

The Ni nanowires are grown in a nanoporous alumina template. After dissolution of the membrane the 

resulting carpet of nanofillers is sandwiched between two polycarbonate (PC) films. Thin sandwiches with 

different amounts of Ni-NW have been characterized in order to extract their relative complex permittivity εr and 

complex permeability µr in the microwave range as a function of the mass of NW for a fixed surface of 950mm². 

Fig. 1 shows that values of σ, µr' and µr'' increase with the concentration of nanofillers. The obtained series of 

conductive-magnetic sandwiches are stacked in a gradient of conductivity-permeability to progressively 

attenuate the incoming EM waves. The increasingly conductive network absorbs the electric field through the 

multilayer without significantly reflecting the energy. The same applies for the layer-by-layer increase of 

permeability that gradually attenuates the magnetic field of the waves. Fig. 1(bottom) shows the results of a 

4-layers absorber 600µm thick, built from Ni-NW sandwiches measured in Fig. 1(top). The measurement is 

compared with a 4-layers stack (700µm thick) of CNT composites3 arranged with the same gradient of 

conductivity, in order to separate the contribution of the sole magnetic component. The absorption index favors 

the Ni-NW based multilayer. S-parameters show that reflection (S11) and transmission (S21) are higher for the 

PC-CNT multilayer, explaining the lower absorption. Decrease of S11 is favored by a higher wave impedance of 

each Ni-NW sandwich, closer to that of air, thanks to the magnetic content ensuring µr' > 1 to compensate the 

permittivity of the composite. Likewise, S21 is decreased thanks to magnetic losses through parameter µr''.  

In a second application, we have prepared films whose conductivity is anisotropic in the plane of the 

conductive layer. This is obtained through a periodic pattern of parallel conducting strips 0.5 mm wide and 1.5 



mm spaced (Fig. 2(left)), made of CNT ink (AquaCyl™ from Nanocyl SA) airbrushed through a mask on a PC 

film 125µm thick initially activated by plasma3. The dielectric spacing layers are 100 µm thick PC films. One, 

two and three layers are stacked precisely between dielectric films (see inset of Fig. 2), so that the CNT parallel 

strips are perfectly aligned through the entire multilayer. Fig. 2(right) shows that the absorption index for an 

incident wave with E-field polarization parallel to CNT strips is on average 30% higher than for the E-field 

polarization perpendicular to strips. 

  

 
Figure 1 Top: Optical micrography of a sandwich of 30mg Nickel nanowires (left), dielectric constant εr’ and conductivity 
σ = ω εo εr” (middle), and permeability (right) of Ni-NW PC sandwiches as a function of mass of Nickel. Bottom: 
experimental comparison between Ni-NW and CNT 4-layer structures: reflection S11 (left), transmission S21 (middle) and 
absorption index A= 1-|S11|2-|S21|2 (right). 
 

  

Figure 2:  
Polarization-selective absorber 
based on parallel AquaCyl™ 
conducting strips patterned on PC 
sheet (left). Absorption (right) is 
measured when incident electric 
field E is parallel (solid) or 
perpendicular (dashed) to CNT 
strips. 
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Abstract- This paper presents a terminal mobile model where an Inverted F Antenna (IFA) is 

associated with three different metamaterials: Artificial Magnetic Conductor (AMC), 

Electromagnetic Band-Gap (EBG) and Resistive High Impedance Surface (RHIS). The objective is 

to evaluate what is the metamaterial which is the best solution to reduce exposure. The exposure 

has been evaluated using a simplified phantom model. Results show that a reduction of 7.9% in 

SAR 10g is obtained using a RHIS structure. 
 

Some studies based on the specific absorption rate (SAR) analysis show that exposure can be reduced by 

applying some techniques to the antenna design. Main techniques are focused on increasing the distance or using 

an electromagnetic shield between the antenna and the user [1-3]. Despite the good performance of these 

techniques, these can be expensive and require complex manufacturing. Recent research, focused on alternative 

solution, propose the use of metamaterials [4, 5] to reduce the exposure. In fact using metamaterials can be a low 

cost and easy implementation solution. Our challenge is to show the benefits to use a metamaterial structure to 

reduce the exposure without modifying the antenna performances. In a previous work [6], we presented a 

detailed study where a monopole antenna associated with AMC, EBG and RHIS structures has been analyzed. 

Now, our challenge is to study the benefits of metamaterials reducing exposure in a more realistic case. The aim 

of this communication is to analyze a realistic mobile phone model with an IFA antenna associated to three 

different metamaterials: AMC, EBG and RHIS. 

The mobile phone simulation model represents a current smart phone with dimensions around 125 x 60 mm. 

It consists on a metallic plane with an IFA antenna located in the middle of the edge. The antenna is surrounded 

with the metamaterial structures (AMC, EBG and RHIS). In the case of the RHIS, the structure is optimized to 

absorb incident waves for three different angles of incidence (0°, 60° and 85°). Four cells are removed around 

the antenna. The IFA antenna is designed to work à 5 GHz (Figure 1a).  

 
a) 

 

b) 

Figure 1: IFA Antenna without and with metamaterials. a) Configurations. b) Impedance matching. 
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The process is the following: First of all, the metamaterial structures are simulated and optimized. Second, the 

phone models, with and without metamaterials, are simulated. Then, the best metamaterial solution is selected; 

this solution is defined as the one where impedance matching and omnidirectional radiation are preserved.  

Both solutions, with best metamaterial and without 

metamaterial are manufactured, and finally the 

exposure is evaluated by using a flat homogeneous 

phantom. All simulations have been performed using 

CST Microwave Studio™. The RHIS (optimized to 

absorb waves at 0°) has been selected as the best 

solution because it preserves the antenna matched and 

don’t significantly modifies the radiation of the 

reference antenna (without metamaterials) (Figures 1b 

& 2). The SAR10g is also reduced by 7.9% when a 

RHIS is associated with the IFA antenna. These 

results will be completed by measurements in the final 

paper. Next study is to verify the metamaterial 

benefits by using a realistic phantom model (head). 

 

 

Figure 2: IFA Antenna Realized Gain without and 

with metamaterials. 
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Abstract-We have experimentally and numerically demonstrated that the coherent perfect 

absorption (CPA) can equivalently be accomplished under single beam illumination. Practically, we 

introduce mushroom structures to the CPA configuration. By covering them with an ultrathin 

conductive film of sheet resistance 377Ω, the perfect microwave absorption is achieved when the 

film is illuminated under single beam. Our work proposes an equivalent way to realize the CPA 

under the single beam illumination, and might have applications in engineering absorbent materials. 

 

Recently, coherent perfect absorption (CPA) has been proposed as a new concept of accomplishing 100% 

perfect absorption, and has attracted a lot of research interest spanning from optics to microwave
1-3

. In this paper, 

we numerically and experimentally demonstrate that the CPA can equivalently be realized under single beam 

illumination by introducing the PMC boundary. Such boundary behaves like a mirror and mitigates the incident 

condition of coherent dual beams. In experiments, we have employed the HIS to perform the PMC boundary, 

and observed the complete EM absorption when a single beam of microwave impinges on the HIS-backed 

ultrathin conductive film. 
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Figure 1. The equivalent realization of CPA under single beam illumination. (a) The schematic drawings of the 

symmetrical dual beam CPA (upper panel) and the PMC boundary implementation (lower panel). (b) The 

calculated reflectance, transmittance, and absorbance of the conductive film, Rs=377Ω, supported by the PMC 

boundary. 
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Figure 2. The calculated and measured absorbance and reflection phase. (a) Left: the schematic drawing of the 

unit cell. Right: the calculated absorbance (red solid line) and the S11 phase (blue solid line) of the ideal 

mushroom structure and the calculated absorbance of the composite structure with the conductive film of 

Rs=377Ω (cyan solid line). (b) Left: the photo of the mushroom sample. Right: the measured absorbance (green 

symbols) and the S11 phase (blue symbols) of the fabricated mushroom sample and the measured absorbance of 

the composite structure with the conductive film of Rs=383Ω (pink symbols). The solid lines are the 

corresponding simulated results. (c) Left: the photo of the sample with the peeled conductive film. Right: the 

measured (pink symbols) and simulated (cyan solid line) absorbance of the composite structure with the 

conductive film of Rs=214Ω. 
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Abstract- A multilayer metasurface cloak coating is introduced for monopole antennas. It retains the 

input impedance and radiation parameters of the antenna for its original operational band. At the same 

time, it also reduces the monopole’s scattering signature and the received power for the operational band 

of another system located in close proximity. The coating, consisting of two layers of concentric 

anisotropic metasurfaces, is designed by tailoring their dispersive electromagnetic properties. 

 

Invisibility cloaking of objects has been a topic of great research interest over the last decade. Various 

methods have been proposed by scientists and engineers around the world to achieve this physical effect, 

including transformation optics [1], scattering cancellation [2], transmission lines [3], and so on. Efforts have 

also been made to investigate and develop practical applications for cloaks, which includes improving the 

performance of existing microwave as well as optical devices and systems. For example, plasmonic cloaks that 

hide a receiving sensor while retaining its sensing functionality have been numerically verified and 

experimentally demonstrated [4, 5]. Transmission line cloaks have been experimentally proved to be useful for 

reducing the blockage of waves caused by obstacles positioned in front of microwave antennas [6]. 

Transformation optics and single layer metasurfaces have also been theoretically proposed to restore the 

properties of electromagnetic radiators or reduce mutual blockage in a multi-radiator environment, respectively 

[7, 8]. Here, we propose a practical integrated metasurface coating, with a compact form factor and light weight, 

for achieving simultaneous suppression of mutual coupling and blockage. Full-wave numerical simulations will 

be presented to validate the concept. 

  

Fig. 1. (a) Configuration of the double layer integrated cloak coating surrounding a monopole. (b) Simulated S11 

and radiation patterns (insets) at 2.4 GHz for the monopole w/wo the coating. Electric field distributions in the 

x-y plane for an incident plane wave propagating in the +y direction for the monopole w/wo the coating. 

 

As a proof-of-concept example, we designed an integrated multilayer coating for a 2.4 GHz monopole, 

which reduces its scattering at 5.2 GHz. The configuration is illustrated in Figure 1(a). The coating is comprised 

of two concentric layers of anisotropic metasurfaces surrounding a monopole antenna. The inner and outer 

metasurface layers have a radius of only 0.03λ0 and 0.06λ0 at 2.4 GHz, respectively. Since the metasurfaces are 

printed on a 0.1 mm thick Rogers substrate with a relative permittivity of 2.9, their electromagnetic properties 



can be described by surface electric and magnetic polarizability tensors. The inner layer is made by a 

miniaturized meandered slot array, which has a z-component of the surface electric polarizability that is 

near-zero around 2.4 GHz and strongly capacitive at 5.2 GHz. Consequently, this metasurface layer greatly 

reduces the induced current on the inner monopole, thus minimizing the mutual coupling due to another nearby 

antenna operating at around 5.2 GHz. However, the monopole together with the single layer metasurface possess 

stronger scattering. In order to suppress the overall scattering, a second metasurface comprised by a short dipole 

and spiral resonator composite array is added at the outermost layer. Both its in-plane electric and out-of-plane 

magnetic response are tailored to reduce the scattering at around 5.2 GHz. 

Figure 1(b) shows the simulated S11 of the monopole with and without the integrated metasurface coating. It 

can be seen that the impedance matching is improved with the coating due to the tuned near-field coupling. At 

5.2 GHz, the S11 of the monopole alone is below -5 dB, hence it will pick up a significant amount of signal when 

there is a 5.2 GHz radiator nearby. In contrast, with the cloak coating, the S11 is nearly 0 dB, indicating that the 

mutual coupling between the coated monopole with a nearby 5.2 GHz radiator will be significantly suppressed. 

The inset of Figure 1(b) displays the radiation patterns for the monopole with and without the coating on an 

infinite ground plane. It is clear that the added coating does not affect both the radiation pattern and gain of the 

monopole within its own operational bands. Figure 1(c) shows the electric field distributions when a z-polarized 

plane wave is incident along the +y direction at 5.2 GHz. While the monopole alone scatters the wave, the coated 

monopole is invisible to the plane wave whose wavefront is well maintained after passing through the structure. 

Moreover, the electric field in the region close to the monopole is much stronger for the monopole alone case 

than that for the coated monopole case, which provides further evidence that the monopole is well isolated from 

outside influences at 5.2 GHz. 

In conclusion, we have proposed and numerically validated an approach for using integrated cloak coatings 

comprised of multi-layer metasurfaces to simultaneously suppress the mutual coupling and blockage between 

neighboring antennas. This concept has potential applications ranging from microwaves and millimeter waves to   

possibly even optical wavelengths. 
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Abstract- Spatially different arrangements of identical meta-atoms in a unit cell bring about 

distinct properties in stereometamaterials. Integrating the stereometamaterial into a perfect 

metamaterial absorber, we designed, fabricated, and characterized a device with single or double 

band absorption responses and an absorption/reflection switching characteristic dependent upon the 

polarization of incident THz wave. Despite the rotational symmetry of the rings, non-centricity 

breaks the reflection symmetry of the FSS, leading to a unique interaction between dipoles on the 

FSS and their mirror images. 
 

Terahertz (THz) spectral region (ranging from 0.1THz up to 10 THz), remains a scientifically rich but 

technologically underdeveloped research area and promises various potential applications [1]. Nonetheless, there 

exists a shortage of natural materials capable of interacting with THz radiation from which useful THz detectors, 

emitters, switches, and other devices may be manufactured. Metamaterials, artificially designable structures that 

render desired optical properties at a given wavelength, could be a solution [2]. Of growing interest are the 

asymmetric transmission properties of metamaterials that achieve customized functionalities like negative 

refractive index and circular polarization rotation, sharp Fano resonances, and anomalous refraction and light 

spin-Hall effect. The asymmetric transmission arises from the rotational asymmetry of individual meta-atoms or 

the reflection asymmetry between meta-atoms in adjacent layers. A case which has not been considered so far is 

the asymmetric behavior of stereometamaterials [3] in subwavelength proximity of a perfectly conducting plane, 

where the conducting surface interacts with the asymmetric stereometamaterial structure. Although, metamaterial 

perfect absorbers have been studied intensively [4], the effect of breaking the reflection symmetry in three 

dimensional stereometamaterial FSS has not been investigated. 

Figure 1(a) shows a schematic representation of the designed structure. Front and side views of this 

structure are also illustrated in Figs. 1(b) and (c), respectively. The structure is composed of two tightly coupled 

Cu rings as an FSS which are located in a subwavelength proximity of a Cu backplane. Polyimide fills the space 

between the Cu rings and the backplane. When the center of rings are shifted with respect to each other, unique 

interaction between rings and backplane are expected as a function of incident polarization angles. In order to 

study these interactions and design the desired stereometamaterial absorber Comsol Multiphysics software was 

utilized to perform simulations by using Finite Element Method (FEM). Successive simulations were carried out 

and resulted in a desired stereometamaterial absorber with dimensions summarized in Table 1. Designed 

stereometamaterial absorbers were fabricated through standard lift-off photolithography approach. Reflection 

mode THz time domain spectroscopy was used to measure the reflectivity of the fabricated samples at normal 

incidence. The details of the fabrication process and measurement setup have been reported in the previous work 

[5].  Figures 2(a) and (b) illustrate the absorption spectra versus frequency and lateral shift of center of rings 

(Lat) obtained by FEM at 0˚ and 90˚ incident polarizations, respectively. 



Depending on the polarization direction and lateral shift of the rings, the absorption spectrum exhibits the 

multifunctional characteristics of the device, including single band, dual band absorption, and an 

absorption/reflection switching functionality depicted by a white line where Lat = 12 µm.  Figure 2(c) 

compares the absorption spectra of simulated and fabricated devices in that configuration under 0˚, 45˚, 67˚, and 

90˚ incident polarization angles. A good agreement between simulation and experiment is observed. When the 

angle changes from 0˚ to 90˚, the absorption resonance frequency switches from 0.790 to 0.725 THz. This switching 

functionality of the device, which happens between 0.725 THz and 0.790 THz, is highlighted and will be 

presented in detail.  Figure 2(d) compares the simulated absorption spectrum of stereometamaterial absorber and 

that of same-sized single ring absorbers at both 0˚ and 90˚ polarizations. Resonance frequency of the 

stereometamaterial absorber is red-shifted compared to single ring absorbers at both polarizations, which can be 

explained by investigating the electric field and current density distributions induced in the FSS and will be discussed. 
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Table 1. Dimensions (µm) associated with designed stereometamaterial absorber discussed in this article. 

R1in R1out R2in R2out Lon t Sep d Lat 

39 42 33 36 1.75 0.2 9.6 104 12 

Figure 2. (a) and (b) Absorption versus frequency and lateral shift of the 

center of the rings (Lat) obtained by FEM at 0˚ and 90˚ incident 

polarizations, respectively.(c) Absorption versus frequency under 0˚, 45˚, 

67˚, and 90˚ polarization angles for both simulation and experiment where 

Lat = 12 µm. (d) Comparison of absorption spectra for single ring absorber of 

front and back rings and stereometamaterial absorber in 0˚ and 90˚ incident 

polarizations. 

Figure 1. (a) Schematic representation of a stereometamaterial 

absorber where incident polarization angle is 90˚. (b) and (c) Front 

and side view illustrations of a stereometamaterial absorber. R1in, 

R1out, R2in, and R2out are inner and outer radii of front and back 

rings, respectively. t is the thickness of rings and backplane. Lat is 

lateral separation between center of rings while Lon is longitudinal 

separation between rings, and sep is the polyimide thickness 

between Cu backplane and back ring. 
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Abstract- An ultrathin flat metalens experimentally realizing three-dimensional microwave 

manipulation has been demonstrated to be able to approach the theoretical limit of 

cross-polarization (cross-pol) conversion efficiency of the transmission. The helicity-dependent 

phase change is introduced to the transmission and can be engineered by assembling the spatial 

orientation of each Pancharatnam-Berry phase element. By realizing constant phase gradients in 

orthogonal directions, an anomalous non-coplanar refraction is unanimously demonstrated in the 

three-dimensional space under circular-polarized incidence, and the refraction angle is well 

predicted with generalized Snell’s law derived with phase gradients in orthogonal directions. The 

proposed metalens has only one single layer as thin as 0.001λ, which massively reduces the 

thickness of the microwave lens along the wave propagation direction.  

 

The manipulation of electromagnetic (EM) waves has always been a hot topic. The traditional means, 

including using dielectric materials (lenses) and metallic surfaces (antennas), show their abilities to control 

transmission of EM waves, but they both hold inherent limitations in microwave region [1, 2]. Although the rises 

of metamaterials and transform optics provide new approaches for designs of lenses and antennas, the inherent 

limitations still cannot be conquered. The concept of abrupt phase change at the interface provides a powerful 

solution to overcome the limitations mentioned above [3]. By introducing abrupt phase changes with 

sub-wavelength unit cells into the cross-polarized wave, phase accumulation can be substituted by phase 

discontinuities on the interface, which provides possibilities of constructing the ultra-thin metalens.  

The conversion efficiency, defined as the ratio of the energy of transmitted cross-pol wave (or reflected 

co-polarized wave) to that of the total incident wave for metalens of transmission-type (or reflection-based) 

metalens, is a key factor for the widespread use of metasurface device based on the phase discontinuity. 

However, the transmission-type metalens particularly operating upon cross-pol wave faces challenge of 

extremely low conversion efficiency. The maximum efficiency achieved was only a few percent [3], which 

could be a great obstacle for the applications, although it was predicted theoretically that the maximum 

attainable cross-coupling is 25% based on the S-parameters of the four ports network [4].  

In this paper, we propose and demonstrate an ultra-thin planar metalens experimentally with phase 

discontinuities in orthogonal directions at microwave region for the first time. The phase modification based on 

Pancharatnam-Berry phase is adopted to achieve specifically designed phase profile. With the contributions of 

phase gradients in two orthogonal directions, we therefore demonstrate anomalous non-coplanar refraction in 



three-dimensional space for circular-polarized incidence, as shown in Fig. 1a and 1c. Moreover, both theoretical 

and experimental results show that the manipulation efficiency of our design is capable of approaching the 

theoretical upper limit. The experimental results of the bending angle for the anomalous refraction show great 

agreement with the theoretical results, which also verifies the decomposition and re-combination of the phase 

gradients, as shown in Fig. 1d-1f. In addition, due to Pancharatnam-Berry phase design, the proposed metalens 

shown in Fig. 1b is only with thickness as thin as 0.001λ for the operating frequency. The planar metalens 

proposed in this paper empowers significant reduction in thickness, versatile beam behavior and high 

transmission efficiency simultaneously, which provides a great alternative for microwave lenses. With 

sub-wavelength control of phase and amplitude, it is a promising technology for feeding-network free 

microwave systems. 

 

Figure 1. The anomalous non-coplanar refraction in three-dimensional space. (a) The simulation result of the normalized far-field pattern under RCP 

incidence. (b) The photograph of the measurement setup, and the inset is the photograph of the fabricated metalens. (c) The measured normalized far-field 

patterns of the metalens at 10GHz under RCP incidence. (d) The anomalous refraction angle changing with θi in three-dimensional space, here θt and φt 

represents the pitch angle and azimuth angle of the refraction, respectively. The light gray region represents the negative refraction, and the dark gray 

region is the region where the incident angle is beyond the critical angle. (e) and (f) are the measured normalized far-field pattern under incident angle of 

-45° and +45°, respectively. 
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Abstract— In this work, metasurfaces exhibiting bianisotropic responses are synthesized us-
ing analytical models. Such metasurfaces can be implemented by cascading patterned metallic
claddings and electrically thin dielectric substrates. Simple expressions for the sheet impedance of
periodic claddings are found for arbitrarily incident plane waves in the long wavelength regime.
Using the derived models, an X-band polarization rotator is designed analytically, and tuned
within a full-wave solver to achieve optimal performance.

1. INTRODUCTION

Metasurfaces are subwavelength-textured surfaces that exhibit tailored electromagnetic properties.
They typically consist of patterned metallic claddings separated by thin dielectric substrates. Such
surfaces can exhibit electric, magnetic, and even magneto-electric responses [1]. The present work
focuses on finding analytical expressions for the sheet impedance tensor of various patterned metal-
lic claddings that are periodic. Using the derived models, cascaded metasurfaces with desired
properties can be synthesized analytically. As an example, a polarization rotator operating at 10
GHz is designed. The models provide the starting point for the design of the unit cells, which are
then slightly tuned using a full-wave solver to obtain the optimal response.

2. ANALYTICAL MODELLING OF METALLIC CLADDING UNIT CELLS

The sheet impedance, Z, relates the average tangential electric field, ~Etan, to the surface current

density on a metasurface, ~Js: ~Etan = Z ~Js. Full 2x2 sheet impedance tensors can be realized
using metallic claddings with non-orthogonal axes (see the skewed unit cell shown in Fig. 1(a)).
Rotated orthogonal unit cells, which also yield full impedance tensors, are special cases of skewed
unit cells. To calculate the impedance of this unit cell for arbitrarily incident plane waves, a
Method of Moments formulation based on wire grids was developed. Using this formulation, an
explicit expression for the sheet impedance of subwavelength skewed unit cells was derived in the
long wavelength regime (w1, w2 � l, d � λ, where λ is the wavelength). Through simple circuit
analysis, loading elements, Z1 and Z2, can also be incorporated into the impedance tensor.

Expressions for the sheet impedance of the loaded three-branch unit cell (see Fig. 1(b)) were
also derived using a similar formulation. The three-branch unit cell provides increased flexibility
in the design of metasurfaces due to its three loading elements, Zx, Zy, and Zm.

3. CASCADED METASURFACES AND POLARIZATION ROTATOR

When the sheet impedance of metallic claddings is known, transmission-line theory can be employed
to calculate the S-parameters of a metasurface formed by cascading claddings and dielectric sub-
strates. This technique is applicable when the claddings are sufficiently displaced from each other
such that coupling through evanescent waves is negligible. In the equivalent circuit, claddings are
represented by shunt loads, and substrates by transmission-line segments.

To demonstrate the usefulness of this analytical approach, a polarization rotator operating at
10 GHz is designed. A polarization rotator rotates an incident plane wave of arbitrary linear
polarization by 90◦ upon transmission. The required parameters for the cascaded metasurface
(shown in Fig. 1(c)) were calculated in [1]. The dielectric substrates have thicknesses d1 = 1.5216
mm, and d2 = 1.6715 mm, and permittivities ε1 = ε2 = 3.5344 ε0 (where ε0 is the permittivity of
free space). The sheet impedances, expressed in Ω, are

Z1 = −j
[
21967.38 14268.53
14268.53 9443.92

]
, Z2 = j

[
51.68 80.05
80.05 51.68

]
Z3 = −j

[
51.38 24.05
24.05 161.95

]
, Z4 = j

[
−66.44 0

0 143.24

] (1)
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Figure 1: (a) A skewed unit cell comprising metallic strips (colored gray) and loading elements (colored
black), (b) a loaded three-branch unit cell, (c) a polarization rotator consisting of four claddings, and (d)
transmission coefficients for the polarization rotator as functions of frequency.

Sheet impedances Z1, Z2, and Z3 are implemented using three-branch unit cells (Fig. 1(b))

since they are full 2x2 tensors. Sheet impedance Z4 is implemented using an orthogonal unit cell
((Fig. 1(a) with φ1 = 0 and φ2 = π/2) since it is a diagonal tensor. All four unit cells have
dimensions l = d = 3 mm ≈ λ/10 and utilize metallic strips with widths w = 0.1 mm ≈ λ/300.

To implement Z1, the analytical models mandate that the loading elements Zx and Zy are
capacitive, with Cx = 0.0580214 pF and Cy = 0.0730274 pF, and Zm is inductive, with Lm =
2.10408 nH. The corresponding values obtained through optimization in Ansys HFSS are Cx =
0.05805 pF, Cy = 0.07251 pF, and Lm = 1.881 nH.

To implement Z2, the analytical models mandate capacitors Cx = Cy = 0.11402 pF and Cm =
0.172726 pF. The values obtained via optimization are Cx = Cy = 0.1082 pF and Cm = 0.168 pF.

To implement Z3, the analytical models mandate capacitors Cx = 0.10413 pF and Cy =
0.0744198 pF, and an inductor Lm = 2.91426 nH. The values obtained through optimization are
Cx = 0.10158 pF, Cy = 0.07229 pF and Lm = 2.07644 nH.

To implement Z4, the analytical models mandate a capacitor C1 = 0.089584 pF, and an inductor
L2 = 0.509773 nH. The corresponding values obtained via optimization are C1 = 0.08696 pF and
L2 = 0.5089 nH.

The simulated transmission coefficients of the optimized metasurface are shown in Fig. 1(d) as
functions of frequency. Close to perfect rotation is observed at the design frequency of 10 GHz from
x̂-polarization to ŷ-polarization and vice versa. The response of the polarization rotator is verified
to be isotropic, namely it does not depend on the polarization of the incident plane wave.

4. CONCLUSION

This paper analytically models the full tensorial sheet impedance of subwavelength patterned peri-
odic metallic claddings. The derived models are employed to design the sheet impedances required
for a polarization rotator at 10 GHz. The analytically predicted lumped component values are
found to be in close agreement with those obtained through full-wave optimization.
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Abstract-Using a planar and flexible metamaterial (MM), we obtained the low-frequency perfect 

absorption even with very small unit-cell size in snake-shape structure. The ratio between 

periodicity and resonance wavelength (in mm) is close to 1/12 and 1/30 at 2 GHz and 400 MHz, 

respectively. We also demonstrated a MM perfect absorber in MHz region based on a planar 

sandwiched structure of metal-dielectric-metal. Firstly, the single-peak perfect absorption was 

obtained at 400 MHz. The absorption was maintained above 95% at an incident angle of 

electromagnetic wave up to 30 deg. 

 

Perfect absorption of electromagnetic (EM) microwaves using metamaterials (MMs) is a budding research 

field for the potential applications in EM compatibility, solar energy, bolometer, sensor, etc. By minimizing the 

reflectance and eliminating the transmittance, the design and the fabrication of perfect absorbers (PAs) with 

near-unity absorption could be realized in microwave bands. The problem of EM noise comes to be more serious 

according to the advent of ubiquitous society. Extended dissemination of high-speed and high-f digital products 

and smart equipments has made special EM-wave materials used in various fields. We are investigating 

advanced meta-structures and MMs for EM-wave absorption, MM technology for EM-wave absorption over 

99% and ultrawide-band absorption, and MMs for EM-wave absorption independent of incident angle and 

polarization. 

 

 Using a planar and flexible MM, we obtained the low-frequency perfect absorption even with very small 

unit-cell size in snake-shape structure. These shrunken, deep-sub-wavelength and thin MM absorbers were 

numerically and experimentally investigated by increasing the inductance. The periodicity/thickness (the figure 

of merit for perfect absorption) is achieved to be 10 and 2 for single-snake-bar and 5-snake-bar structures, 

respectively. The ratio between periodicity and resonance wavelength (in mm) is close to 1/12 and 1/30 at 2 GHz 

and 400 MHz, respectively. The absorbers are specially designed for absorption peaks around 2 GHz and 400 

MHz, which can be used for depressing the EM noise from everyday electronic devices and mobile phones. 

Other application fields of microwave MMs are also mentioned, and challenging points for MMs are discussed 

to think about the improvements together.1,2 

 

At the same time, we numerically and experimentally demonstrated MM PA in MHz region based on a 

planar sandwiched structure of metal-dielectric-metal. The single-peak perfect absorption was obtained at 400  



 

Figure 1. Flexible MM for MHz. 

 

 

MHz. The ratios of periodicity of the unit cell and the thickness with respect to the absorption wavelength are 

only 1/12 and 1/87, respectively. The mechanism for the low-frequency MM PA is clarified. The influence of 

incident angle of EM wave on absorption was also investigated, which showed that the absorption was 

maintained above 95% at an incident angle of EM wave up to 30 degrees. Our work is promising for potential 

practical applications in radio range.
3-7
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Abstract- Metamaterial technology has been shown in last years as an alternative for designer 

which can benefit from the different properties presented by these structures. A lot of designs can 

be found in literature showing metamaterials possibilities and their application in Antenna fields 

and reflecting surfaces. However, the number of designs which comply with specifications of 

tangible applications were limited. The work presented in this paper is focused in showing the 

advantages that can be achieved by the use of metamaterial technology, covering specific 

applications, taking advantage of diverse properties of metamaterial materials, i.e.: the presence of a 

forbidden frequency band (bandgap); the design of resonant cavities which can be used to elongate 

the radiation aperture of antennas, increasing consequently the directivity; or at last, the use of the 

property presented by metamaterials – AMC (Artificial Magnetic Conductor) structures to reflect 

incident waves with a 0º phase value at the working frequency, behaving as a perfect magnetic 

conductor. 

 

Metamaterials have been defined as arrangement of artificial structural elements designed to achieve 

advantageous and unusual electromagnetic properties. Metamaterials are composed of its elements in the same 

sense as matter consist of atoms. The concept of metamaterial is treated quite generally among the researches 

and encompasses a broad range of modern topics as Frequency Selective Surfaces (FSS), Electromagnetic Band 

Gaps structures (EBGs), or Artificial Magnetic Conductors (AMCs).  

A large number of designs can be found in the literature showing the advantages and new possibilities 

offered by metamaterials technology to designers. Many of them are applied in antennas and in reflecting 

surfaces. However, there has been a lack of designs concentrated in fulfill the specifications of tangible 

applications. Therefore, Antennas Group has always being focused in the application of metamaterials in the 

design, fabrication and measurement of prototypes which could compete with conventional technology designs, 

focusing in antennas and reflecting surfaces fields. In this paper some of the work developed in Antennas Group 

from public University of Navarra using metamaterials in antennas field and reflecting surfaces to comply with 

application requirements is going to be presented showing its evolution . EBG and AMC are mainly used in the 

presented configurations. Metamaterial technology has experimented a great evolution in these last years, due to 

works as the presented in the paper, becoming actually as a real alternative to conventional technology for 

designers. 

The paper has been divided into three sections, each one focused in a different application to take advantage 

of different metamaterial properties, trying to show as much as possible the benefits of metamaterial technology. 

Concretely, metamaterial technology has been applied to the design of arrays of antennas in high dielectric 

constant substrates [1], reducing coupling between array antenna elements and at the same time avoiding grating 

lobes and scan blindness phenomena (Fig 1.a). 



Metamaterial navigation antennas are shown in second section. High directive planar antennas for 

Geosynchronous Navigation Systems [2] and TTC  have also being designed obtaining lighter, cheaper and 

more compact designs when comparing with conventional technology alternatives, while fullfiling completely 

their requirements in single and dual band configurations (Fig 1.b). Fully marketable designs have been obtained. 

The next step in these designs is their evolution to obtain isoflux patterns.  

 

 

  

Fig 1.  a) High Dielectric constant EBG antennas and b)Metamaterial GSN Antenna 

 

Metamaterials have also been used in the design of broadband reflective planar structures which can redirect 

a reflected wave in a direction different from the specular one [3] [4] (Fig 2) in a chessboard like configuration. 

Designs in Ku band and millimeter wave frequencies will be shown  

      

Fig 2. Metamaterial Chessboard structure 

 

More details of each application will be shown in the final paper together with the evolution of the designs. 
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Abstract- We fabricated plasmonic chiral metasurfaces with pinwheel-like structures on silver 
films using a focused ion beam milling technique. In a time-domain spectroscopy, we have 
succeeded in observing terahertz wave emission from the metasurfaces irradiated by a near-infrared 
Ti:sapphire ultra-short pulsed laser. 

 
Two dimensional microstructures called metasurfaces are of great interest in terms of a new class of 

metamaterials[1,2]. It is known that plasmonic nanoparticle arrays, which are similar to metasurfaces, irradiated 
by a laser pulse emit terahertz (THz) waves [3]. This is a promising technique for new functional light sources of 
broadband THz waves. For example, metasurfaces with the broken space-inversion symmetry, i.e., chirality, may 
emit circularly polarized THz waves[4,5], which can be utilized for a novel THz scanner. However, it is a 
challenge how we can include chirality into metasurfaces because chirality requires in principle three 
dimensional structures. In this contribution, we study THz wave emission from silver (Ag) films with 
pinwheel-like pits –plasmonic chiral metasurfaces—using time-domain spectroscopy. 

The plasmonic chiral metasurfaces on Ag films of 300 nm in thickness were prepared using a focused ion 
beam (FIB) milling technique. The metasurfaces consist of pinwheel-like structures with rectangular pits with 
1.2 m in length and 0.3 m in width. Four rectangles comprise one pinwheel structure. Staircase-like slopes 
were fabricated in the rectangles. The direction of the down slope defines the pinwheel direction. We prepared 
the metasurfaces with pinwheel-like structures in clock-wise (CW) and counter-clock-wise (CCW) direction. 
Three hundred of pinwheels were fabricated in an area of 60 m x 60 m. 

Figure 1 (a) SEM image of CCW chiral 
metasurfaces of Ag. (b) Enlarged image of 
a pinwheel-like structure. 
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Figure 2 Electric field amplitude of emitted 
THz waves in time domain spectroscopy. 



Figure 1 shows a scanning electron microscopic (SEM) image of the CCW chiral metasurfaces. Array of 
pinwheel-like structures was observed in Fig. 1(a). The size of rectangular pits in the pinwheel was 1.2 m in 
length and 0.3 m in width, which are very similar to those designed in the FIB fabrication. Figure 1(b) is an 
enlarged image. Arrows indicate the down slope direction. It is seen that we have succeeded in fabricating the 
slopes in the pits. 

The THz wave emission was measured using time-domain spectroscopy. The metasurfaces were irradiated 
by near-infrared ultra-short pulses from a Ti:sapphire laser. The center wavelength, pulse width, pulse period, 
and repetition rate of the excitation laser were 800 nm, 35 fsec, 1 msec, and 1 kHz, respectively. Excitation beam 
diameter was 1.56 mm. The incident angle of the excitation beam was 45 degree. Emitted THz waves were 
collected by parabolic mirrors and detected using an electro-optic sampling method. 

Figure 2 shows electric field amplitude of THz waves as a function of delay time. We observe that CW and 
CCW chiral metasurfaces emit THz waves at approximately 5 psec. No THz emission was observed from Ag 
film without pinwheel-like pits. Fourier transformation of the time-domain signals shows a THz emission in 
frequencies between 0 and 1.5 THz. These results demonstrate that the plasmonic chiral metasurfaces emit THz 
waves.  

In summary, we have fabricated plasmonic chiral metasurfaces with pinwheel-like pits using a FIB milling 
technique. The metasurfaces irradiated by near-infrared ultra-short laser pulses emit THz waves. Investigations 
of emission mechanism and emitted THz wave polarizations are now underway in our group. 
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Abstract— Metasurfaces have demonstrated to be a low cost solution for development of
directive antennas at high frequency. One of the opportunities of metasurfaces is the possibility
to produce planar lenses. However, these lenses usually present a narrow band of operation.
Those limitations on bandwidth are more restrictive when the required range of refractive index
is high. Here, we present a novel implementation of metasurfaces with low dispersion that can
be employed for the design of broadband planar lenses.

Metasurfaces are thin metamaterial layers which can be employed to produce unusual reflection
properties of incident plane waves, or to guide surface waves [1]. In the first case, metasurfaces are
employed in an similar approach of fresnel lenses or reflect-arrays to produce directive radiation
patterns from a feeding source, such as a dipole or horn antenna [2]. Here, we will focus on the
second case: guiding surface waves. Metasurfaces, as common metamaterials, are usually designed
by a periodic repetition of unit cells. Changing the geometry of each single element or its lattice
the propagation constant of the surface/guided mode can be modified, and therefore to achieve
equivalent refractive indexes [3]. Therefore, a proper combination of different geometries can be
employed to create two-dimensional lenses, i.e. flat lenses [4]. Those lenses find application on
directive antennas for communications at high frequency where arrays and phase shifters are not a
feasible solution due to their elevated cost and complexity [5].

The most common configurations for metasurfaces are patches and holey metallic surfaces placed
over a dielectric slab [6]; and the bed of nails [7]. Here, we propose the use of the complementary
configuration of bed of nails, that is the metallic holey surface [5]. The configuration is shown
in Fig. 1. In its simplest case, it is composed of a metallic slab which has air holes, and above,
there is a thin air gap with a metallic top layer. Fig. 1 shows also the dispersion diagram for
this configuration when the air gap thickness is modified. This thickness is one of the most crucial
parameters in the design since the propagation constant of the guide mode is extremely sensitive
to it. This parameter can be used to tune the equivalent refractive index.

In Fig. 2, the electric field, in the middle of the air gap, is represented for those values of
air gaps that were previously represented in Fig. 1, demonstrating the achieved variations in the
propagation constant. As mentioned, these variations variations are more intense when the air gap

Figure 1: Unit cell configuration and propagation constant of the metasurface under periodic conditions. The
simulations correspond to several values of the air gap (g), whilst the rest of parameters remain invariant:
b = 0.5 mm, l = 4 mm, l = 0.5 mm.



Figure 2: Intensity of electric field in the middle of the air gap, at 10GHz for different thicknesses of the air
gap between the meta-surface and the top metallic layer: g = 0.1 mm, g = 0.5 mm, g = 1 mm and g = 2
mm. The other dimensions are remaining as in Fig. 1.

become thinner, and they can be employed to produce low cost flat lenses with a broadband of
operation, specially when double structures are employed.
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Abstract-We developed a numerical method to model the infrared spectral properties of metal 

nanowires on a flat substrate. The combination of homogenization techniques and the transfer 

matrix method for birefringent layered materials are merged together so to obtain a simple but 

effective tool for tailoring and optimizing the infrared properties of the resulting system. Different 

in-plane orientations can be investigated, ranging from randomly to perfectly aligned nanowires. 

Furthermore, the model allows the introduction of an off-plane tilt of the nanowires axes, thus 

increasing designing options. Possible applications such as broad band infrared polarizers, 

polarizing beam splitter and polarization rotators are discussed. 

 

The rapid development of artificially designed metamaterials has led to the realization of media exhibiting 
specifically conceived physical and optical properties (i.e negative refractive index, anisotropic behaviour 
and  tailored absorption coefficients), surpassing those of natural birefringent and pleochroic materials. 
Recently, metallic nanowires emerged to be suitable nano- and micro-components to be used as building 
blocks for the realization of effective media, exploiting different applications such as plasmonics [1] or 
manipulation of IR radiation [2]. Films composed of metallic nanowires, may give rise to peculiar optical 
properties, such as high optical transmittance in the visible range, while still allowing for good electrical 
conduction and being suitable for all those applications where transparent electrodes are required. These 
achievements are extremely interesting for their potential impact on future production of large area, low 
cost, polarization sensitive devices in the IR range.  

We developed a simple but effective method to study and design IR devices based on self-assembled 
metal nanowires on a flat substrate. Our numerical method combines homogenization techniques and the 
transfer matrix method for birefringent layered materials. Different in-plane orientations are taken into account, 
ranging from randomly to perfectly aligned nanowires. Furthermore, an off-plane tilt of the nanowires axes 
can be introduced, thus increasing designing options. The relevant parameters of the nanowires, such as 
length/thickness ratio, the filling factor as well as the overall sample thickness and the choice of the 
substrate material are taken into account, providing a simple method to tailor and optimize the effective 
optical constants of the resulting system.  

We studied the infrared spectral properties of the metallic nanowires films, considering an effective 
medium where the metallic inclusions are dispersed into a matrix (eventually air). An homogenization 
technique [3] based on Maxwell-Garnett mixing formulas has been adopted to describe the metallic nanowires 
layer. Maxwell-Garnett theory gives an accurate description of the dielectric permittivity of nanostructured 
2D- or 3D- systems also when the inclusions have inner resonances [4]. In order to be confident of 



our results, we restricted our analysis to metal filling factors up to ~0.22. Within this limit, in fact, coupling 
effects among metallic nanowires can be neglected and the homogenized effective medium behaviour is 
driven by the single element response.  

The resulting effective layer, may reproduce the metallic nanowires aligned in the same direction. To 
give some examples, we consider the conditions depicted in Figure 1. for elongated metallic inclusions, 
laying in the xy-plane (in-plane configuration): wires are aligned along the x-axis (Figure 1.a), and 
wires aligned along the y-axis. Alternatively, a tilt about the z-axis can be introduced (Figure 1.c, in-plane) 
as well as a tilt about the x-axis, giving rise to off-plane disposition (Figure 1.c, off-plane).  

     
Figure 1: Schematic drawing of the proposed oriented nanowires system. 

 
With reference to Figure 1, the incidence plane was assumed to be the xz-plane, thus the electric 

field oscillates along the y-direction for a vertically polarized (TE) electromagnetic field, and in the xz-plane 
for horizontally polarized (TM) electromagnetic field, respectively. 

The mixing formulas for randomly oriented ellipsoidal inclusions [5], allow to calculate the relative permittivity 
of an effective medium, which comes out to be anisotropic, with complex indices due to absorption losses. 
Following the same procedure adopted in ellipsometry, two different ellipsoids are taken into account, one 
for the real and one for the imaginary part of the indices, respectively, describing a strongly birefringent, 
pleochroic material. Finally the matrix transfer method for anisotropic layers, previously developed by Yeh 
[6], has been adapted to consider both lossy materials and isotropic substrates, in order to accurately 
model the optical response of the considered systems. 
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Abstract 

In this work, the 2-turns Spiral Resonator (2-SR) is 

proposed as an electrically small antenna for passive radio 

frequency identification (RFID) tags at the European Ultra-

High Frequency (UHF) band. The radiation properties are 

studied in order to explore the viability of the 2-SR applied 

to tag antenna design. Based on analytical calculations, the 

radiation pattern is found to provide a cancellation of the 

radiation nulls. This results in a mitigation of the blind spots 

in the read range, which are present in typical UHF-RFID 

tags as an undesired feature. As a proof of concept, a 

passive tag of size 35 mm x 40 mm (λ0/10 x λ0/9) based on 

the 2-SR antenna is designed and fabricated. Good radiation 

efficiency (75%) and a quasi-isotropic radiation pattern are 

obtained. The experimental tag read range for different 

directions is in good agreement with the simulation results. 

The measured read range exhibits maximum and minimum 

values of 6.7 m and 3.5 m, respectively.  

1. Introduction 

Radio frequency identification (RFID) is a technology that 

provides objects tagging and tracking capability by means of 

electromagnetic waves [1]. RFID systems can operate at low 

frequencies (LF) and high frequencies (HF), although 

normally the most convenient band is the ultra-high 

frequency (UHF) since UHF-RFID systems can provide 

larger memory, faster reading, more secure data 

transmission and superior read range [1]. Such a read range 

can be still enhanced by using active tags, since they include 

a battery. However, passive tags are more attractive due to 

low cost and small dimensions.  

UHF-RFID systems are composed by readers and tags. 

Readers send an electromagnetic query signal to the tags, 

which generate a modulated backscattered wave as a 

response. Then, readers receive such a backscattered signal 

and identify the tagged objects. Passive UHF-RFID tags 

consist of an antenna matched to an application specific 

integrated circuit (ASIC), usually by means of a T-match 

network [2,3]. RFID tag antennas are typically based on 

electric half-wave dipoles, which are meandered [4] in order 

to shrink tag dimensions, since size reduction is one of the 

most challenging aspects in RFID.  

Spiral resonators are commonly used in planar 

microwave devices due to its small size, which can be 

further reduced by increasing the number of turns. The 2-

turns spiral resonator (2-SR) is an example of spiral, which 

has been recently applied to the design of chipless RFID 

tags [5], and it has been also used to design metamaterial 

devices at microwave frequencies [6]. Metamaterial-inspired 

resonators, e.g. the split ring resonator (SRR) or its 

complementary counterpart (CSRR) [7], the open split ring 

resonators (OSRR) [8], among others, have been applied to 

electrically small antenna design [9,10], since their physical 

dimensions are much smaller than the wavelength at the 

working frequency. Specifically, this feature has been also 

employed to develop size optimized RFID tags [11]. 

Moreover, spirals have been also used to achieve dual band 

behavior in RFID tags [12] . 

In this work, the radiation properties of the 2-SR are 

analytically studied. It is known that the 2-SR behavior at 

the first (fundamental) resonance is similar to that of a small 

loop antenna [6]. However, the proposed analysis is focused 

on the radiation characteristics beyond the first resonance, 

where the antenna is expected to provide proper impedance 

matching with the ASIC. Within the explored frequency 

range, the 2-SR is still electrically small and, therefore, its 

radiation properties are mainly determined by its first-order 

(dipole) electric and magnetic moments. By taking 

advantage of the bi-anisotropy of the particle, a quasi-

isotropic radiation pattern is obtained by controlling both the 

electric and magnetic dipole moments. This can be useful to 

mitigate the blind spots in the reading patterns of UHF-

RFID tags, which are present in most of conventional tags as 

an undesired feature. Based on the results, a small quasi-

isotropic passive tag working at the European UHF-RFID 

band (865.6 - 867.6 MHz) [13] is developed.  

The paper is organized as follows. At Section 2 the 

analysis of the 2-SR antenna is presented. The validation of 

such analysis by means of electromagnetic simulation is 

carried out at section 3. The design of a passive UHF-RFID 

tag is proposed and developed at Section 4, and the 

experimental results, in terms of read range, are described in 

Section 5. Finally, conclusions are explained at Section 6. 

2. Analysis of the 2-SR radiation properties 

The topology of the 2-SR is depicted in Figure 1a. In order 

to analyze the structure, the resonator is divided into two 

rings, the internal A (with radius rA) and external B (with 

radius rB). The mean radius of the 2-SR is defined as 

r0 = (rA+rB)/2. The geometric parameters c, d and φ  
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Figure 1: (a) Topology and electric charge distribution of the 

2-SR at the operation frequency f0 and (b) decomposition of 

the electric charge distribution in the upper half of the 

external ring and in the lower half of the internal ring. The 

resulting electric dipole moments in the radial direction are 

also shown. 

 

represent the rings width, the distance between the rings and 

the angular position with respect to the x-axis, respectively. 

Let us now proceed to analyze the current inside the 2-

SR. At the fundamental resonant frequency f1 the particle is 

electrically small with a radius of about 1/40 wavelengths. 

Therefore, the current distribution is well approximated by a 

triangular function, where the maximum current amplitude i0 

occurs at the geometrical center of the 2-SR, and the current 

on each ring vanishes at the cuts. However, when the 

operation frequency f0 is higher than the 2-SR fundamental 

resonance f1, the current along the particle is assumed to be 

sinusoidal. Let us consider the case in which the total length 

of the particle is roughly half-wavelength at f0. Under this 

assumption, the current flows in the same direction on both 

rings and it exhibits a maximum at the 2-SR geometrical 

center (approximately at φ ≈ 2π for the external ring and 

φ ≈ 0 for the internal ring). Such a current distribution can 

be written as 

0 0
ˆ( , ) sin( / 4)cos( )A t i t  i φ ,     (1) 

0 0
ˆ( , ) cos( / 4)cos( )B t i t  i φ ,    (2) 

where φ  π, and ω0 is the working angular frequency. 

The magnetic dipole moment associated to the 2-SR external 

ring can be calculated as  
2

2

0

1
ˆ ( , )

2
A At r d



   A
m r i ,              (3) 

obtaining the following expression  
2

0 0
ˆ2 cos( )A Ar i tm z .            (4) 

In the same way, the magnetic dipole moment for the 

internal ring can be calculated as 
2

0 0
ˆ2 cos( )B Br i tm z .            (5) 

The total magnetic dipole moment is the sum of both 

moments, which can be related to the mean ring radius r0, 

approximately by 
2

0 0 0
ˆ4 cos( )r i tm z .           (6) 

The approximation considered in (6) assumes that the 

internal and external rings have similar radii, which is  

 

 
Figure 2: Residual electric charge distribution from the 

decomposition of Figure 1b that mainly provides electric 

dipole moments along the y-direction.  

 

typically satisfied. The radiated power associated to a 

magnetic dipole moment of amplitude m0 can be written as 

[14]  
4 2

0 0

rad
12

M Z k m
P


 ,       (7) 

where Z0 is the free-space impedance and k is the free-space 

wavenumber. It follows that the radiation resistance referred 

to the maximum current amplitude i0 is given by 
4 4

3 50 0

rad 0

0 0

128
5 10

3

M r r
R Z 

 

   
     

   
,        (8) 

where λ0 is the free-space wavelength at the operation 

frequency f0.  

In order to obtain the radiation resistance provided by 

the electric dipole moment associated to the 2-SR, the linear 

charge density for each ring is found by solving the electric 

charge continuity equation from (1) and (2), obtaining   

0 0

0

1
( , ) cos( / 4)sin( )

4
A

A

t i t
r

   


 ,         (9) 

0 0

0

1
( , ) sin( / 4)sin( )

4
B

B

t i t
r

   



 .       (10) 

According to (9) and (10), the charge density vanishes at the 

transition between rings, and exhibits a maximum at the 2-

SR edges (see Figure 1a). In order to simplify the calculation 

of the electric dipole moment, the charge density was 

decomposed into the sum of two charge densities in the 

upper half of the external ring, i.e. φ  π and in the 

lower half of the internal ring, i.e. φ  ππ according to 

Figure 1b. The first term is composed by the charges that 

form electric dipole moments in the radial direction between 

the internal and external rings (see Figure 1b). The rest of 

the charges mainly provide an electric dipole moment 

oriented along the y-direction between the upper half of the 

external ring and lower half of the internal ring (see 

Figure 2). There is also a slight contribution of the electric 

dipole moment along the x-direction (see Figure 2) which 

can be neglected provided that rA ≈ rB, a condition usually 

satisfied. 

Concerning the electric dipole moments in the radial 

direction, the contributions of the upper and lower halves of 

the 2-SR result in a cancellation in the y-direction. On the 

other hand, a constructive contribution in the x-direction 

arises, and can be calculated as 

a)                                            b) 
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Figure 3: Electric current density distribution of the 

simulated 2-SR without considering any substrate, nor 

ohmic losses. 
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By integrating (11), we obtain 

0 0

0

(2 2) ( )
sin( )

15
x

c d
p i t



 
  .    (12) 

The total electric dipole moment along the y-direction 

obtained from the charge distribution depicted in Figure 2, 

can be calculated as  

2

eff 0

0

( , )2 sin( )yp t r d



      ,  (13)  

where λeff = λA + λB is the effective linear charge density, and 

corresponds to the residual charges after considering the 

abovementioned set of radial electric dipole moments. 

Integration of (13) gives  

0
0 0

0

8
sin( )

15
y

r
p i t


 .          (14) 

A comparison between (12) and (14) reveals that the electric 

dipole moment is much higher along the y-direction than the 

x-direction, since r0 >> (c + d). Therefore, the total electric 

dipole moment can be approximated by 

ˆ
ypp y .              (15) 

Thus, it is possible to calculate the radiated power, 

neglecting the contribution along the x-direction, by using 

the Larmor equation [15], given by  
4 2

2 0 0
rad 0

12

E Z k p
P c


 ,      (16) 

where c0 is the speed of light in vacuum and p0 is the 

amplitude corresponding to the electric dipole moment (15). 

It follows that the radiation resistance referred to the 

maximum current amplitude i0 can be approximated by 
2 2

0 0
rad 0

0 0

128
224

675

E r r
R Z

 

   
    

   
.    (17) 

Since the electric and the magnetic dipole moments are 

in phase quadrature [as can be deduced by comparing (6) 

and (15)], they behave as orthogonal radiators. Therefore, 

the total radiation resistance Rrad of the particle can be 

evaluated as the sum of the radiation resistances related to 

the magnetic (8) and the electric (17) dipole moments. 

As mentioned before, the radiated fields of a 2-SR 

working at a frequency region, where the particle is 

electrically small, can be predicted from the generated first 

order moments. In such a region, they can be considered 

elemental radiators to a good approximation (as it has been 

done in the analysis above). It can be seen by comparing (6) 

and (15) that a 90º angle exists between the electric and 

magnetic dipole moments, which are oriented along the y-

axis and the z-axis, respectively. Moreover, as said before, a 

90º phase-shift between the two radiators exists. As a result, 

a bi-directional radiation pattern is expected to occur with a 

maximum directivity of 1.5 (1.76 dB) [16]. The directions 

where the fields radiated by the magnetic and electric 

moments are orthogonal corresponds to the φ = 90º plane, in 

which the radiation of the electric moment is purely cross-

polar. Since the electric dipole moment is oriented along the 

y-axis, its radiation is maximized at θ = {0º, 180º}. Hence, 

in these directions, the value of the cross-polarization level 

is maximized. Its value (normalized to the maximum copolar 

radiated power) can be found by assuming that the radiation 

pattern of both moments present the same shape (i.e. 

elemental radiators), so that it can be directly evaluated by 

dividing (17) by (8), obtaining  
2 2

rad 0 0
max 2

rad 0 0

3 1
XPOL

675 2220

E

M

R r r

R   

 

   
     

   
. (18) 

As it will be detailed in the next section, this relation is 

useful to evaluate the read range of the tag in the z-

direction, normalized to the tag maximum read range (x-

direction). In fact, instead of presenting a null read range 

along the z-axis, where the magnetic radiation vanishes, the 

tag is expected to show a residual read range produced by 

the electric radiation. 

3. Analysis validation 

To validate the radiation properties analyzed in Section II, a 

2-SR was designed and simulated by means of the 

commercial software CST Studio Suite. The electromagnetic 

simulation was performed without considering any substrate, 

nor ohmic losses. The structure was excited through a 

differential port connected across a cut (0.2 mm) opened in 

the 2-SR at the ring center, where a current maximum i0 is 

expected. The values for the geometric parameters of the 

particle are rA = 13.65 mm, rB = 14.35 mm, c = 0.2 mm, 

d = 0.5 mm and the cut width was set to 5 mm. The mean 

ring radius r0 = 14 mm (1/25 wavelengths) was chosen so 

that the 2-SR total length is approximately λ0/2 at the 

intermediate frequency of the European UHF-RFID band, 

f0 = 867 MHz. This feature and the fact that the widths of the 

rings are forced to be very small in terms of wavelength, 

allows considering the sinusoidal current distribution 

corresponding to (9) and (10) on the 2-SR as a good 

approximation.  

From the previous analysis, the radiation resistance 

associated to the magnetic dipole moment (8) and to the 

electric dipole moment (17) at the operation frequency f0 can 

be predicted, resulting in 1.34 Ω and 0.37 Ω, respectively.  
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Figure 4: Simulated normalized radiation pattern of the 2-

SR at f0 for the H-plane (φ = 0°) and E-plane (θ = 90°). 

 
Figure 5: Simulated copolar (associated to the magnetic 

dipole moment) and cross-polar (associated to the electric 

dipole moment) components of the 2-SR at f0 for the yz-

plane (φ = 90°).  

 

Thus, the total radiation resistance is expected to be 

Rrad = 1.71 Ω, and the theoretical maximum cross-polar 

component (18) gives XPOLmax = −5.6 dB.  

The results obtained by simulation show an input 

impedance Zin = 1.7 + j398 Ω at f0. Perfect agreement 

between the simulated and analytical radiation resistance is 

achieved. Moreover, the assumption of a sinusoidal electric 

current distribution along the particle results in a good 

approximation, as can be seen in Figure 3, where the 

simulated current density distribution at f0 is depicted. As 

expected, the maximum amplitude i0 occurs at the 

geometrical center of the particle, where the port was 

positioned. A simulation of the normalized radiation pattern 

for the E-plane (θ = 90º) and H-plane (φ = 0º) is shown in 

Figure 4. As expected, a bi-directional radiation pattern is 

obtained in the E-plane with a directivity D0 = 1.9 dB along 

the x-direction or, alternatively, φ = {0º, 180º}, which is 

similar to the theoretical value (1.76 dB). It can be 

appreciated in the H-plane that a residual radiation exists at 

θ = 0º (where the radiation of the magnetic dipole moment 

vanishes) due to the contribution of the electric dipole 

moment. Such a contribution can be quantified by analyzing 

the φ = 90º plane (Figure 5), where it can be seen that   

 

y

z

d

rB

rA

lA

lB

c
x

    

Figure 6: (a) Layout of the designed 2-SR antenna and (b) 

photograph of the fabricated tag prototype. The final 

dimension are rA = 15.4 mm, rB = 13 mm, lA = 4.3 mm, 

lB = 6.8 mm, c =1.6 mm, d = 0.8 mm. 

 

XPOLmax = −5.2 dB. Very good agreement with the 

analytical value (−5.6 dB) is achieved.  

4. Design of a 2-SR-based UHF-RFID tag 

Let us consider a typical UHF-RFID integrated circuit (the 

NXP SL3S1001FTT chip) for the design of a 2-SR-based tag. 

The input impedance of this integrated circuit at the 

operating frequency f0 provided by the manufacturer is 

Zc = 20.5–j500 Ω. This value suggests that the 2-SR antenna 

can be tailored to be directly matched to the chip, since it 

presents a small resistance with a high inductive reactance. 

The proposed tag was designed on a commercial low loss 

microwave substrate, the Rogers RO3010 substrate with 

dielectric constant r = 10.2, loss tangent tanδ = 0.0023 and 

thickness h = 0.254 mm. The final layout is shown in 

Figure 6a. The geometrical dimensions of the tag antenna 

are rA = 15.4 mm, rB = 13 mm, c =1.6 mm, d = 0.8 mm, 

lA = 4.3 mm, and lB = 6.8 mm. The width of the ring was 

increased with respect to the design presented in Section 3, 

in order to enhance the radiation efficiency of the 2-SR 

antenna. It also allows obtaining a higher value of the input 

resistance, in part, due to the proximity effect [17], which 

tends to separate the current densities between the internal 

and external rings, increasing the magnetic and electric 

radiation resistances.  

The simulated input impedance was found to be 

Zin = 5.7+j500 Ω at f0, which corresponds to a power 

reflection coefficient of |s| = –5 dB at the tag resonance 

frequency. The simulated radiation efficiency, directivity 

and gains along the x, y, z-directions were found to be 

ηrad = 75%, D0 = 1.85 dB, Gx = 0.6 dB, Gy = –0.8 dB and 

Gz = –3.6 dB, respectively. The simulated radiation patterns 

in the E-plane (θ = 90º) and H-plane (φ = 0º) are depicted in 

Figure 7, where a bi-directional radiation pattern can be 

appreciated. The simulated tag exhibits a normalized cross-

polar component of XPOLmax = –2.8 dB, as can be deduced 

from the φ = 90º plane (see Figure 8), where the radiation of 

the electric moment is purely cross-polar. This provides an 

advantage in the tag read range, which can be inferred as 

[18] 

 

a)                                                 b) 
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Figure 7: Simulated normalized radiation pattern of the 

designed 2-SR antenna, depicted in Figure 6a, at f0 for the 

H-plane (φ = 0°) and E-plane (θ = 90°). 

 
Figure 8: Simulated copolar (associated to the magnetic 

dipole moment) and cross-polar (associated to the electric 

dipole moment) components of the designed 2-SR antenna, 

depicted in Figure 6a, at f0 for the yz-plane (φ = 90°). 
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being Pchip the minimum threshold power necessary to 

activate the RFID chip (the typical value for the NXP 

SL3S1001FTT chip is 14 dBm), Gr the gain of the tag 

antenna, τ the power transmission coefficient and EIRP the 

equivalent isotropically radiated power, determined by local 

country regulations (e.g. 3.3W in Europe and 4W in USA). 

The main advantage of the proposed tag is that, unlike 

conventional tags, it exhibits a quasi-isotropic radiation 

pattern, which provides a mitigation of the blind spots in the 

tag read range. As said before, the value of XPOLmax 

directly relates the read range in the minimum direction (z-

axis) to the read range in the maximum direction (x-axis). 

Based on (19), it can be found that 

max

max

XPOL
.

1 XPOL

z

x

RR

RR



     (20) 

The theoretical RR for different directions (Figure 9), 

obtained on the basis of the simulated antenna gains and the  

 

 
Figure 9: Simulated and measured read range for different 2-

SR tag orientations. The European frequency range (865.6 -

 867.6 MHz) is depicted in grey. 
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Figure 10: Sketch of the RFID tags measurement setup. 

 

power reflection coefficient, confirms the absence of blind 

spots. Moreover, it is in good agreement with the behavior 

predicted by (20), which estimates the theoretical ratio 

between minimum and maximum read ranges of 0.6 (taking 

into account that the simulated value of XPOLmax is 

−2.8 dB).  

5. Experimental results 

Finally, the layout of the 2-SR antenna described in the 

previous section was fabricated by means of a LPKF-H100 

drilling machine. The final dimensions are 35 x 40 mm 

(λ0/10 x λ0/9). The ASIC was soldered to the 2-SR antenna 

as it is shown in the prototype photography (see Figure 6b).  

The RFID setup depicted in Figure 10 consists of an 

Agilent N5182A vector signal generator, which generates the 

RFID interrogation frames, connected to an RFPA 

RF101000-10 solid state RF amplifier by means of a 50 Ω 

coaxial cable. Such amplifier is connected to the TEM cell 

(Wavecontrol WaveCell) through a circulator. The prototype 

under test, in this case the 2-SR-based RFID tag, is located 

inside the TEM cell with the suitable orientation. When the 

tag is properly excited by the RFID frame, it sends a 

backscattered signal to the Agilent N9020A signal analyzer, 

which is in charge of decoding the RFID frames, through the 

circulator. To measure the read range, a sweep frequency by 

means of the vector signal generator is carried out and, at  
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each frequency, the minimum power transmitted from the 

generator, Pmin, required to communicate with the tag is 

recorded. An electric probe (Wavecontrol EFCube) is placed 

into the TEM cell to determine the root mean square of the 

incident electric field Erms, corresponding to the minimum 

power Pmin at each frequency. To obtain the measured read 

range, the average power density S associated to a plane 

wave, determined from the value of the electric field Erms, is 

used according to 
2

rms

0

E
S

Z
 .              (21) 

Moreover, the average power density can be also related to a 

transmitting antenna (e.g. reader antenna) according to 

2 24 4

t tPG EIRP
S

r r 
  ,       (22) 

where r is the distance from the antenna, Pt and Gt are the 

total  transmission power and the transmission antenna gain, 

respectively. Then, by equating (21) and (22), the measured 

read range can be obtained as 

rms

30EIRP
RR

E
 .      (23) 

The experimental read range was measured for different 

tag orientations and compared to the theoretical read range, 

as it can be seen in Figure 9. The measured maximum read 

range RRx = 5.7 m is obtained along the x-direction, whereas 

the read ranges measured for a standalone magnetic and 

electric dipole moment contribution are RRy = 4.9 m and 

RRz = 3.4 m, respectively. Good agreement between 

simulated and measured results is achieved. However, a 

10 MHz frequency shift can be observed between 

measurement and simulation. This is attributed to a slight 

shift in the power reflection coefficient towards high 

frequencies, which can be due to fabrication tolerances and 

variations on the ASIC impedance.  

6. Conclusion 

In this paper, the radiation properties of the 2-SR has been 

analyzed in terms of radiation resistance, maximum cross-

polar component and radiation pattern. The study concludes 

that the 2-SR has associated an electric and magnetic dipole 

moments, which involves a bi-directional radiation pattern. 

Consequently, the blind spots, which are present when using 

elemental radiators, have been mitigated. By taking 

advantage of this feature, a passive UHF-RFID tag based on 

quasi-isotropic 2-SR antenna with a high radiation efficiency 

has been designed and fabricated. The experimental read 

range, measured along different directions, reveals the 

absence of blind spots with maximum and minimum values 

of 6.7 m and 3.5 m, respectively. Good agreement between 

simulation and experimental results are achieved. The 

results reveal that the 2-SR RFID tag is competitive 

considering its electrically small size and its radiation 

characteristics. 
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Abstract 

We analyze and discuss an extremely compact metamaterial 

absorber by introducing meandered lines into the electric 

resonant cells and covering another dielectric layer on it. 

The size reduction procedures are presented step by step 

and such extremely compact metamaterial absorber with in-

plane (lateral) dimension of λ/28 and vertical thickness of 

λ/37 is obtained. The proposed extremely compact 

metamaterial absorber shows near-unity absorption under a 

wide range of incident angles for both TE and TM 

radiations.  

1. Introduction 

In recent years, planar metamaterials or metasurfaces [1-3], 

have received exciting research interests due to their ultra-

thin vertical sizes, flexible controllability of the polarization 

direction and magnitude/phase for both transmitted and 

reflected waves, and have found applications on the 

metamaterial absorbers (MAs) [4,5]. Almost all the recently 

reported MAs [6-10] exhibit very thin vertical sizes and the 

basic units of MAs also have very compact sizes compared 

to the operating wavelengths. However, for some specific 

applications (for examples, integrating into compact 

antennas/array or microwave integrated circuits for the 

purpose of reducing the coupling between adjacent 

elements), one needs extremely compact embedding media 

so that they can be considered as fully homogenization 

media and will not induce side effects in the whole system. 

Two works are reported to achieve extremely compact MAs 

by using a substrate of high dielectric constant [11] and a 

two-layer design [12]. Here we propose a very simple and 

easy-to-fabrication procedure to achieve extremely compact 

sized MA with low dielectric constant substrate.  

2. Size reducing designs 

Specifically, based on a side-by-side split ring resonator, by 

introducing bending meander lines within the rings, 

reducing the period space while keeping the resonators size, 

adding a cover layer, and finally detuning the thicknesses of 

the substrate to achieve near-unity absorptions. All of the 

above mentioned procedures are able to reduce the electric 

size of the MA unit cell, and therefore an ultra-compact MA 

can be realized. 

2.1. Choose side-by-side split ring resonator 

We start by briefly reviewing the absorption properties of 

two kinds of MA configurations in the microwave 

frequency region as concluded in Fig. 1. Such two MA 

configurations were discussed previously [4, 13] and the 

corresponding metamaterial units, the electric-LC (ELC)  

resonators, were also analyzed comparatively [14], which 

shows that the side-by-side split ring resonator [Fig. 1(c)] 

has lower operating frequency compared to the classic one 

[Fig. 1(a)] of the same size.  
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Figure 1: Two kinds of MA based on different ELC 

inclusions. (a) and (c) The two MA unit cells, (b) and (d) 

the reflectance and absorbance properties. The surface 

current distributions on the ELC for the two MA 

configurations at peak absorbing frequencies are inserted 

in (b) and (d). 
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   Therefore, the side-by-side split ring resonator based MA 

has a lower absorbing frequency as shown in Figs. 1 (b) and 

(d). In other words, the side-by-side inclusion has smaller 

unit size when operating at a given frequency. Here, a 

conventional low dielectric constant substrate (FR4 with 

permittivity εr = 4.4 and loss tangent tanδ = 0.02) with 

thickness of t is used for the whole discussions in this paper. 

The thickness of the metallic (copper with conductivity of 

5.8 × 107 S/m) resonator and ground plane is 0.017 mm. 

The dimensional parameters of the unit cell are chose to be 

a = 3.4 mm, d = 4 mm, g = w = 0.1 mm, and t = 0.8 mm, for 

both MA configurations. The reflectance and absorbance 

spectra of both MAs are shown in Fig. 1. At the same time, 

the surface current distributions on the metallic resonators 

for the two MA configurations are inserted in Figs. 1(b) and 

(d). It indicates that stronger electric fields are located in the 

outside region for the side-by-side resonator, so the mutual 

coupling between adjacent resonators becomes stronger and 

therefore the absorbing frequency decreases. This is more 

significant when the periodicity of the MA is small, which 

will be discussed later. Therefore, in this paper, we choose 

the side-by-side split ring resonator as the basic MA unit, 

and all the following discussions are based on this kind of 

resonator. 
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Figure 2: The absorbing abilities of conventional MA unit 

cells with different turns of meander lines. 

2.2. Add the meander lines within the ring resonator 

We then add meander lines within the resonators while keep 

the outer ring size fixed to decrease the operating frequency 

of the MA (equivalent to reduce the electric size for a given 

frequency). The meander lines technique has been widely 

used in the engineer area for reducing the electric size of 

antennas or microwave circuit components, as well as 

reducing the electric size of metamaterial units [15, 16]. 

Here we gradually add the meander lines to see the 

decreases of the absorbing frequency. As shown in Fig. 2, 

there are maximum seven obtainable meander lines for our 

chosen resonator with the line width of 0.1 mm and the 

space of 0.1 mm between two lines. Therefore, we modeled 

all the conditions with different orders of meander lines, 

and show the results in Fig. 2. It is seen that, as the increase 

of meander line orders, the absorbing frequency red-shifts 

gradually, and the absorption strength is also reduced. This 

is because with additional meander line orders, the 

equivalent electric length and therefore the self-inductor of 

the resonator increase. Therefore, the resonance frequency 

decreases rapidly. At the same time, the equivalent 

impedance [17] of the MA also changes to inductive 

domain and the MA becomes impedance mismatch to the 

background space. It should be noted that before we get the 

final MA size we do not focus on the impedance match 

because it is easy to be realized by changing the substrate 

thickness which will be performed later. 
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Figure 3: (a) The absorbance properties of meandered MAs 

with different period spaces, and (b) the absorbance 

properties of meandered MAs with smallest period space 

and added dielectric cover with different thicknesses. 

2.3. Reduce the period space 

We then gradually reduce the periodicity of the MA from 4 

mm to 3.5 mm by a step of 0.1 mm. Fig. 3(a) shows that the 

absorbing frequency further shifts to lower frequency 

gradually as the periodicity reduces. This is because when 

reducing the period space, the mutual couplings between 
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adjacent resonators would be enlarged and as a result both 

the mutual capacitance and inductance increase. And we 

know that the increase of mutual capacitance acts as the 

main contribution due to the outside splits of our chose 

resonators.  

2.4. Add a cover layer 

Next, we try to add a cover layer (also the FR4 dielectric 

layer) on the MA in front of the metallic resonator with 

different thicknesses to continuously reduce the absorbing 

frequency. In our previous researches [10], it shows that the 

added cover layer would contribute to decrease the 

operating frequency. As shown in Fig. 3(b), it clearly 

indicates a moderate reduction of the absorbing frequency. 

This is because the added cover makes a higher background 

dielectric permittivity around the metallic resonator. 

However, it cannot unlimited decrease the absorbing 

frequency by increasing the thickness of the cover layer. As 

can be seen, when the thickness of cover layer increases to 

0.5 mm, the absorbing frequency shift is quite small 

compared with the initial conditions of 0.1 mm or 0.2 mm. 
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Figure 4: The final ultra-compact MA with different 

substrate thickness to achieve near-unity absorbance. 

2.5. Match the impedance 

Now the target absorbing frequency has been reached to 3.2 

GHz, a relatively low operating frequency compared with 

the classic configuration which operated near 9.6 GHz [see 

Fig. 1(b)]. Finally, we detune the substrate thickness to 

refine the perfect impedance match and so the near-unity 

absorption. As shown in Fig. 4, when gradually increasing 

the substrate thickness from the original 0.8 mm to 2.5 mm, 

the peak absorbing strength first increases to near-unity at 

condition of t = 2.1 mm and then drops down when further 

increasing the thickness. Meanwhile, when increasing the 

substrate thickness, a slight red-shift of the resonant 

frequency is obtained. Finally, we get the optimized design 

for our ultra-compact MA with dimensional parameter of a 

= 3.4 mm, d = 3.5 mm, g = w = 0.1 mm, t’ = 0.5 mm, t = 2.1 

mm, and N = 7. The final near-unity absorbing peak 

(99.92%) is located at 3.1 GHz. Therefore, the unit cell size 

is only 1/28 of the operating free space wavelength.  

   Table 1 concludes the dimensional parameters and 

absorption characteristics for the recent reported ultra-

compact MA designs [11, 12] and our design. It shows that 

our design has comparable electric unit cell size compared 

to the previous works. By avoiding using an unusual and 

hard-to-find high dielectric constant substrate (εr = 100) as 

used in [11], our ultra-compact MA can be easily fabricated 

by conventional PCB) process. Moreover, our design can 

operate at higher frequency region compared to the previous 

design [12] while keep a same compact electric size level. 

Table 1: This is an example of a table. 

Designs εr Physical 

size 

[mm] 

Absorbing 

frequency 

[GHz] 

Electric 

Period 

[11] 100 7.2 1.264 1/33 

[12] 4.4 3.1 0.282 1/39 

Ours 4.4 3.5 3.10 1/28 
 

2.6. Absorption under different incident angles 

Here we discuss the absorbing abilities of our optimized 

MA at wide incidence angles for both TE and TM 

radiations. As shown in Fig. 5, our ultra-compact MA can 

absorb incident electromagnetic waves at a wide range of 

incident angles. Especially, for the TE radiation, the peak 

absorbance of 99.92% is obtained at normal incidence and 

remains greater than 93.95% when the incident angle reach 

to even 80◦. For the case of TM radiation, the absorption 

also remains greater than 93.72% for all angles of incidence 

ranging from 0◦ to 80◦. The very high absorption strength 

for all incidence angles and the near-same absorption 

properties for the TE and TM radiations indicate that the 

proposed MA has very good absorption ability, due to the 

ultra-compact configurations. 

3. Conclusions 

In this paper, we have proposed a step-by-step optimizing 

procedure for designing ultra-compact MAs. We 

numerically show a MA with a super compact electric unit 

cell size nearly 1/28 of the operating wavelength, even 
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though a conventional low dielectric constant substrate and 

a quite small physical period space were used in this design. 

Our method shows a very simple and easy-to-fabrication 

realization of ultra-compact MAs. Such ultra-compact MAs 

can be flexibly integrated into the compact antenna/array 

and microwave integrated circuits to decouple the 

interactions between adjacent elements. 
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Figure 5: The final optimized super compact MA under 

different incidence angles for (a) TE and (b) TM 

polarizations. 
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Closely spaced plasmonic nanoparticles exhibit highly tunable hybridized resonances based on nanoparticle 

geometry, spacing, and arrangement. Such resonances have allowed for applications ranging from nanoantennas 

and metamaterials to novel surface-enhanced spectroscopy substrates.   While most studies have focused on 

classical resonances, recently it has become possible to probe plasmonic resonances in the quantum regime.  

Here, we explore the quantum-influenced modes of one of the most basic plasmonic meta-molecules - a trimer - 

using scanning transmission electron microscope (STEM) and electron energy-loss spectroscopy (EELS). This 

technique enables spatially-selective excitation of the trimer, allowing observation of dark and higher-order 

plasmonic modes not readily detectable with optical microscopy.  Additionally, the electron beam can interact 

with the nanoparticles to modify the interparticle distance and induce particle convergence.  

 

Silver nanoparticles 25 nm in diameter were colloidally synthesized and self-assembled into trimers with ~1 

nm interparticle gaps.  STEM-EELS data was then collected as particles approached and converged due to the 

electron beam influence. We monitored the electric dipolar mode, the magnetic mode, and dark modes by 

positioning the electron beam at the vertex, edge, and center of the trimer, respectively. For separations greater 

than ~0.5nm, modal evolution with distances agrees with classical calculations using the boundary element 

method. However, trimers with smaller separations support electric dipolar and magnetic modes that exhibit 

relative blue-shifts and intensity quenching that are not predictable with classical simulations. To account for this 

behavior, we developed a Quantum Corrected Model that incorporates tunneling between the particle junctions. 

Our combined experimental and theoretical work provides, to our knowledge, the first complete evolution of 

magnetic and dark modes in the classical and quantum tunneling regime, and may enable new quantum 

plasmonic metamolecules and metamaterials. 
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Abstract-We show that hybrid nano materials composed of several different types of nanoparticles 

show exciting new linear and nonlinear optical effects.  Furthermore, we will address the role of 

chiral inclusions in these layers on the optical properties. 

 

While individual nanoparticles (NPs) can show interesting optical effects, it is often desired to organize these 

nanoparticles in layers to create nanostructures materials. This is usually done by Layer-by-Layer (LbL) 

self-assembly deposition methods that offer an attractive way to produce such structures in a very controlable 

way. Most of these LbL methods involve the use of polymers or polyelectrolytes as spacer and stabilizing unit 

between consecutive NP layers. Disadvantages of such methods are that they typically have limited NP 

filling/volume fractions. (1)  

Recently, we developed a versatile LbL fabrication method on glass substrates using short bifunctional 

molecular linkers that results in homogeneous samples with very high NP filling fractions and controlled distances 

between adjacent particles. This synthesis method uses short bifunctional molecular linkers connecting the NPs 

and allows producing nanocomposites with a defined number of NP layers of specific materials on glass 

substrates. (2)  

One concrete type of samples that we prepared are composed of alternating layers of silver NPs, Fe3O4 NPs 

and gold NPs. The resulting structures show a variety of optical resonances in the visible and near-infrared region 

of the spectrum and exhibit peculiar linear and nonlinear optical properties. For example, nanolayered structures 

deposited on one side of the glass substrate show nonreciprocal asymmetric transmission effects on the order of 

0.1%.  Furthermore, the effect is additive, in the sense that asymmetric transmission increases linearly with the 

number of samples put into a consecutive assembly. The origin of the asymmetric transmission effects is twofold : 

1) the presence of a strong asymmetry perpendicular to the sample created by using different types of NPs, and 2) 

the presence of strong quadrupolar interactions between the different particles. The corresponding dielectric 

tensor can be shown to be different for the forward and backward propagation direction leading to a truly 

nonreciprocal effect. We will present a relatively simple theory based on electric-quadrupole effects, that explains 

all experimentally observed effects. 

The same type of sample was used to examine second-harmonic generation (SHG) and third-harmonic 

generation (THG). While not a classical nonlinear optical material, both second-harmonic and third-harmonic 

efficiencies of the samples are extremely strong. Especially the third-order response is extremely high, amounting 

to susceptibility values of over 10
-10

 esu. Furthermore, spectrally resolved nonlinear optical measurements under 

variable NIR excitation wavelength show that at particular excitation wavelengths, bot SHG and THG become 

simultaneously resonantly enhanced. We show that SHG is enanced due the the presence of strongly coupled 

plsamon fields, while THG is enhaced due to strong IVCT transitions in the iron oxide NPs. 



Finally, the NP multilayeres were doped with chiral molecules and circular-difference (CD) effects in the 

optical response were investigated. Strong CD effects were observed, depending on the particular experimental 

configuration. 
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Abstract-Based on the concept of spin rotation coupling, we propose and realize a novel nonlinear 

metasurface with homogeneous linear optical properties but continuously controllable phase of the 

local effective nonlinear polarizability. The continuous phase engineering of the effective nonlinear 

polarizability enables complete control of the propagation of harmonic generation signals, and 

therefore, it seamlessly combines the generation and manipulation of the harmonic waves for highly 

compact nonlinear nanophotonic devices. 

 

The local phase of the nonlinear polarizability determines how the generated nonlinear light in the material 
will interfere during its generation and propagation process. In general one is interested in a constructive 
conversion of the fundamental to the nonlinear light while a wave is propagating through the material. 
However, the chromatic dispersion prevents from an efficient conversion due to the different propagation 
velocity of light for the different wavelengths. If the phase of the induced nonlinear material polarization 
can be controlled locally without modifying the linear properties such a mismatch can be avoided and the 
nonlinear process would be more efficient. Up to date there has been no demonstration of a material 
that allows continuous and arbitrary phase control for the local nonlinear polarizability. Such a nonlinear 
material would enable exact phase matching conditions for nonlinear optical processes, in contrast to the 
widely utilized quasi-phase matching scheme in which only the sign of the nonlinear polarizability can 
be manipulated. It may remove additional undesired nonlinear processes which are introduced by the higher 
Fourier components of the nonlinear susceptibility in a periodically poled system. Metamaterials on the other 
hand provide a high degree of freedom for tailoring the local optical properties on a subwavelength scale. 
Nevertheless, they were mostly used for tailoring the linear optical properties. 

Here, based on the concept of spin rotation coupling, we propose and realize a novel nonlinear metasurface 
with homogeneous linear optical properties but continuously controllable phase of the local effective nonlinear 
polarizability. The phase control over the nonlinear polarizability of the metamaterial is inspired by the concept 
of spin rotation coupling of light which has been utilized to control the wavefront of light in the linear 
regime [1]. This novel concept has been applied to the design of various types of functional metasurfaces 



[2, 3]. These types of metasurfaces, which consist of plasmonic structures with subwavelength feature 
size (sometimes called “artificial atoms”), can be engineered to show rotation controlled local geometric 
phase shifts [4-7].This concept has been employed for flat lens imaging, generation of vortex beams, 
three-dimensional holography, and optical spin-orbital interaction, etc. Here we apply the concept of the 
spin rotation coupling of light to the nonlinear regime leading to a nonlinear material polarization with arbitrarily 
controllable phase profile. By designing nanostructures with appropriate rotation symmetry, the linear properties 
of the metasurface are homogeneous, while only the phase of the nonlinear polarizability can be continuously 
engineered at each local point. For demonstration we show that this concept can be implemented by 
metasurfaces containing plasmonic antennas, and it can work for arbitrary orders of harmonic generation. 
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Abstract- The optical chirality density is a valuable tool in locally characterizing chiral 
electromagnetic near-fields. However, how this quantity could translate into the far-field is not well 
understood. Here, we formulate a far-field interpretation of optical chirality by investigating its 
conservation law in isotropic media in analogy to Poynting’s Theorem. We define the “global 
chirality” and find that lossy materials, in particular plasmonic nanostructures, can act as chirality 
generators. This opens the door to sensing applications at the single molecule level. 

 
A chiral structure is not super-imposable with its mirror image. Most commonly found in organic molecules, 

chirality can also occur in other systems, such as electromagnetic fields, where circularly polarized light is the 
most widespread example. Chiral electromagnetic fields can be a useful tool for biosensing applications. In 
particular, it has been shown that chiral plasmonic nanostructures have the ability to produce strongly enhanced 
chiral near-fields1. Recently, our group has developed chiral plasmonic nanopyramids2, which have the ability to 
focus chiral near-fields at their tip. This could enable chiral sensing at the single-molecule level. 

Chiral near-fields can be characterized in terms of the “optical chirality density”. This time-even and 
parity-odd pseudoscalar was first derived by Lipkin3 and was found to follow a conservation law analogous to 
the energy conservation of electromagnetic fields. More recently, Tang and Cohen4 identified the physical 
meaning of the “optical chirality density” as the degree of asymmetry in the excitation rate of a chiral molecule. 
However, how this near-field interpretation of the optical chirality could translate into the far-field is not well 
understood. 

Here5, we formulate a far-field interpretation of the optical chirality by investigating the conservation law for 
optical chirality in isotropic media and performing time-averaging in analogy to Poynting’s Theorem. In parallel 
to extinction energy, which corresponds to the sum of absorbed and scattered energy, we define the “global 
chirality”, shown in equation (1), as the sum of chirality dissipation within the matter and the chirality flux 
leaving the system: 

 

                     GC = 2ω Im χe − χm( )∫ d 3x + Re ∇⋅Σout( )∫ d 3x                           (1) 

 
where χe and χm represent the time-averaged electric and magnetic chirality densities and Σout corresponds to 

the time-averaged chirality flux density leaving the frame of reference.  
Interestingly, we find that lossy materials with a complex dielectric function have the ability to generate 



global chirality when excited by achiral light. In particular, chiral plasmonic nanostructures are found to act as 
effective global chirality generators. This principle is shown schematically in figure 1. where a chiral structure 
made of a lossy, isotropic material is excited with a linearly polarized plane wave. Although the chirality flux 
entering the system is zero, the relation described in equation (1) illustrates that chirality is generated in the 
far-field by the chiral structure. 

With finite-element simulations, we place a dipole source at locations of enhanced local chirality and 
investigate the global chirality and ellipticity of the emitted field. We find that the global chirality can be used as 
a tool to predict dipole locations at which a high degree of ellipticity is generated in emission. Thus, this global 
interpretation of the optical chirality provides a useful tool for biosensing applications with chiral plasmonic 
nanostructures, where detection is routinely performed in the far-field. 
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Abstract— The nonlinear properties of optical metasurfaces can be dramatically enhanced in
the vicinity of their magnetic resonances. Here we present our recent studies on enhancement
of the nonlinear frequency conversion of plasmonic and all-dielectric metasurfaces with magnetic
resonant properties. We characterize the nonlinearity enhancement and the origin of the nonlinear
frequency conversion.

Introduction

The nonlinear optical properties of nanostructures are known to differ substantially from those
of bulk media because they are affected by strong confinement and local resonances. It is well
established that the strong field enhancement through formation of ‘hot spots’ can dramatically
boost nonlinear effects in metallic nanoparticles [1]. Importantly, in the case of metasurfaces, the
nanopatterning can lead not only to more efficient nonlinear interaction, but also to completely new
nonlinear regimes due to the magnetic optical response of meta-atoms. For example, the magnetic
nonlinearities can provide strong nonlinear enhancement [2] or directional emission of harmonics [3].
As such the harvesting of the magnetic nonlinearities in metamaterials and metasurfaces can open
the way for highly efficient nonlinear devices, including frequency converters and optical switches.

Here we present our recent studies on nonlinear response of optical metasurfaces with nonlinear
magnetic response. In particular, we show how the second harmonic generation (SHG) in metal-
dielectric-metal nano-disks is enhanced by the presence of magnetic dipolar resonances at the
fundamental and second harmonic frequencies. We also show that due to the low loses and purity
of the magnetic response in high-index dielectric silicon metasurfaces, we can enhance the third
harmonic generation (THG) from an ultra-thin silicon layer by two orders of magnitude. Our
results represent the first steps towards the rigorous engineering of the nonlinear response of optical
metasurfaces and the development of highly efficient ultra-thin nonlinear devices.

Nonlinear plasmonic metasurfaces

For our experiments with plasmonic metasurfaces, we employ a regular array of metal-dielectric-
metal disks (meta-atoms) as shown in Fig. 1(a). We use two metal disks separated by a dielectric
layer to obtain two distinct resonant modes of the meta-atom at wavelengths of ∼ 680 nm and
∼ 800 nm. The two resonances are associated with co- and counter-propagating electric currents

Figure 1: (a) SEM image of a fabricated nonlinear plasmonic metasurface. Inset shows a side view of a
single three-layer meta-atom made of Au/MgF2/Au layers. (b) Geometry of the SHG experiment for TM-
and TE-polarized pump waves. (c) Schematic of THG from silicon nanodisks on a glass substrate. (d) A
photograph of the experiment, showing how the enhanced THG is visible with a bare eye.



excited in the parallel metal disks and are referred as an electric and magnetic resonance, respec-
tively.

We study the second-order optical response of the metasurface for both TM and TE polarizations
of the pump beam and different angles of incidence ϕ, as shown schematically in Figs. 1(b). The
sample is illuminated from the top side (fundamental beam spot size of ∼ 50µm) and the TM
polarized second harmonic signal is collected from the substrate side. We have experimentally
observed that the intensity of the second-harmonic signal exhibits strong enhancement near the
magnetic resonance of the nanoparticles, which agrees well with numerical calculations. We have
shown that this strong enhancement of the second-harmonic intensity is a result of the interference
of the higher-order multipoles, magnetic dipole and electric quadrupole modes induced by the pump
wave at oblique incidence.

Nonlinear dielectric metasurfaces

Recently, high-permittivity nanoparticles have emerged as a promising alternative to metallic
nanoparticles for a wide range of nanophotonic applications that utilize optically-induced localized
magnetic resonant modes. Such nanoparticles offer unique opportunities for the study of nonlinear
effects due to very low losses in combination with multipolar characteristics of both electric and
magnetic resonant optical modes. More importantly, the nonlinear optical effects of magnetic origin
can have fundamentally different properties compared with those of electric origin.

To test these ideas we have experimental characterized the nonlinear optical response of reso-
nant silicon nanodisks on a glass substrate through THG microscopy and spectroscopy techniques
[Figs. 1(c)]. We have observed enhanced third-order optical nonlinearities of the silicon nanodisks
at the vicinity of the magnetic dipole resonances pumped by femtosecond laser pulses [Figs. 1(d)].
The efficiency of the IR-to-visible conversion was found to be enhanced by two orders of magnitude
with respect to the unstructured bulk silicon slab. The conversion efficiency was found to be limited
only by two-photon absorption in the substrate [4].

Conclusions

In conclusion, we have shown that strong enhancement of harmonic generation from ultra-thin
metasurfaces can be achieved by incorporating the artificial magnetic response in optical metasur-
faces. We believe that our results pave the way to establishing novel efficient platforms of nanoscale
resonant nonlinear optical surfaces driven by optically-induced magnetic response of high-index and
composite nanoparticles.
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Abstract-We probe metasurfaces of L- and T-shaped gold nanoparticles by second-harmonic 

generation. The nonlinear radiation from such samples can be boosted through several mechanisms. 

Furthermore, for certain geometries, the detuning of the incident field polarization from the 

resonant direction can enhance the overall second-harmonic response. 

 

Localized surface plasmon resonances are responsible for the optical properties of metasurfaces and the 

strong electromagnetic fields (hot spots) near the particles. The hot spots can boost the nonlinear optical effects, 

such as second-harmonic generation (SHG). However, in order for the second-order effects to occur, the 

noncentrosymmetry requirement needs to be fulfilled. In addition, the size and shape of the particles dictate the 

properties of the resonances. We will show that, contrary to interpretations about the importance of the 

resonances at the fundamental frequency [1], sometimes the resonance conditions need to be compromised in 

order to have a strong second-order nonlinear signal [2]. 

Our metasurfaces consist of arrays of L- and T-shaped gold nanoparticles fabricated by standard 

electron-beam lithography and lift-off techniques. The dimensions of the particles (Fig. 1 insets) were designed 

to tune particular resonances close to the excitation wavelength. Both particle shapes (L and T) are strongly 

dichroic with eigenpolarizations along (y) and orthogonal (x) to symmetry axis (Fig. 1).   

 

Figure 1. Measured (solid) and calculated (dotted) polarized extinction spectra of a) sample L, b) sample T and c) sample 

T2. The dimensions and coordinate systems are shown as insets. 

 

The second-order nonlinearity of our metasurfaces was probed by SHG. For this experiment, a Nd:glass 

laser (200 fs, 1060 nm, 150 mW, 82 MHz) was used as the source of excitation. The samples belong to the same 

C1v symmetry group and have three independent nonvanishing in-plane components yyy, yxx and xxy=xyx of the 

nonlinear response tensor. 

 The linear and nonlinear experimental results were replicated with excellent agreement (Fig. 1) using 



boundary element method. The generated SHG near fields (calculated for periodic structure on a plane 15 nm 

from the particle, Fig. 2b-d) allow us to study the overall second-order nonlinearity. 

 

Figure 2. a) Scanning electron microscopy images of samples, b)-d) SHG signals (measured, color bars) normalized to yyy 

component of sample L and corresponding components of the near fields (calculated, square panels) at second-harmonic 

wavelength. Numbers in right-upper corners show calculated maximum field amplitudes normalized to yyy component of 

sample L. 

 

The SHG response (color bars in Fig. 2) obeys the expected symmetry rules for all samples and the expected 

resonance rules are obeyed for the case of sample L when the incident field is x- or y-polarized (first row, Fig. 

2b,c). They are compromised, however, in the case of sample L with mixed input polarizations (first row, Fig. 

2d), sample T (middle row, Fig. 2) and sample T2 (last row, Fig. 2). In the case of samples T and T2, the 

x-polarized incident field leads to weak SHG (yxx, Fig. 2c). This is due to the geometry of the T-shaped 

nanoparticles. The y-polarized near fields have approximately equal in-phase and out-of-phase parts (samples T 

and T2, Fig. 2c), which leads to the suppression of overall SHG from component yxx. Therefore, the SHG in this 

case has no gain from the resonance at the fundamental frequency. In order to overcome the cancellation of SHG, 

polarization containing both x- and y incident field components can be used. As a result, the allowed x-polarized 

component of SHG is very strong, even if only one input polarization component is resonant. 

We have shown that the nonlinear optical responses from metal nanoparticles of different geometries don’t 

necessarily benefit from the plasmonic resonance conditions. Instead, the enhancement of the far field from the 

optical nonlinearity is overtaken by the geometry of the nanoparticles which determines the local-field 

distribution. Such results suggest that there is still room for new approaches to optimize the nonlinear properties 

of metasurfaces.   
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Abstract- Experimental studies and numerical modeling of nonlinear optical processes in 

plasmonic metamaterials based on assemblies of metallic nanorods will be presented. Second- and 

third-order nonlinear optical response originating from a plasmonic component of the metamaterial 

will be discussed. Nanorod-based plasmonic metamaterials can be used for engineering strongly 

enhanced nonlinear optical properties with the required spectral and temporal response.  
 

Metals exhibit strong and fast nonlinearities making metallic, plasmonic, structures very promising for 

ultrafast all-optical applications at low light intensities [1]. Combining metallic nanostructures in metamaterials 

provides additional functionalities via prospect of precise engineering of spectral response and dispersion. From 

this point of view, hyperbolic metamaterials, in particular those based on plasmonic nanorod arrays, provide 

wealth of exciting possibilities in nonlinear optics offering designed linear and nonlinear properties, polarization 

control, spontaneous emission control and many others [1-3].  Experiments and modeling have already 

demonstrated very strong Kerr-nonlinear response and its ultrafast recovery due to the nonlocal nature of the 

plasmonic mode of the metamaterial [3,4], so that small changes in the permittivity of the metallic component 

under the excitation modify the nonlocal response that in turn leads to strong changes of the metamaterial 

transmission.  

In this talk, we will discuss experimental studies and numerical modeling of second- and third-order 

nonlinear optical processes in hyperbolic metamaterials based on metallic nanorods and other plasmonic systems 

where coupling between the resonances plays important role in defining nonlinear response [5-10]. 

Second-harmonic generation and ultrafast Kerr-type nonlinearity originating from metallic component of the 

metamaterial will be considered, including nonlinear magneto-optical effects. Nonlinear optical response of 

stand-alone as well as integrated metamaterial components will be presented. Some of the examples to be 

discussed include nonlinear polarization control, nonlinear metamaterial integrated in silicon photonic circuitry 

and second-harmonic generation, including magneto-optical effects.  

Specifically designed plasmonic nanostructures and metamaterials provide a new class of optical media for 

ultrafast strongly-nonlinear processes, with numerous applications in optical communications, extraordinarily 

sensitive optical spectroscopies and sub-wavelength imaging technologies with engineered, enhanced nonlinear 

optical properties with the required spectral and temporal response.  
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Abstract- Chiral metamaterials have been promising candidates for numerous applications such as 

broadband polarizers, negative refractive index, substrates for enantiomeric detection. One of the 

ways to achieve large Circular Dichroism (CD) response is by arranging metallic nanoparticles in 

chiral geometries. Here, we fabricated chiral plasmonic nanostructures, using Glancing Angle 

deposition, which exhibited large chiro-optical response in the visible. Also, we have demonstrated 

the tunability of the CD response from these chiral substrates by changing the distance between the 

nanoparticles on a helix. We have shown that dielectric template on which the metallic 

nanoparticles are decorated also plays a key role in tuning the CD over a wide range of wavelengths 

in the visible. 

1. Introduction: 

The interaction of light with metal nanoparticles (NPs) can generate strongly localized electromagnetic fields 

(Localized Surface Plasmon Resonance, LSPR) over a large section of wavelength of the incident beam. Metal 

nanoparticles in one and two dimensional arrays have lead to interesting optical phenomena in the visible regime 

which have been utilized for a wide range of applications. Three-dimensional arrays of metallic nanoparticles 

have also exhibited interesting optical responses in the suitable for sensing applications [1]. Recently a lot of 

interest has been in the field of chiral plasmonics, where chiral arrangement of metallic nanostructures showed a 

large chiro-optical response, due to the coupling between the plasmons [2-5]. This strong coupling resulted in the 

large differential absorption of the incident left and right circularly polarized (CP) light, known as Circular 

Dichroism (CD). In the present work, we have developed new ways of fabricating chiral complexes made of 

metallic NPs, which demonstrate a very strong chiro-optical response in the visible region of the electromagnetic 

spectrum. The tunability of these plasmonic chiral metamaterials would prove useful in engineering CD response 

in the desired wavelength. We demonstrated that one can tune the CD responses of these substrates, by varying 

the distance between the nanoparticles in a helix. Also, the refractive index of the dielectric helix template on 

which the metallic NPs are arranged played an important role in engineering the chiro-optical response of the 

plasmonic chiral metamaterial.  

2. Results and Discussion:  

2.1 Fabrication and characterization: 

  The chiral plasmonic substrates were fabricated using Glancing angle deposition method [6]. First the 

dielectric helical templates were made followed by decorating metallic NPs along the helix (Figure 1 (A)).  

 

 



 

 
Figure 1: (A) Schematic of the Glancing Angle Deposition technique. (B) SEM image of the fabricated left and right handed chiral 

plasmonic substrates (C) g-factor of the fabricated samples for different thickness of the metallic nanoparticles. 

 

The Scanning electron microscopy (SEM) image of the samples show clearly the metallic (gold) 

nanoparticles arranged along the dielectric (SiO2) helix. Circular Dichroism (CD) is defined as the differential 

absorption of left and right CP light i.e. ΔA= (ARCP-ALCP) and the asymmetry factor or g-factor is defined as the 

ratio of differential absorption (ΔA) and the absorbance of the system (A). The g-factor is one of the highest 

reported so far ~20%. [7] 

2.2 Varying the distance between metallic NPs: 

 

    By annealing the gold chiral substrates at 

temperatures between 950-1000°C for different 

timescales ranging from 3 to 15 minutes, the 

gold nanoparticles formed islands with different 

sizes and distances between them. The 

corresponding r/a (and a) values were found to 

be 2.57±0.5 (7.4±1.6 nm), 3.1±0.9 (8.4±1.9 nm) 

and 3.61±0.9 (9.5±1.6 nm), where ‘r’ is the 

centre-to centre distance between the 

nanoparticles and ‘a’ is the radius of the 

nanoparticles. The CD responses increased with 

the decrease in the r/a ratio. The highest g-factor 

was the highest when the r/a ratio was the   

                                                    smallest. This could be due to the multipolar     

                                                    contributions when the plasmons are in close                                   

                                                    proximity to each other (r/a<3). [8] 

 

 

 

 

 

 

Figure 2: (A) Annealing of the substrates at 950-1000°C for 

3-15minutes yielding nanoparticles with varied sizes and 

distance between them. (B) The g-factor varies with the 

distance between the nanoparticles indicating the high 

chiro-optical response when metallic nanoparticles are in 

close proximity 



            

 

 

2.3 Varying the dielectric template: 

 The chiral substrates were fabricated using three different dielectric template materials i.e. Sio2 (n=1.544), 

MgF2 (n=1.377) and Tio2 (n=2.614) on which the metal NPs were decorated simultaneously using the previously 

described technique. The CD and asymmetry factor were measured for all the three substrates. 

             

Figure (3): (A) SEM images of the fabricated plasmonic chiral nanostructures, (top) un-annealed TiO2 helices decorated with 

Au NPs and (bottom) annealed TiO2-Au chiral substrates. (B) Asymmetry factor (g=ΔA/A), for all the three different dielectric 

substrates decorated with Au NPs plotted against wavelength 

 It was observed that as the refractive index of the dielectric material was varied, there was a change in the 

magnitude of the g-factor. Another interesting observation was that there was large red-shift when the refractive 

index was as 2.61 (Tio2). Due to the change in the surrounding refractive index, the plasmon coupling of the 

neighboring NPs on the helix will be altered, which is shown in the differential absorption of incident CP light.  

3. Conclusions:  

      In conclusion, we have reported a new wafer-scale technique to fabricate chiral plasmonic substrates with 

very large chiro-optical response in the visible. By annealing the substrates at different temperatures and time 

scales, one can experimentally vary the distance between the metallic NPs and shift the CD spectrum to a wide 

range of wavelengths. The refractive index of the dielectric template was shown to play a key role in tuning the 

chiro-optical response of the chiral metamaterials.  

References: 

[1] H Johnson Singh, A Ghosh, J. Phys. Chem. C 2012, 116, 19467−19471 

[2] M. Hentschel, M. Schaferling, T. Weiss, N. Liu and H. Giessen, Nano Lett., 2012, 12, 2542–2547 

[3] E. Hendry, T. Carpy, J. Johnston, M. Popland, R. V. Mikhaylovskiy, A. J. Lapthorn, S. M. Kelly, L. D. Barron, N. 

[4] Gadegaard and M. Kadodwala, Nat.Nanotechnol., 2010, 5, 783–787. 

[5] Z. Fan and A. O. Govorov, Nano Lett., 2010, 10, 2580–2587. 

[6] M. M. Hawkeye and M. J. Brett, J. Vac. Sci. Technol., A, 2007, 25, 1317–1335. 

[7] Johnson Haobijam Singh, Greshma Nair, Arijit Ghosh and Ambarish Ghosh, Nanoscale, 2013, 5, 7224–7228. 

[8] G Nair, HJ Singh, D Paria, M Venkatapathi, A Ghosh , The Journal of Physical Chemistry C, 2014, 118 (9), 4991–4997. 

 

 



Nonlinearities in 2D and 2D-3D Heteromaterials 
 

Richard Osgood, Jr
1*

, Xiang Meng
1
, Hsu-Cheng Huang

1
, Jerry Dadap

1
, Nick 

Bierket
1
, and Sung-Young Hong

1
 

 

1. Laboratories for Light Surface Interaction, Columbia University, New York, NY 

10027, USA 
 

 

Abstract - This invited talk discusses the use of optical nonlinearities in a variety of 

2D materials, including harmonic frequency generation, nano optical sources, and 

guided-wave devices. 

 

Two dimensional materials offer a new medium for exploring modern optical physics and 

device structures. For example, in the case of graphene, many optical parameters are 

quantified by layer number, while in the case of van der Waals crystals, such as WSe2, 

striking changes in layer properties occur between the first and succeeding layers.  Our 

group has recently focused on examining both the optical nonlinearities in these new 

materials as well as device structures of these materials in combination with other 

important optical materials. In particular, our paper will, first, present third-harmonic 

generation of 780-nm-wavelength light in graphene layers in samples from one to tens of 

monolayers in thickness. We will also discuss experiments to use this process to probe 

heterocombinations of stacks of these materials. Second, our talk will introduce a 

discussion of the use of stimulated-emission for nanometer-scale sources, which use 2D 

materials as the active medium. Our work in this case, involves precise 3D computational 

methods and plasmonic waveguide modes. Finally, we will explore our research in using 

the unusual optical characteristics of structures based on 2D-based integration onto 

functional materials and, in particular, the use of 2D-3D stacked materials for new 

guided-wave devices.   
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Abstract-Topologically nontrivial photonic states have been first shown to exist in photonic 

systems with broken time-reversal symmetry, such as magnetic photonic crystals. Here we 

demonstrate that topological order for light can also be found in crystals made of Tellegen medium, 

a special class of bianisotropic response violating time-reversal symmetry. Theoretical simulations 

of Tellegen crystals reveal existence of topologically robust edge transport insensitive to structural 

imperfections and defects. 

 

The past three decades have witnessed the discovery of topological condensed matter systems which 

transformed our views on the quantum states of matter. These exotic states are characterized by insulating 

behavior in the bulk and the presence of the edge states contributing to charge or spin currents which persist 

even when the edge is distorted or contains impurities. In the last few years a number of studies have proven that 

similar “robust” conducting edge states can be implemented in photonic systems. These important theoretical 

works [1-4] followed by experimental demonstrations [5,6] opened a new direction of topological photonics. 

Systems with topological order can be classified into two main categories, with and without time reversal 

symmetry violation. The systems with broken time reversal (TR) symmetry, such as magneto-optical photonic 

crystals with gyroelectric and gyromagnetic responses historically were the first systems with topological order 

studied both theoretically [1] and experimentally [2]. However, gyroelectric and gyromagnetic activity of 

magnetized media are not the only classes of electromagnetic response violating TR symmetry. In fact, 

introduction of gain and loss, and some forms of bianisotropic responses also allows removing TR symmetry and, 

therefore, are worth investigation in the context of topological order for light.  

Here we report discovery of a topological photonic state in Tellegen crystals, photonic lattices formed from a 

subclass of bianisotropic media, which can be both engineered in metamaterials and found in some naturally 

occurring materials [7]. Tellegen response is described by the constitutive parameters of the form 𝑫 = 𝜖̂𝑬 + �̂�𝑯 

and 𝑩 = �̂�𝑯 + 𝜁𝑬, where 𝜁 = �̂�𝑇 are real valued matrices. These expressions clearly violate TR symmetry due 

to different behavior of electric and magnetic fields under TR operation (𝑇 → −𝑇), and the latter condition ensures 

the conservation of energy in the material. 

The presence of point degeneracies in the photonic band structure, such as Dirac points, is one of the 

requirements for the topological order. We therefore consider a crystal with the triangular lattice possessing a 

linear Dirac-like dispersion with degeneracies at K and K’ points in the Brillouin zone of the crystal without 

bianisotropy (�̂� = 0). As the next step we introduce Tellegen response (�̂� ≠ 0) and confirm that the Dirac degeneracy is 

removed due to violation of the time-reversal symmetry. Numerical calculation of the Chern numbers for the bands 

gives the finite result of 𝐶 = ±1. The non-vanishing values of the topological index 𝐶 unambiguously confirms 

topologically nontrivial state of the corresponding bulk modes of the crystal. 

The hallmark of the topological order is the presence of topologically protected edge states robust to the 



structural imperfections and disorder, which stems from the one-way character of such modes. To confirm the presence 

of the edge states we performed numerical simulations of a 30x1 supercell of the Tellegen crystal with the reversal of the 

bianisotropy in the center of the supercell. As can be seen from Fig. 1a, the set of four modes occurs inside the complete 

photonic band gap open by the bianisotropy. Inspection of the field profiles of these modes shows that two of the states 

are localized at the domain wall in the center of the crystal, as shown in Fig. 1b. The other pair occurs at the external 

boundary of the supercell (not shown) where the periodic boundary condition effectively lead to the presence of the 

second domain wall, which is in agreement with the bulk-boundary correspondence principle.  

   

Fig. 1: (a) Photonic band structure of the 30x1 supercell of Tellegen crystal with the domain wall in the center. 

Edge states connecting low frequency and high frequency bulk modes appear inside the topological band gap open by 

the Tellegen form of bianisotropy. (b) Distribution of the field |𝐸| of the edge state localized at the domain wall in the 

center of the supercell (|𝐸| field profiles for K and K’ are identical). Crystal parameters are 𝑟 = 0.1𝑎0, 𝜖 = 30, 

𝜒𝑧𝑥 = 𝜒𝑧𝑦 = 1. 

 

Our results demonstrate that synthetic photonic synthetic media have a great promise for implementing 

topologically nontrivial electromagnetic states, which can be achieved with a variety of constitutive relations 

engineered in such materials, including the bianisotropic Tellegen response. 
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Abstract- We demonstrate a technique of fabricating free-standing all-metal two-dimensional (2D) and 
three-dimensional (3D) terahertz metamaterials through injection molding of gallium, a metal that melts 
at temperatures slightly above room temperature. To obtain free-standing metamaterials, two 
polydimethylsiloxance (PDMS) molds are created using conventional soft lithography and then peeled 
away after gallium is injected and solidified. We demonstrate three different approaches for creating 3D 
metamaterials: a multilayer stack, a manually folded structure and a directly injection molded 3D 
structure. 

 
In recent years, there has been great interest in developing metamaterials that exhibit electromagnetic 

properties not readily available in nature. Most metamaterial devices relied on creating 2D metallic patterns on 
flat substrate using conventional microfabrication techniques. The introduction of the substrate breaks the 
symmetry of the metamaterial device at the interface. Substrate also induces multiple reflections between 
different interfaces and contributes to absorption loss of THz radiation.  

The ability to engineer the response based on the geometry suggests that 3D geometries can yield unique 
capabilities. At microwave, 3D structure is easily fabricated by assembling circuit boards. Meanwhile, many 
advanced techniques have been developed to fabricated 3D structure in optical frequency range. However, 
because of unique dimension of THz devices, there were limited methods reported to fabricate 3D structure. In 
some cases, non-planar THz metamaterials relied on uv and/or x-ray photolithography combined with repeated 
electroplating processes, but they require advanced fabrication facilities that are not widely available. 

In this submission, we demonstrate that injection molding is a useful and easy technique for fabricating 
free-standing all-metal 2D and 3D THz metamaterials. We chose gallium as the metal because gallium has a low 
melting temperature (~ 30°C) and can be solidified at room temperature using an external control. Also, the 
shape of gallium structure is much easier to manipulate than other conventional metals at room temperature. We 
used soft lithography techniques to fabricate injection mold, which was microfluidic channels embedded within 
two PDMS films. Since the metallic structure is determined only by mold and ultimately by the template, we can 
obtain different 2D and 3D metamaterials by fabricating various templates.  

We first fabricated 2D free-standing Ga-based metamaterials composed of split ring resonators (SRRs). We 
used them as the basis for more complex 3D geometries. A photograph of SRR metamaterial is shown in Fig. 
1(a). Then we create a stack using five different SRR metamaterial layers, with each layer separated using 
gallium spacers. In Fig. 1(b), we show a photograph of the resulting free standing metamaterial. In Fig. 1(c), we 
show a free-standing metamaterial that has been folded into the form of a square wave, which can maintain the 
shape after the external force is removed. In Fig. 1(d), we show a 3D metamaterial that was fabricated via a 
single injection molding without post-processing steps. Right schematic diagram is one unit of this structure. 
Transmission properties of all of these metamaterials were measured using terahertz time-domain spectroscopy. 

In summary, we have demonstrated a technique for fabricating a variety of all-metal free-standing 2D and 3D 
THz metamaterials. The structures were obtained using a variation of injection molding, where gallium was 



melted and injected into an elastomeric mold. After gallium was solidified, two molds were peeled away, 
yielding a free-standing structure. Using this approach, we demonstrated the ability to create different 3D 
metamaterial structures. 

 

 
Fig. 1. (a) Photograph of 2D free-standing split ring metamaterial with a microscopic image of a portion of the 
device. (b) Photograph of a stacked five-layer metamaterial. (c) Photograph of square 3D metamaterial with each 
row of SRR perpendicular to adjacent rows. (d) Photograph of a complex 3D metamaterial with a schematic 
diagram of one unit. 

 
Acknowledgements: This work was supported by the NSF MRSEC program at the University of Utah 

under grant # DMR 1121252.  
 

REFERENCES 
1. Shelby, R. A. Shelby, D. R. Smith, S. C. Nemat-Nasser and S. Schultz, “microwave transmission through a 

two-dimensional, isotropic, left-hand metamaterial,” Appl. Phys. Lett., Vol. 78, pp. 489-491, 2001. 



Radially Inhomogeneous and Anisotropic Nanoporous Anodic
Alumina Microtubes as Metamaterial Optical Fibers

D. Pratap†,∗, S. Anantha Ramakrishna†

†Department of Physics, Indian Institute of Technology Kanpur, Kanpur- 208016, India
∗pdheeraj@iitk.ac.in

Abstract— The acid anodization of a cylindrically symmetric micro-aluminium wire yields a
cylindrical nanoporous alumina microtube where the nanopores are radially oriented towards the
cylindrical axis. The nanopore diameter decreases linearly towards the axis along with the peri-
odicty of the nanopores along the azimuthal direction while the periodicity along z-axis remains
constant. Thus, a cylindrical waveguide that is radially inhomogeneous and anisotropic results
in which light at visible and NIR frequencies can be guided. This system used as metamaterial
optical fiber which properties can be flexibly varied by filling nanopores various materials such
as dielectrics or metals. Such a metamaterial optical fiber can support unique electromagnetic
modes.

The aluminium anodization technique is known since decades [1] for fabricating large area of
nanoporous alumina with high aspect ratio pores. Structural modification of nanopores in the
nanoporous alumina make it a ray flexible system for templating. This technique has been also
widely used to make highly anisotropic nanowire metamaterials [2]. Nanoporous alumina in cylin-
drical geometry has been rarely reported [3, 4, 5] and have been used for chemical catalyst [3, 4].
Fabrication of alumina membrane microtube for use as low fraction needles has been reported [5]. In
the previous reports only large diameters alumina membrane tubes have been used, but the anodiza-
tion of cylindrical aluminium wire of diameter of sub-hundred microns is not known. Nanoporius
anodic alumina in the cylindrical geometry are very different from the usual nanoporous anodic
alumina in its structural and anodization characteristics. Here we present a study of cylindrically
symmetric nanoporous anodic alumina templates and its application as a metamaterial optical
fiber.

Micro aluminium wires (99.999 %) of diameter of 100 µm (from Alfa Aesar) were annealed
at 500◦ C for 3 hours and electropolished in mixture of ethanol (C2H5OH) and perchloric acid
(HClO4) in the volume ratio of 5:1 at current 0.12 A for 3 minutes at room temperature. After
two sequential electropolishing steps the aluminium wire diameter was reduced to 30 µm. Elec-
tropolished aluminium wire was then anodized in 0.3 M oxalic acid (H2C2O4) solution in DI water
at 40 V for half hour at 0◦ C temperature. The aluminium oxide (Al2O3) formed in this first
anodization process was etched off in a mixture of chromium oxide (CrO3) 4.5 gm, phosphoric acid
(H3PO4) 3.5 ml, and DI water in 100 ml solution at 90◦ C for 30 minutes. The etched aluminum
wire bearing periodic pattern from anodization was then again anodized at the same parameter as
before for 12 hours for a second anodization. This residue a small core of aluminium surrounded
by a nanoporous alumina shell. Depending on the need, this aluminium core can be removed in a
mixture of hydrocloric acid (HCl 38 %) 100 ml, cupric chloride (CuCl2.2H2O) and 100 ml DI water
for one hour at room temperature. Here the anodization time can be varied to make thin or thick
nanoporus alumina shells and the core diameter can be flexibly changed.

The structural characterization was carried out using a field emission scanning electron mi-
croscope (FESEM Zeiss model Sigma). We found that the nanopore diameter decreases linearly
towards the axis of the microtube. The periodicity along θ-direction also decreases while the pe-
riodicity along the z-direction remains constant. We can modeled the pore size and periodicity
analytically: Suppose the radius of the fiber is R and at outer surface of the fiber the pore diameter
and periodicity are 2Q and D respectively. At any distance r in the nanoporous shell, the nanopore
diameter 2q and periodicity along azimuthal direction are given by

q =
Q

R
r, (1)

and

d =
√

3
D

R
r, (2)



respectively. The nanopores areal fill fraction (area/area) is given by the following expression

f =
2πQ2

√
3D2

( r
R

)
. (3)

Eqs. 1 and 2 show that the nanopore size and azimuthal periodicity varies linearly with radius
of the fiber. The Eq. 3 also varies linearly with radius of the fiber. Therefore, the cylindrical
nanoporous anodic alumina system becomes inhomogeneous and anisotropic.

This system can be used as optical fiber with or without a metal core as the aluminium core can
be etched off. This core can also be filled with dielectric or magnetic materials as for need. The
cylindrical anisotropy yields a unique waveguide that is anisotropic and inhomogeneous in specific
manners. If the anodized shell thickness is less then the anodic alumina shell works as metamaterial
clad fiber. The shell thickness can be tuned by varying the second anodization time.

We homogenized the nanoporous alumina shell using the transformation optics and Maxwell-
Garnett homogenization theory. It was found that the permittivity along radial direction is different
from permittivity along azimuthal and z-direction. We studied the light guiding properties of these
nanoporous microtubes and found that there fractional and imaginary order modes are possible.
Here the light confinement increased due to the anisotropy. If the nanopores of these microtubes
filled with some plasmonic metals then they can also works as hyperbolic metamaterial fibers. These
fibers can be used in nonlinear applications and sensors. There are some limitations of these fibers.
Due to the structural nature there are scattering losses. Anodization for longer time produces some
cracks on the shell which can be minimized by controlling anodization parameters. The aluminium
core can not be removed from a long length of the anodized wire but micro-aluminum wire can be
anodized as long as possible.
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Bio-assembled and lithographic nanostructures incorporating metal and semiconductor 
nanocrystals exhibit strong optical absorption associated with exciton and plasmon 
resonances [1,2].  When a system includes chiral molecules, an interaction between 
excitons and plasmons is able to alter and enhance circular dichroism (CD) of chiral 
molecular dipoles [3,4].  Especially strong enhancement factors for the molecular CD 
signals can be achieved using plasmonic hot spots [4,5]. Strong CD signals can also 
appear in purely plasmonic systems with a chiral geometry and a strong particle-particle 
interaction [6,7,8].  In our theories, we model electromagnetic interactions between chiral 
and achiral building blocks using both classical and quantum formalisms.  The theory 
predicts several novel mechanisms to transfer and induce circular dichroism in the visible 
wavelength region using plasmonic and excitonic nanostructures. The CD mechanisms 
described in our studies come from: The plasmon-molecule Coulomb interaction [3], 
plasmonic hot-spot enhancement [4,5], a long-range electromagnetic interaction in 
micron-scale nanostructures with a chiral geometry, plasmonic and excitonic resonances 
in nanocrystals with chiral shapes [9], and strong plasmon-plasmon interactions in helical 
and other chiral assemblies [6,7,8].  Potential applications of the chiral nano-assemblies 
are in bio-sensors and chiral chemistry.  
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Abstract The photonic mechanism for the transfer of electronic excitation between localized sites 

in condensed phase materials is generally understood in terms of a coupling taking place between 

electric dipole transitions. By considering additional magnetic dipole effects, distinctive chiral 

aspects emerge, relating to the character of electromagnetic propagation in a non-PT symmetric 

medium.  It is readily shown that these relate to the same chiral physics that is involved in optical 

electrostriction and circular dichroism.  However, an entirely different aspect of the photonics can 

be anticipated when electronic energy transfer occurs in a negative-index medium, even when it is 

associated with purely electric dipole coupling. 

 

The transfer of electronic energy, which most often occurs following an initial optical excitation, is a 

widespread phenomenon with a well-known significance across a range of complex media.1,2  For its 

occurrence between components that are electronically isolated (essentially beyond overlap between the energy 

donor and acceptor wavefunctions) the mechanism is commonly interpreted in terms of a coupling between 

transition electric dipoles – those associated with the processes of donor decay and acceptor excitation.  As such, 

the transfer efficiency has a range-dependence that varies from a near-field inverse sixth power to a wave-zone 

inverse square, moderated by refractive effects.3-5 These effects can also be understood as reflecting a virtual 

photon character in the energy transfer,6 exhibiting an interplay between quantum uncertainty and the constraint 

of causality.7   

Distinctly different attributes of the mechanism become apparent on considering the additional terms that 

arise in chiral media.  In materials whose electronic properties are not invariant under PT symmetry, transition 

magnetic dipole contributions8 can interfere with their electric dipole counterparts, leading to observables that 

are sensitive to the sense of handedness in the medium.9,10  By considering the detailed photonics, clear links to 

the chiroptical physics associated with optical electrostriction and circular dichroism become evident.  

In negative-index ‘left-handed’ metamaterials,11 new kinds of chirally sensitive optical effect emerge.12-14  

In fact, when electronic energy transfer occurs in such a medium, an entirely different aspect of the photonic 

mechanism can be anticipated – even for a coupling between purely electric dipole transitions.  Here, detailed 

calculations of the virtual photon contributions to the quantum amplitude suggest that there are novel features 

fundamentally associated with parity signature, which may also be amenable to experimental determination.  

Several possible methods can be entertained for identifying this behavior, each of them suggesting potentially 

new applications.  
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Abstract 

We discuss the tailoring of linear chiroptical effects in 

three-dimensional plasmonic nanohelices by means of 

challenging technological nanoscaling approaches, allowing 

the operation of this metamaterial in the optical frequency 

range. The growth dynamics involved in focused ion and 

electron beam induced deposition have been extensively 

studied and targeted to the realization of complex 3D 

structures where intrinsic chirality and spatial anisotropy 

can be controlled at the nanoscale level, towards 

miniaturized chiral photonics for application in 

optoelectronics and biological detection.  

 

1. Introduction 

Chiral Photonics[1] and Chiral Plasmonics[2] are 

recently emerging fields of research, based on the study and 

the tailoring of optical effects in chiral metamaterials where 

incident light and dielectric or metallic structures are 

arranged in a geometrical configuration lacking of mirror 

symmetry[3]. The optical response of these systems shows 

large sensitivity to the circular polarization state of incident 

light, and this feature can be exploited for applications in 

optoelectronic devices, integrated quantum optics, or 

circular dichroism spectroscopy for bio-detection. In this 

work, we will focus on the nanoscale fabrication and the 

optical investigation of helical metamaterials[4-6], where 

extrusion along the vertical dimension and controllable 

geometrical parameter shrinkage (figure 1) allow the 

observation of a number of pronounced chiroptical effects in 

the optical frequency range.  

We will discuss chiral metamaterials consisting of arrays of 

three-dimensional helicoidal nanostructures realized by 

platinum deposition induced by focused ion beam or 

focused electron beam. The capabilities of this technology 

have been investigated, with respect to resolution limits, 3D 

growth control in complex geometries and 3D proximity 

effects as a function of the interactions between writing 

beam and deposition environment[4-5]. Arrays of helical 

nanowires can be accurately engineered to get circular 

dichroism in different spectral ranges, from NIR to VIS, 

with highly selective transmission of light handedness. This 

response arises from light interacting with helix armors, 

depending on frequency and dimensional parameters. 

Therefore, the helix can be considered as a metamaterial, 

with the meta-atoms represented either by the single loops 

of the helix or by a fraction of them, and their mutual 

interaction leads to the hybridization of the single optical 

resonances, being mixed together as happens in a meta-

molecule.  

 
 

Figure 1: Schematic drawing of helical nanostructures with 

relevant geometrical parameters: wire diameter (WD), 

vertical pitch (VP) and helix diameter (HD). Along with 

them, the number N of loop is another characterizing 

parameter of such structures. 

 

Moreover, the developed technology allows to further 

extend the investigation of these nanostructures' chiroptical 

potentialities. In fact, by suitably exploiting the insight in 

the technological issues affecting the growth of 3D 

nanohelices, complex intertwined chiral structures have 

been realized[6], allowing to overcome the lack of full 

rotational symmetry peculiar of single helical nanowires. In 

this way, chirality and isotropy can be achieved in the same 

nanostructure providing the simultaneous observation of 

multiple chiroptical effects, namely, strong broadband 

circular dichroism, high circular polarization conversion 

purity and optical activity, all in the visible range of the 

electromagnetic spectrum. By using this geometry we can 

exploit the mutual interaction between surface plasmon 

modes excited by incident light in individual helical 
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nanowires closely packed, leading to coupling and 

hybridization between the plasmon modes, in turn 

responsible for the broader region of circular dichroism 

selectivity in the transmission spectra. The observed 

experimental results have been discussed on the basis of a 

finite difference time domain model highlighting the role of 

geometrical and compositional parameters.  

 

 

2. The 3D helix structures 

 

2.1. Nanofabrication 

The growth technique employed in the present work is the 

focused ion (electron) beam induced deposition 

(FIBID/FEBID) by the Carl Zeiss Auriga40 Crossbeam 

system, equipped with the gas injection system. 

Trimethyl(methylcyclopentadienyl)-platinum (IV) precursor 

was locally injected on the sample. In this work we 

employed platinum but the technology can be easily 

extended to other metals without changing the technological 

issues, provided that different metal precursors are 

employed. However, in FIBID and FEBID, the metal choice 

is limited by the available metal-organic precursors having 

a proper stability (i.e., Pt, Au, W but not Ag). Therefore, 

less absorptive materials (for example Au) can also be used 

in this approach, with the advantage of reducing plasmonic 

losses along the nanostructure. Moreover, the chemical 

properties of platinum make this material particularly useful 

for different applications, such as the synthesis of chiral 

molecules catalyzed by Pt chiro-optical activity.  

Other techniques currently used for the fabrication of 3D 

or quasi 3D metallic nano-objects are the direct laser 

writing (DLW)[2] coupled with metal electroplating, or the 

glancing angle deposition (GLAD)[7] on suitably patterned 

substrates with metal acting as nucleation center. However, 

with respect to them, the FIBID/FEBID bottom-up 

approach is a resistless and maskless technology based on a 

single step writing process, providing a powerful 

combination of high spatial control (suitable for 

applications in nanophotonic systems and devices), 

scalability, flexibility towards shape and material, nanoscale 

accuracy.  

The growth process in such a system involves several 

physical mechanism arising from the interaction of the 

writing beam with the gaseous precursor, the substrate and 

the growing structure, along with nearby structures present 

in an array, for example. We extensively discussed all these 

parameters in our previous publications and here we just 

synthetically remind how the nucleation and 3D growth 

mechanism underlying the process result from an interplay 

between the two main pattern parameters, step size and 

dwell time (figure 2). 

 

 
Figure 2: Sketch of 3D helix growth showing the required 

trade-off between the step size and the dwell time. The step 

size controls the overlapping of the nucleation site, while 

the dwell time controls the amount of deposited material in 

each deposition spot (i.e., vertical growth rate). Both 

parameters contribute to the wire diameter. 

 

 

Another relevant parameter which deserves further 

investigation is the local pressure of gas precursor which in 

turn determines the amount of deposited material. This can 

be clearly observed during the growth of a linear nanohelix 

array, when a progressive local pressure reduction during 

the growth results in a progressively lower growth rate. It is 

known that the gas flow can be described by the Knudsen 

number (Kn), which is the ratio of the mean free path 

(MFP) between molecule collisions and the gas injecting 

system diameter. When MFP is larger than the diameter of 

the nozzle, Kn>1. This implies that, at the exit of the tube 

and on the substrate, a molecular flow regime is established. 

In our case, we deposit platinum precursor which has 

Kn=1.3[8]. In addition, the molecules coming from the 

reservoir approach the tube exit, expanding into the 

chamber, where there is a pressure of the order of 10
-6

 mbar 

(MFP value becomes very larger). So we can consider a 

molecular flow on the substrate[9-10]. A gradual lowering 

of the pressure leads to a reduction in the height of the 

nano-structure and a widening of the planar dimensions, i.e. 

external and wire diameter[11-12]. Therefore, in order to 

achieve high uniformity among the nano-spirals arranged in 

array configuration it is possible to exploit i) a progressive 

increase of the dwell time (dose compensation) to enhance 

the nucleation of molecules available, ii) an increment of 

the heating temperature (precursor pressure) of the reservoir 

suitable to increase the impinging flow on the substrate  

according to the relationship:  

  MRT

NP A
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where NA is Avogadro's number, P is precursor pressure, M 

is molecular weight, R is the gas constant and T is absolute 

temperature.  

Pt-based arrays realized by exploiting focused ion and 

electron beam induced deposition are shown in figure 3-a 

and figure 3-b, respectively. 

Figure 3: Scanning electron microscopy views of helix 

arrays showing the size tunability at the nanoscale realized 

by focused ion beam (a) with HD= 400 nm, WD=130 nm, 

VP=300 nm, and by electron beam (b), with HD=200 nm, 

WD = 60 nm, VP = 350 nm. The employment of electron 

beam instead of ion beam allows further downscaling of the 

wire thickness, thus favouring dichroic properties with large 

average transmittance level. 

 

  The flexibility and potential of this technique also rely on 

the possibility of realizing even more complex 

arrangements allowing an additional degree of freedom in 

the manipulation of circularly polarized light, as an effect of 

chiral shape and spatial isotropy, both controllable at the 

nanoscale. Intertwisted geometry with multiple helical 

nanowire is an effective strategy to improve circular 

polarization bandwidth and signal to noise ratio of 

transmitted circularly polarized light, while reducing the 

sensitivity of the optical activity to structure orientation[6]. 

To accomplish such effects in the visible range, intertwined 

nanohelices have been realized. The single elements of 

these complex 3D structures consist of 100 nm diameter 

wires spaced by hundred nanometer distances, which 

strongly interact with each other during growth. 3D mutual 

proximity effects complicate the achievement of 

dimensional uniformity and, in addition, each wire shadows 

the writing beam for the underlying one, therefore an ad hoc 

process must be developed, basically based on the multi-

sectioning of the design in a stratified manner. This 

approach allowed us to produce structurally continuous 

arrays of multiple intertwined nanohelices, which can be 

arranged in different in plane symmetry (figure 4). 
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Figure 4: Scanning electron microscopy view of multiple 

wire helix array realized by focused ion beam induced 

deposition. In this case, the geometrical parameters of the 

single helical element are: HD=375 nm, WD=110nm and 

VP=705 nm. 

  

2.2. Chiro-optical effects in nanowire helices 

The main aim for fabricating such nanostructures is to 

artificially create circular polarization bands induced by 

light-plasmon interaction, which in turn are strongly related 

to material and geometrical parameters, with respect to a 

specific spectral range. Transmission spectra on nanohelices 

array have been performed in a confocal configuration by 

using a 10x objective lens with NA = 0.4528 under normal 

incidence illumination of a tungsten lamp. right and left 

circular polarized incident lights have been generated using 

a linear polarizer coupled with an achromatic quarter 

waveplate. Light was focused on the sample and the 

selected signal coming from the nanohelices array was 

directed to a CCD camera (Hamamatsu Orca R2) coupled 

with a 200 mm spectrometer for measurements in the 

visible spectral range. Tunable circular dichroic bands can 

be achieved with these nanostructures, with variable 

features in the visible range, thanks to the employed scaling 

and to the constituting material which is actually Pt 

dispersed in a carbon matrix, as an intrinsic feature of the 

ion/electron beam assisted process. Figure 5 actually reports 

the curves of normalized circular dichroism (NCD, defined 

as: (TLCP-TRCP)/(TLCP+TRCP) ) measured from the two single 

helix arrays with different geometrical features (shown in 

figure 3-a and 3-b) and from the triple helical nanowire 

array shown in figure 4. 
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Figure 5: Normalized circular dichroism band for the arrays 

shown in figure 3 and figure 4. The most evident feature is 

the increase of NCD value and bandwidth for the multiple 

helical sample, respectively 37% and 500 nm. 

 

 To evaluate the spectral properties of the nanohelix 

samples, we simulated the electromagnetic response of a 

periodic disposition of helices virtually composed of a 

carbon-platinum alloy assuming a material permittivity 

resulting from the mixing of carbon and platinum with the 

Maxwell-Garnett approach[13-14]. All the simulations have 

been performed in Lumerical FDTD Solutions, and the 

post-processing of data have been completed by means of 

several Matlab codes. The helix type has been performed 

considering the actual size features provided by scanning 

electron microscope inspection. As compared to larger helix 

structures operating in the IR range[2], the relatively low 

CD in the single wire nanohelices array can be inferred to 

the low metal content. Typically, focused ion beam induced 

deposition with metal-organic precursors creates 

nanocomposite materials with metal nanocrystals embedded 

in an amorphous carbon matrix[15]. Additionally, the 

platinum percentage with respect to the carbon strongly 

depends on the beam and pattern parameters. According to 

this concept, we have utilized the Maxwell-Garnett model 

where platinum clusters of a few nanometers submerged in 

a carbon host matrix and varied the chemical composition 

of the mixture. A significant CD increase with the platinum 

concentration in both the visible and near infrared is 

expected from theory. Considering average reported values 

[15] for Pt incorporation in nanostructures realized by 

FIBID, the simulations found a good agreement with the 

experiments by considering the permittivity of a mixture 

with a Pt content between 15% and 20%. 

Further Pt increment up to 70% shows(figure 6) a 

dramatic improvement in the calculated transmittance 

spectra. For this reason, suitable FIBID technique solutions 

to improve the Pt incorporation efficiency are currently 

under investigation.  

 
 

Figure 6: Transmission spectra for left (red line) and 

right (blue line) circular polarization, calculated assuming a 

platinum content of 70% for the FIBID helices with the 

geometrical sizes reported in figure 3-a. 

 

A significant parameter describing the operation of 

nanohelix arrays is their figure of merit (FOM) defined as 

the ratio between circular polarization bandwidth and 

related extinction ratio. Our calculations show how the 

FOM parameter of a triple helical structure in the visible 

range is strongly related to geometrically relevant features 

(figure 7) such as the vertical pitch and the helix diameter, 

and can be enhanced in a closed packed configuration, since 

it is the mutual interaction among the different wires which 

boosts the circular dichroic selection operated by the 

sample. Therefore, such a configuration results particularly 

promising for super achromatic circular polarizers. 

 

Figure 6: FOM map evaluated by FDTD Lumerical, 

showing the triple helical nanowire response as a function 

of vertical pitch and external diameter. 

 

3. Discussion 

The observed chiral activity in the fabricated metal 

nanostructures results from the electromagnetic interaction 

between light and the helix armors. This helix structure can 

be split into meta-atoms corresponding to a fraction of or a 

whole single loop, with their resonances with respect to an 

incident electromagnetic field. Depending on spectral range 
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and structural features, different resonances are mixed 

together as happens in quantum chemistry. In multiple 

helical nanowires, the mechanism inducing the dichroic 

band enlargement can be interpreted as a mutual interaction 

between the plasmonic modes in the individual helix 

nanowires. In fact, plasmons of single nanowires, when 

combined in a triple nanowire configuration start to interact, 

with a strength depending on the inter-wire separation, 

along with related energies. The interaction consists of a 

shift of the single wire plasmon energies and mixing or 

hybridization between the plasmons of different nanowires. 

With the geometrical features employed in our work, the 

inter-surface distance among two points in phase belonging 

to two different helices is of 100 nm. At the investigated 

frequencies (around 750 nm), the surface plasmon 

polaritons originating along the metallic surface have an 

exponential decay length 1/k in the surrounding dielectric 

medium (air) along the nanowire radial direction, 

perpendicular to the dielectric/metal interface, which can be 

calculated from the following formula: 

     

where β is the plasmon propagation constant along the 

metallic surface,  is the dielectric permittivity of the metal, 

 is the frequency and c is the light speed[16]. In the 

hypothesis of pure Pt nanowire, this calculation provides an 

exponential decay length of 470 nm in the dielectric 

surrounding medium, which reduces down to 150nm for a 

C(60%)/Pt(40%) mixture, as expected for this kind of 

structures. Therefore, the mutual interaction between the 

plasmonic modes can be described with the simple picture 

of coupled harmonic oscillators in  analogy to the molecular 

orbital theory, leading to the expect occurrence of plasmon 

hybridization between the intertwined helices,[17] with 

multiple overlapping resonances resulting into the observed 

broad circular dichroic band. 

4. Conclusions 

The presented technology can be considered as an 

accurate, reproducible, and scalable bottom-up approach for 

chiral metamaterial fabrication to be exploited for 

miniaturized optical components for chiral photonics, with a 

number of possible applications in optoelectronic devices, 

integrated quantum optics, or circular dichroic spectroscopy 

for biological detection. 

Further properties arising from the overlapping 

phenomena between chiral and plasmonic effects and their 

mutual interaction can be explored by the exploitation of 

different materials and configurations, made accessible by 

this technology. 
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Abstract 

We report an overview of second harmonic generation 

measurements showing  nonlinear circular dichroism raised 

by self-assembled nano-patterned surfaces of different 

morphologies and material components. Straight metallic 

wires, curved metallic wires, partially metallized spheres 

and carpets of tilted nanorods have been characterized to 

investigate the importance of the geometry obtained by 

different experimental fabrication techniques and to 

establish the criteria for optimized circular dichroism.  

1. Introduction 

Chirality [1] (the lack of a plane of symmetry of an object 

that is non-superimposable on its mirror image) is often 

associated with biochemistry due to the peculiar 

morphology of several bio-molecules. However, chiral 

artificial materials have been deeply studied in the last years 
for their potential applications as sensors for single 

molecule sensing[2], active polarization controllers[3] and 

high contrast liquid crystals for optical signal processing 

devices. Moreover, the possibility to obtain optical chirality, 

i.e. optical activity, with non-chiral elements was recently 

reconsidered [4,5] leading to the realization of  

“metasurfaces” with a tailored optical response which is

strongly dependent on the input beam direction and 

polarization.  

In order to optically characterize the morphology 

and the functionalities of metallic nano-patterned surfaces 
or metasurfaces different approaches can be used. Nonlinear 

optics, in particular the optical second harmonic generation 

(SHG) is a very sensitive method for the study of symmetry 

properties of surfaces [6,7] and thus was widely used for the 

characterization of ordered samples [8,9] or self-assembled 

ones [10-14]. In this manuscript we briefly describe the 

optical technique and the experimental apparatus that we 

developed and used to characterize the circular dichroism of 

nanostructured samples. Then we discuss the results 

obtained with different artificial metasurfaces constituted by 

straight and tilted gold nanowires self-assembled on 

dielectric or semiconductor substrates, self-ordered 
dielectric nanospheres partially covered by gold nano 

crescents and carpets of tilted gold nanorods. 

2. Experimental Set-up 

The experimental setup is sketched in figure 1, all the 

characterization measurements have been performed with a 

150 fs pump laser tuned at a wavelength of 800 nm with a 

repetition rate of 1 KHz. Different sets of measurements 

have been performed by using linear polarized pump with 

different angles of polarizations (elliptical and circular 

polarized pump) by rotating a half wavelength ( quarter 

wavelength) plate as depicted in figure 1. 

 

 
 

Figure 1: Experimental setup able to detect the second 

harmonic circular dichroism (SHG-CD) of a sample. 

 

Moreover, the amount of chirality induced by the 

reciprocal geometrical disposition of impinging light and 

the nano-patterned surface was studied by measuring the 

second harmonic generation circular dichroism (SHG-CD) 

[7]. This adimensional parameter is defined by the 

difference between the generated SH field intensity (at s or 
p polarization state) obtained from the left-handed circular 

polarized light as a pump and the right-handed one divided 

by the average total generated intensity: 

 

𝑆𝐻𝐺-𝐶𝐷 =  
𝐼𝐿

2𝜔−𝐼𝑅
2𝜔

(𝐼𝐿
2𝜔+𝐼𝑅

2𝜔)/2
             (1) 

 
The out-coming light is then filtered by an analyzer that can 
be set for either p- or s-polarization transmission and then is 
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sent to a filtered (band pass around 400 nm wavelength) 

photomultiplier. 

 

3. SHG Measurements 

 

As an example we show in figure 2 the 

measurements of the SHG-CD performed in transmission 

mode on self-assembled gold nanowires deposited on glass 

substrates [10]. 

In figure 2a is shown a sample of curved gold nanowires 

(atomic force microscopy (AFM) topology), where the 

wires are oriented as sketched in figure 2b. The curvature of 

the wires is around 400nm, the thickness around 70nm and 

periodicity around 160nm. The corresponding p-out SHG-

CD measurements as a function of the incidence angle  are 

reported in figure 3c. We note that the measured SHG-CD 
exhibits a chiral response depending on angle orientation: 

zero chirality at normal incidence, chirality of opposite 

signs for positive and negative incidence angles. These 

results are in accordance with phenomenological 

expectations that can be done by analyzing the triad of 

vectors depicted in figure 2b: the direction of the light (red), 

the normal to the surface of the sample (green dashed) and 

the direction representing the non-chiral elements (blue 

dotted). 

 
Figure 2: (a) AFM topology of the nanowires; (b) schematic 

representation of the reciprocal orientation of impinging 
light (red vector), normal to the sample surface (green 

dashed vector), achiral metallic elements direction (blue 

dotted vector); (c) SHG-CD measurements performed as a 

function of the incidence angle for the sample with bended 

wires with the curvature facing the vertical upward (blue) 

and downward (red) direction;  

We point out that zero chirality at normal incidence 

indicates that the sample is not chiral by itself but assumes a 

circular dichroism behavior only when asymmetries with 

the incidence light arise. 

The transmission mode scheme has been also 

utilized to study the SHG–CD from a gold nano-antennas on 

polystyrene spheres [13]. Samples composed of different 

sphere radii were realized, studied and measured. At zero 

degree of incidence, when the extrinsic chirality should be 

zero, we can still observe a residual chirality due to the 

asymmetry of the gold pattern on the single spheres. This 
fact indicates that the sample presents a real chiral behaviour 

and not only the extrinsic one. The SEM image reported in 

figure 3 clearly shows that the typical shapes of the gold 

nanoantennas. 

 

 

  

 
 

Figure 3: scanning electron microscopy (SEM) image of a 

sample of polystyrene nanospheres with gold nanoantennas 

on the top; 

 

Finally, in figure 4b we show the scanning electron 
microscopy (SEM) image of a sample of tilted gold 

nanowires deposited on Si substrate. The wires are formed 

by evaporated gold under vacuum on a tilted Si substrate 

kept cooled down up to 100K under the entire growth 

process. In figure 4a is shown a simple description of the 

sample appearance with respect to the gold evaporation 

direction. By a self-assembling process the gold appears in 

thin wires of 20 nm of diameter and 400 nm long. The wires 

collapse at the tip in bunches. However it is possible to 

define a main direction of the wires (about 60 deg with 

respect to the normal to substrate according to  figure 4b). 
As a first approximation, in order to make qualitative 

predictions  on the expected circular dichroism,  we consider 

each bunch as a single rod. Within this approximation, if we 

analyze the triad of vectors as previously defined, we notice 

that, for a tilted angle of incidence we expect an extrinsic 

chiral behavior. Indeed, according to figure 5a, the two 

mirrored configurations are not superimposable. Our 
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expectations have been experimentally verified by 

considering a 45° angle of incidence for the pump (at a 

wavelength of 800 nm) and detecting the generated SH in a 

reflection scheme (due to the absorption of the Si substrate, 

the transmitted SH at 400nm is zero. 

 

Figure 4: (a) scheme of the gold tilted nanowires sample and 

gold vapor direction; (b) SEM image of the fabricated 

sample 

 
 

In figure 5b we report the measured SHG-CD for the  p-

polarized generated SH. We note that the SHG-CD goes to 

zero for normal incidence of the pump. We also report the  

SHG-CD measured by rotating the sample of 180 degrees 

with respect to its normal. This is equivalent to flip the 

orientation of the nanowires, from vertical upward to 

vertical downward. As expected the SHG-CD changes of 

sign but it maintains the same behavior in modulus. 

 

 

4. Conclusions 

We investigated different self-assembled nanostructured 

samples where the chirality arises from the mutual directions 

of impinging light and sample morphology. Our SHG-CD 

measurements show the expected extrinsic chirality behavior 

or pseudo-chiral behavior. The second order effects are 

critically dependent on the symmetry of the involved 

measurement set-up, thus measuring SHG is a very sensitive 

technique to reveal extrinsic chirality. In particular it results 
to be order of magnitudes more sensitive than the analogue 

linear optical measurements. 

Figure 5: (a) schematic representation of the reciprocal 

orientation of impinging light (red vector), normal to the 

sample surface (green dashed vector), achiral metallic 

elements direction (blue dotted vector); (b) Measured SHG-

CD in reflection mode for p-pol output corresponding to two 

different orientations of the sample: with the tips of the 

wires facing upward (blue line) and downward (red line) 

respectively. 
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Abstract-We present a theory of the chiral Purcell effect, describing the polarization dependent 

spontaneous decay rate of chiral molecules coupled to optical resonators. The chiral Purcell factor 

FC is introduced as a figure of merit for the cavity-modified differential decay rate of left and right 

circularly polarized modes. We also demonstrate the double fishnet structure, a class of 

negative-index metamaterials, possesses the high chiral Purcell factor and thus it paves the way 

towards a chiroptical spectroscopy in ultra-small molecular quantity. 

 

Quantum emitters coupled to optical resonators display the cavity-modified spontaneous decay rate. The 

modification of the decay rate is known as the Purcell effect. The Purcell effect has been applied to various fields 

from the surface-enhanced Raman spectroscopy [1] to the single photon source [2]. However, the Purcell effect 

cannot explain the cavity-modified decay rates of chiral molecules which are sensitive to helicity of 

electromagnetic fields [3]. 

In this presentation, we introduce the chiral Purcell factor FC that represents the maximum cavity-modified 

differential decay rate    0 0 0/ /L R L R       , where 
L  (

R )  and 0

L  ( 0

R ) respectively 

denotes the decay rate of resonator mode and free space for left (right) circularly polarization. Through rigorous 

derivation [4], we determine the chiral Purcell factor FC as 
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where (λ0/n), Q and VC are the effective resonance wavelength within a medium of refractive index n , the 

quality factor of the resonator, and the chiral mode volume of the resonator, respectively. We also introduce the 

notion of the chiral mode volume, representing spatial confinement of local helicity C (namely, optical chirality 

[3, 5]) of electromagnetic fields. In chiroptical spectroscopy, the differential decay rate 0/   is equivalent 

to fluorescence detected circular dichroism (FDCD) and circular dichroism (CD) signals of chiral molecules. 

Therefore a theory of the chiral Purcell effect may be utilized for (FD)CD measurements of ultra-small 

molecular quantity using optical resonators. 

We also demonstrate that the double fishnet structure, a typical metamaterial structure exhibiting negative 

index of refraction (Fig. 1) [4, 5], can effectively support (FD)CD measurements based on the high chiral Purcell 

factor. In Fig. 2, the double fishnet structure displays the 100-fold enhancement of (FD)CD signals inside 

metamaterial cavities. This strong (FD)CD enhancement in the double fishnet structure promises the realization 

of chiroptical spectroscopy using the chiral Purcell effect. 



 

Fig. 1 The double fishnet structure as metamaterial molecular cavity [5]. 

 

 

Fig. 2 Enhanced (FD)CD signals of chiral molecules in the double fishnet structure [4]. 
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Exciton-polaritons are mixed light-matter quasi-particles arising from the strong 

coupling between photons and excitons in a micrometer sized cavity with embedded 

quantum wells. They have been studied extensively since the discovery of strong light–

matter coupling in these systems in 1992 [1].  

Polaritons are bi-dimensional composite bosons that can exhibit macroscopic quantum 

coherence effects at high temperatures (5-300K) due to their very low mass (~10
-4

 times 

that of the electron, inherited from their photonic component). In particular, polaritons 

behave as a quantum fluid with specific properties coming from their out of equilibrium 

nature, determined by their short lifetime (few picoseconds). 

In these systems we observed superfluid and Cerenkov regimes [2] and the formation of 

quantized vortex and dark solitons in a polariton quantum fluid interacting with a large 

obstacle [3, 4]. 

In this regime, we have studied the formation of a lattice of vortex-antivortex pairs due 

to colliding flows of polaritons, and their evolution with the polariton density [5, 6]. We 

also demonstrated the formation of same-sign quantized vortices in an ensemble of 

polaritons having an orbital angular momentum (OAM). The OAM was injected by 

exciting the polaritons with a Laguerre-Gauss beam. In the superfluid regime, the 

formation of a vortex chain is a consequence of the quantization of the total angular 

momentum transferred to the superfluid. At higher densities hydrodynamical instabilities 

appear, resulting in the nucleation of vortex-antivortex pairs.  

These novel properties indicate that polaritons are good candidates for a renewed 

understanding of quantum phenomena, with potentially a high flexibility. 
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Abstract - Plasmonic nanostructures serve as the main backbone of surface enhanced sensing methodol-
ogies, yet the associated optical losses lead to localized heating as well as quenching of molecules, compli-
cating their use for enhancement of fluorescent emission. Additionally, conventional plasmonic materials 
are limited to operation in the visible part of the spectrum. We will elucidate how nanostructures consist-
ing of conventional and polar dielectrics can be employed as a highly promising alternative platform.

Dielectric nanostructures can sustain scattering resonances due to both electric and magnetic Mie modes. 
We have recently predicted high enhanced local electromagnetic field hot spots in dielectric nanoantenna 
dimers [1], with the hallmark of spot sizes comparable to those achievable with plasmonic antennas, but 
with lower optical losses. Here, we will present first experimental evidence for both fluorescence (Figure) 
and Raman enhancement in dielectric nanoantennas, including a direct determination of localized heating, 
and compare to conventional Au dimer antennas. The second part of the talk will focus on the mid-infrared 
regime of the electromagnetic spectrum, outlining possibilities for surface enhanced infrared absorption 
spectroscopy based on polar [2] and hyperbolic [3] dielectrics.

[1] Albela et al, ACS Photonics 1, 524 (2014)
[2] Caldwell et al, Nano Letters 13, 3690 (2013)
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Surface enhanced fluorescence from an array of 200 nm Si disk dimers (20 nm gap) coated with a thin film of Nile Red
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Abstract— We investigate analytically the spontaneous emission (SE) of a two-level quantum
emitter near a graphene-coated substrate under the influence of a magnetic field B. We demon-
strate that in the near-field regime the application of B can induce in the decay rate a variation
as large as 99% if compared to the case where B = 0. Also, we show that the magnetic field
allows us to manipulate the different decay channels of the system. We hope that these results
may find use in disruptive photonic technologies.

The possibility of tailoring the lifetime of quantum emitters has been a sought-after goal in optics
since the pioneer work of Purcell in 1946 [1]. Recently, the progress in the field of plasmonics has
allowed for an unprecedented control of light-matter interactions at a quantum level. Particularly,
graphene has been employed as a promising plasmonic material for controlling spontaneous decay
due its extraordinary electronic and optical properties [2, 3, 4]. In this work we exploit the magneto-
optical properties of graphene to investigate the influence of an uniform static magnetic field B on
the lifetime of a two-level quantum emitter.

Let us consider that the half-space z < 0 is composed of an isotropic and homogeneous material
of permittivity εs(ω), on top of which (z = 0) a flat graphene sheet is placed. The whole system is
at thermal equilibrium and under the influence of an uniform static magnetic field B = Bẑ. The
upper medium z > 0 is vacuum and an excited two-level quantum emitter of transition frequency
ω0 is located at a distance z above the interface. In the weak coupling approximation, it is possible
to show that the spontaneous emission rates Γ‖ and Γ⊥ for transition dipole moments parallel and
perpendicular to the graphene-plane can be, respectively, cast as [5]

Γ‖ =
3πc

ω0
Im [Gxx(r0, r0;ω0) +Gyy(r0, r0;ω0)] , and Γ⊥ =

6πc

ω0
ImGzz(r0, r0;ω0) (1)

where Gij is the ij-th component of the appropriate Green tensor, and r0 is the position of the
emitter. Besides, the dyadic Green’s tensor can be calculated by modeling graphene as a surface
density current K = σ ·E|z=0 and applying the appropriate boundary conditions at z = 0.

In Fig. 1(a) we show Γ⊥/Γ0 as a function of the distance z between the emitter and the
graphene-coated half-space. Graphene’s chemical potential has been set at µc = 115 meV, the
system is held at temperature T = 4 K, and the substrate is made of Silicon Carbide (SiC). Note
that for z & 100 µm Γ⊥ exhibits an oscillatory behavior as a function of z and that it is barely
affected by the applied magnetic field. However, for z . 10 µm the SE rate is largely enhanced
as the emitter-wall separation decreases. In this regime of distances the emission is dominated by
the evanescent part of the EM field. In this case, changing the strength of the applied magnetic
field strongly affects the lifetime of the two-level quantum emitter. Particularly, in the 1− 10 µm
range the Purcell effect is significantly suppressed when compared to the case where B = 0 T
even for moderate magnetic fields. This result is highlighted in the inset of Fig. 1 where we plot
∆Γ⊥ = [Γ⊥(z,B) − Γ⊥(z, 0)]/Γ⊥(z, 0) as functions of z for different values of B. Notice that a
suppression ∼ 99% of the PE can be obtained. Besides, note that for distances . 1 µm we can also
increase the Purcell effect by biasing graphene with a magnetic field.

In our problem, once the emitter decays its energy can be transfered to the coated substrate
through a lossy surface wave (LSW), or a photon may be found in a propagating (P) or total
internal reflection (TIR) mode. In Fig. 1(b) the probabilities (pLSW⊥ , pP⊥, pTIR

⊥ ) associated to each
of these processes are shown as functions of z for a transition electric dipole moment perpendicular



to the wall. All material parameters are the same as in Fig. 1(a). For B = 5 T (solid curves)
we notice that propagating modes are the main decay channel for z & 50 µm and are negligible
for z . 1 µm. Total internal reflection modes are also negligible for distances bellow 1 µm and
present an asymmetric peak around 10 µm spread in the interval 5 µm . z . 100 µm. Moreover,
LSW dominate the SE rate for distances smaller than 1 µm. If the magnetic field is increased up
to B = 15 T it is possible to see that for 1 µm . z . 20 µm the emission channels are strongly
affected. Interestingly, the energy carried out by LSWs drops sharply in this range of distances
whereas pP⊥ and pTIR

⊥ increase. For instance, around z = 4 µm pLSW⊥ decreases from ∼ 75% (B = 5
T) to ∼ 15% (B = 15 T). On the other hand, the probabilities of observing the emission of a photon
into a propagating or TIR waves change from ∼ 5% and ∼ 20% to ∼ 18% and ∼ 67%, respectively.
This plot complements Fig. 1(a) and shows that the magneto-optical effects of graphene not only
allow us to manipulate the total SE rate in the near-field regime but also enable us to have a
substantial control on the partial probabilities of emission in each decay channel of the system.

Figure 1: (a) Γ⊥/Γ0 as a function of distance z between the emitter and a graphene coated half-space
made of SiC for different values of the magnetic field. The inset presents the relative SE rates ∆Γ⊥ =
[Γ⊥(z,B) − Γ⊥(z, 0)]/Γ⊥(z, 0) as a function of distance for the same values of B. (b) The weights pi⊥ =
Γi
⊥/Γ⊥ as a function of distance for the B = 5T (solid lines) and B = 15T (dotted curves). In both panels
T = 4 K and µc = 115 meV.

We showed that the atomic lifetime of a quantum emitter near a graphene-coated half-space can
be strongly affected due to the magneto-optical properties of a graphene sheet. Particularly, the
application of a B allows for both enhancement and suppression of the decay rate. The latter could
be as hight as 99%. Furthermore, our results show that the magnetic field allow us to manipulate
the decay routes of quantum emission by using external agents.
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Abstract— We describe the design and performance of bright single-photon sources based on
individual epitaxially grown InAs quantum dots embedded in GaAs-based nanophotonic geome-
tries. Two geometries will be discussed which can be produced via standard III-V fabrication
processes, provide a moderate enhancement of spontaneous emission rate and allow spectrally
broad and efficient single-photon extraction and coupling into different types of collection optics.

Nanophotonic design can be effectively employed to engineer the radiative properties of single
solid-state quantum emitters, allowing significant modification of the spontaneous emission rate, as
well as spatial emission patterns. With proper design, these properties can be harnessed to create
a variety of important devices for photonic quantum information, ranging from strongly coupled
cavity quantum-electrodynamic systems to bright single-photon sources, with optimized efficiency
and performance.

Single photon sources based on single epitaxially grown quantum dots (QDs) are promising
devices for many photonic quantum information applications[1, 2], offering the possibility of bright,
triggered emission. As single-photon source brightness is crucial, III-V compound nanostructures
like InAs QDs in GaAs are of particular interest. This is due both to their short radiative lifetimes
(typically≈ 1 ns[3]) and the availability of mature device fabrication technology for creating scalable
nanophotonic structures which can modify the QD radiative properties in desirable ways - e.g.,
increasing the QD radiative rate[4] and funneling a large fraction of the emitted photons into a
single, desired collection channel[5].
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Figure 1: Nanophotonic geometries for high-brightness single-photon sources: (a) directional coupler formed
between suspended nanowaveguide and tapered optical fiber waveguide. (b) circular dielectric grating (’bulls-
eye’) cavity. c) Single-photon flux, into a 0.4 numerical aperture collection optic (plotted as a function of
excitation power in saturation units), for a quantum dot (QD) in a ’bullseye’ (QD in BE, red symbols) and in
unpatterned GaAs (QD in bulk, black symbols). Inset: Image of photoluminescence from a single quantum
dot within a ’bullseye’ cavity under 630 nm epi-illumination.

This talk will describe design and performance of bright single-photon sources based on indi-
vidual epitaxially grown InAs quantum dots embedded in GaAs-based nanophotonic geometries
which can be produced via standard III-V fabrication processes. Two different types of geometries
will be covered, which have been predicted and verified to provide a moderate enhancement of
spontaneous emission rate and allow spectrally broad and efficient single-photon extraction from
the semiconductor and coupling respectively into free-space and guided-wave collection optics.



The first structure (Fig. 1(a)) consists of a phase-matched directional coupler formed by a
suspended, ≈ 100 nm scale suspended GaAs waveguide containing InAs quantum dots, and a
micron-scale diameter optical fiber. A combination of high spontaneous emission coupling into
a guided mode of the suspended waveguide and efficient, phase-matched power transfer from the
waveguide into the fiber has led to a fiber-coupled single-photon source with ≈ 7% efficiency, with
operation bandwidths of > 40 nm [6].

The second structure (Fig. 1(b)) consists of a suspended, circular GaAs grating cavity with em-
bedded quantum dots, which was designed to maximize vertical extraction of photoluminescence
while maintaining a near-gaussian far-field pattern [7]. Maximized performance is predicted for
dipoles located at the center of the ’bullseye’ cavity; to achieve this, we have developed a photolu-
minescence imaging approach for locating single quantum dots with respect to alignment features
with an average (minimum) position uncertainty < 30 nm (< 10 nm). This allowed us to create a
bullseye cavity with a single quantum dot located within < 150 nm of the optimal position at cavity
center (Fig. 1(c)). With this, a single-photon source was demonstrated that simultaneously exhibits
high collection efficiency (48 % ± 5% into a 0.4 numerical aperture lens, close to the theoretically

predicted value of 50 %), low multiphoton probability at this collection efficiency (g(2)(0) < 1%),
and a significant Purcell enhancement factor (≈ 3). Experimental and theoretical details will be
discussed during the talk.

Lastly, the potential for the incorporation of nanophotonic structures with embedded single
quantum dots within hybrid, III-V / silicon photonic circuits will also be discussed.
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Abstract— We show theoretically that in a non-equilibrium system of an exciton-polariton
condensate, where polaritons are generated from incoherent pumping, a ring-shaped pump allows
for stationary vortex memory elements of singular topological charge. Using simple potential
guides we can choose whether to copy the same charge or invert it onto another spatially separate
ring pump. Such manipulation of binary information opens the possibility of a new type of
processing using vortices as topologically protected memory components.

The exciton-polariton Bose-Einstein condensate [1] (BEC) in planar microcavities has become
subject to much research and study in the past decade with the promise of polariton condensation
happening at much higher temperature than atomic condensates [2]. The exciton-polariton is a
quasiparticle formed by the strong coupling of a microcavity photon mode to electronic excitations
in quantum wells embedded in a microcavity. The most notable features of this composite bosonic
particle are its light effective mass, strong binary interactions and short lifetime (few orders of
picoseconds), which inhibits thermalization to the lattice temperature.

In our research [3] we focus on the quantum vortex, which is one of the most well studied topo-
logical defects in atomic BECs and has been observed in both polariton parametric oscillators [4]
and non-resonantly excited polariton BECs [5]. Its topological stability makes the vortex a prime
candidate for a robust binary memory component. We show theoretically that stable vortex so-
lutions of charge m = ±1 are supported by an incoherent ring-shaped pump and we predict that
coherent pulses can deterministically select the vortex sign allowing their detection.

Using simple potential guide geometry shown in Fig. 1, we find that a vortex charge can be both
copied or inverted to a second spatially separate ring pump even under a large amount of stochastic
noise (see Fig. 2). This satisfies the standards of copying binary memory, with high fidelity, and of
a NOT gate. The choice of whether transferring the same charge (±1→ ±1) or the inverse charge
(±1 → ∓1) can be controlled by either changing the length scales of the potential guide or the
distance between the ring pumps.

Using mean field theory and assuming the spontaneous formation of the exciton-polariton con-
densate (Ψ), an open-dissipative Gross-Pitaevskii (GP) model describes our incoherently pumped
condensate coupled with an exciton reservoir (nR) [6].

i~
∂Ψ

∂t
=

[
− ~2

2m
∇2

⊥ + V (r) + gc|Ψ|2 + gRnR(r, t) + i
~
2

(RnR(r, t)− γc)
]
Ψ + Pc(r, t) (1)

∂nR
∂t

= −(γR +R|Ψ|2)nR(r, t) + PR(r). (2)

In conclusion, we show theoretically that one can use coherent pulses to create vortex state with
definite charge, which is then supported by incoherent ring shaped pump. In a guide-like geometry,
these vortex states can be transferred and (inverted) to other pump spots robustly. We believe
that a new area of future mechanism can be started using these basic transfer schemes as building
blocks.
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Figure 1: Left: A schematic showing the exciton-polariton microcavity composed of λ/2 AlAs cavity with
a GaAs quantum well (QW) inside.The ring-shaped incoherent optical pumps create an exciton reservoir in
the QW which in turn generates polaritons which form a vortex state. Right: Fidelity shown for several
different processes of copying (inverting) a charge to a different pump, calculated over twenty realizations of
stochastic noise. The blue and the purple line correspond to Fig. 2a-b respectively.

Figure 2: Two different setups which show a completed transfer of charge information after 2.5 ns. (a)
Inverted charge has been transferred from left pump to the right one. (b) Shortened guide path now transfers
the original charge to the second pump. Yellow dashed lines outline the edges of the potential grid.
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Abstract— Exciton conductance in organic materials can be enhanced by several orders of
magnitude when the molecules are strongly coupled to an electromagnetic mode. Using a 1D
model system, we show how the formation of a collective polaritonic mode allows excitons to
bypass the disordered molecule array and jump directly from one end of the structure to the
other. We furthermore demonstrate that by tailoring the electromagnetic mode, excitons can be
harvested from a specific spot and funneled to another one.

The transport of excitons (bound electron-hole pairs) is a fundamental process that plays a crucial
rule both in natural phenomena such as photosynthesis, where energy has to be transported to a
reaction center, and in artificial devices such as organic solar cells, whose power conversion efficiency
can be improved significantly when the exciton diffusion length is increased. Similarly, excitons can
play an important role in heat transport, and understanding and manipulating their role has possible
applications ranging from thermoelectric effects to heat-voltage converters, nanoscale refrigerators,
and even thermal logic gates. However, most systems composed of organic molecules are disordered
and possess relatively large dissipation and dephasing rates, such that exciton transport typically
is inefficient.

Very recently, an increase of the electrical conductance of an organic material was shown under
strong coupling of the excitons to a cavity mode [1]. Strong coupling is achieved when the energy
exchange rate between exciton and electromagnetic field modes becomes faster than the decay
and decoherence rates of either constituent. Inspired by this result, we demonstrate that exciton
conductance in organic materials can be enhanced by several orders of magnitude when the molecules
are strongly coupled to an electromagnetic mode. Using a 1D model system, we show how the
formation of a collective strongly coupled mode (a polariton) allows excitons to bypass the disordered
array of molecules and jump directly from one end of the structure to the other [2].

We furthermore show that by designing the electric field profile of the electromagnetic mode that
provides the strong coupling, the transport properties can be tuned to achieve exciton harvesting
and funneling, i.e., to guide excitons from a collection area to a specific location. We demonstrate
this effect using the localized plasmon resonances of a single metallic nanosphere and a three-sphere
structure. The latter provides pronounced hot spots where the electric field is strongly concentrated.
We show that excitons are efficiently transported between these hot spots, bypassing the rest of the
system.

[1] E. Orgiu, J. George, J. Hutchison, E. Devaux, J. F. Dayen, B. Doudin, F. Stellacci, C. Genet,
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states”, arXiv:1409.1900 (2014).
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Abstract— In analogy to particle collision experiments in high energy physics, a scattering
experiment of a condensed polariton beam is presented. Here, the trajectories of the scattered
quasi-particles can be immediately observed allowing for the determination of interaction parame-
ters between polaritons and background carriers. Besides guiding of polariton beams, background
carriers are also considered as a gain medium. Using an attractive potential environment pro-
vided by polariton traps, a significant amplification of polariton beams is achieved without beam
distortion (Abstract).

Scattering experiments are an important tool in nuclear and high energy physics used to gain
insight into subatomic structures. In these experiments, the observed trajectories of the scattered
particles allow for the reconstruction of the scattering potential.

In condensed matter, however, typically the occurrence of scattering is determined rather indi-
rectly, e.g. by the measurement of the phase coherence time in four-wave mixing experiments [1].
Very promising candidates for the direct observation of scattering trajectories in condensed matter
are condensates of exciton-polaritons in semiconductor microcavities, which can ballistically prop-
agate over tens of microns [2, 3] and can easily be monitored due to their efficient coupling to the
electromagnetic field.
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Figure 1: (a) and (b): Polariton condensate distribution for different excitation power levels of the Gaussian
laser spot. (c) Scattering angle in dependence on the excitation power level of the Gaussian laser spot.
Excitation power is normalized to the polariton condensation threshold under excitation with the Gaussian
laser spot only.

Here, we generate a directed polariton condensate beam by non-resonant excitation using a
spatial light modulator (SLM), which offers the benefit of a large degree of freedom regarding
the choice of excitation angle and energy [3]. The scattering potential is created by injection
of background carriers using a non-resonant Gaussian laser spot. In addition, the height of the
potential can be tailored by variation of the excitation power level.

Typical trajectories of scattered polariton beams are shown in Fig. 1 (a) and (b) for two different
excitation power levels of the Gaussian laser beam corresponding to different potential heights.



Clearly, two scattered polariton beams, symmetric with respect to the incoming polariton beam
can be identified. As expected, the scattering angle increases with larger density of background
carriers [Fig 1 (c)]. The lowest scattering angle detected is ca. 30◦. With increasing potential height
the scattering angle grows rapidly and exhibits a saturation value of roughly 60◦. In addition
to these experiments, numerical simulations are currently under progress, which will enable us
to gain further insights into the interaction strength between background carriers and polariton
condensates.

Figure 2: (a) Generation of a directed polariton beam in vicinity of a polariton trap indicated by the
white dashed line without additional amplification. (b) Polariton beam is amplified by the Gaussian laser
spot (denoted by the white circle). (c) Gain of the polariton beam propagating over the polariton trap in
dependence on the excitation power of the Gaussian laser spot.

A reservoir of background carriers cannot only be used for a controlled deflection of a polariton
beam, but also for the purpose of signal amplification, which is a figure of merit for the realization
of all-optical logic circuits due to the short polariton lifetimes on the order of ps.

The magnitude of the repulsive potential mediated by background carriers is known to be on the
order of 5 meV from photoluminescence measurements [3, 4]. The idea of the experiment presented
in the following is to locate the background carriers providing gain for the polariton beam in an
attractive potential environment of the same order of magnitude giving rise to a beam amplification
without deflection. This can be realized by polariton-traps consisting of a circular-shaped region
with an elongated cavity layer. Here, the attractive potential is mediated by the photonic fraction
of the LP.

Fig. 2 shows two-dimensional polariton distributions generated by this experimental approach.
The polariton beam is generated outside of the polariton trap, which is d = 30 µm in diameter
(indicated by the white dashed line in Fig. 2). The beam is partly transmitted into the polariton
trap [Fig. 2 (a)] and can be amplified by placement of the Gaussian laser spot within the trap
[indicated by the solid circle in Fig. 2 (b)]. As evident from the experimental data [Fig. 2 (a) and
(b)], the polariton beam is largely amplified by the Gaussian laser spot without deflection of the
polariton beam. Here, signal amplification up to a factor of 7 for the chosen excitation power levels
is observed [Fig. 2 (c)].

In conclusion, a novel type of scattering experiment performed in a semiconductor has been
presented. The analysis of the scattering angle of the polariton beams is expected to allow for
a precise estimation of the interaction strength between background carriers and condensed po-
laritons. Moreover, a reliable approach for the amplification of polariton condensates induced by
stimulated scattering of background carriers without beam deflection using polariton traps has been
demonstrated, which might be of relevance for the realization of all-optical logic circuits.
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Abstract- We will present microwave measurements and modelling of hyperbolic metamaterial. We 
focus on measurements of emission properties of embedded sources in addition to effective 
permeability and permittivity. 

 
Metamaterials have been proposed as a potential solution to control emission of light for more than a decade 

[1,2]. More recently so-called hyperbolic metamaterials have been intensively studied. These structures possess 
effective permeability or permittivity tensors components such that one principal component is opposite to the 
two others.  

 
It has been shown that hyperbolic metamaterials could lead to negative refraction and superlensing [3,4]. 

The dispersion relation display hyperbolic features (i. e. isofrequency dispersion relation is a hyperbola) and, 
thus, could lead to diverging density of states and enhancement of spontaneous emission [4].  

 

 
Figure: Measurement of the emitted magnetic field inside the metamaterial when a dipole antenna is located 

inside the hyperbolic metamaterial at 11 GHz.  
 



We will present a detailed study including modeling and experiments of the emission in hyperbolic 
metamaterials. Modeling and measurements allows us to determine both effective permittivity and permeability 
values for the studied structure. The retrieval procedure will be described. Then, measurement of the electric and 
magnetic field inside the hyperbolic metamaterial will be shown (when excited by a source located inside). We 
will also present results of local density of states modeling and measurement.  
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Abstract- We demonstrate a plasmonic nanoantenna based on a film-coupled nanocube with a 

sub-10 nm gap embedded with emitters. Fluorescence lifetime measurements on ensembles of emitters 

shows Purcell factors exceeding 1000 while maintaining high quantum efficiency (> 0.5) and directional 

emission. Using angle resolved fluorescence measurements, we first determine the orientations of 

emission dipoles in the nanoscale gap. Incorporating this information along with the three-dimensional 

spatial distribution of dipoles into full-wave simulations predicts the time-resolved emission dynamics, 

in excellent agreement with experiments. 

 

Luminescent emitters typically have long emission lifetimes (~10 ns) and non-directional emission, which 

are intrinsic optical properties that are not well suited for nanophotonic devices. To enhance the spontaneous 

emission rate, known as the Purcell effect, much work has focused on modifying the photonic environment of 

emitters. Plasmonic nanostructures can enhance the spontaneous emission rate and allow for enhancement of 

broadband room temperature emitters owing to their relatively broad optical resonances. However, many 

plasmonic structures suffer from undesirable high non-radiative decay due to intrinsic losses in the metal or have 

low directionality of emission. Furthermore, the largest Purcell enhancements occur in nanoscale gaps between 

metals, which are challenging to fabricate reliably and, especially, on a large scale. 

In this work [1], we demonstrate a nanoscale patch antenna (NPA) that shows large Purcell enhancement, 

high radiative efficiency, directionality of emission, and deeply sub-wavelength dimensions. The antenna 

consists of a colloidally-synthesized silver nanocube (~80 nm side length) situated over a metal film, separated 

by a well-controlled nanoscale polymer spacer gap (5-15 nm) which is embedded with emitters (Figure 1a). 

Emitters placed in the nanogap experience large changes in their spontaneous emission rate due to the large field 

enhancement and increased density of states [2] and the emission is found to be highly directional (Figure 1b). 

Figures 1c-d show the emission properties of a NPA with a plasmon resonance of 650 nmnp   and a gap 

thickness of d = 8 nm computed by full-wave simulations. The calculated emission rate depends on the lateral 

position of the emitter under the nanocube, with rate enhancements ~4000 near the corners of the nanocube for 

dipoles oriented along the z direction. Meanwhile, the emission efficiency remains high (>0.5) and spatially 

uniform (Figure 1d). 



 

 

Figure 1. (a) Cross-section of nanopatch antenna (NPA) with dye molecules sandwiched between a gold film and a 

silver nanocube. (b) Simulated and measured radiation pattern of a single NPA. (c) Simulated spontaneous 

emission rate enhancement and (d) quantum efficiency for a vertically oriented dipole as a function of position 

under the nanocube. (e) Measured and simulated emission dynamics from an ensemble of Ru dye molecules in the 

gap region as a function of gap thickness. 

 

Experimentally observing large emission rate enhancements is often challenging due to the intrinsic lifetime 

of many common emitters (~10 ns) and the temporal resolution limit of single photon detectors (~30 ps). To 

overcome this limitation, we integrated into the nanogap a fluorescent ruthenium metal complex dye (Ru dye) 

with a long intrinsic lifetime of 0

0 1/ 600 50 nssp    . Figure 1e shows the time-resolved emission from 

single NPAs with a range of gap thicknesses d after non-resonant pulsed excitation at 535 nmex  . The 

emission shows a non-exponential decay with an initial rate at t = 0 of 
max 11 / 0.7 nssp  for the 8 nm gap 

thickness, corresponding to a maximum spontaneous emission rate enhancement of 
max 0/ 860sp sp   . To 

correctly model the emission dynamics, we directly determine the distribution of dipole orientations by angle 

and polarization resolved measurements of Ru dye embedded in a polymer film, which reveal that most emission 

dipoles are oriented at 75o relative to surface normal. After incorporating the distribution of emission dipoles and 

performing spatial averaging under the nanocube, we find that the predicted emission dynamics are in excellent 

agreement with experiments for all gap thicknesses (Figure 1e).  
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Abstract: We report on the strong coupling of surface plasmon polaritons to dye molecules in 

reflection, excitation, and emission experiments and demonstrated modification of the 

corresponding dispersion curves. We have also observed nontrivial dispersion dependence in 

angle-resolved spontaneous measurements, presumably resulting from a strong coupling of SPPs 

and spontaneously emitting dye molecules.  Finally, we demonstrate the strong coupling of 

localized plasmons of silver islands (deposited on the top of glass, or hyperbolic metamaterials) and 

R6G dye molecules. 

In the domain of light-matter interactions, the possibility of coupling of excitons to photonic or plasmonic modes 

(enabled by such media as cavities, photonic crystals, metamaterials and plasmonic materials) enables control of 

stimulated [1] and spontaneous [2] emission, along with other physical phenomena. When the strength of such 

coupling becomes so strong that the rate of energy transfer between excitons and photonic modes is much larger 

than all other decay processes in the system, one steps into the strong coupling regime. Strongly coupled systems 

enable the modification of the plasmon dispersion [3] and tunability of the work function [4], among many other 

important applications. 

Here, we demonstrate the strong coupling of dye molecules to surface plasmon polaritons (SPPs) in reflection 

and excitation experiments and observe splitting of the plasmon dispersion curve. We have also observed a 

nontrivial modification of the dispersion curve, presumably resulting from a strong coupling of SPPs and 

spontaneously emitting dye molecules.  Further, we observe splitting of the dispersion curve from absorption 

measurements on samples consisting of R6G molecules near nanoscopic islands of silver, deposited on the top of 

glass and hyperbolic metamaterial substrates.  

Experimentally, thin silver films (~ 50 nm) were deposited on a glass prism with index of refraction n = 1.78 and 

further coated with poly(methyl methacrylate) (PMMA) film doped with Rhodamine 6G (R6G) dye at 

concentration of 50 mM (thickness ~ 3 m). SPPs were excited through the prism (in the Kretschmann geometry) 

and the reflectance spectra were measured at varying angles of incidence in the spectrophotometer setup, Fig. 1a. 

The minima corresponding to dips in the angular reflectance scans done at fixed wavelength and reflectance 

spectra measured at fixed incidence angle (plotted in the  vs k coordinates) constitute the dispersion curve of 

SPPs in the presence of dye, Fig. 1a. This dispersion curve splits into three branches and shows an avoided 

crossing behavior. The overall splitting was as large as 370 meV. Correspondingly, the excitation spectra of R6G 

emission (collected at different angles) matched the dispersion curve measured in reflectance experiments. We 

also modeled the dispersion in our sample using modified Fresnel equations [5] for a metal film sandwiched 

between a Lorentzian dye and lossless dielectric. The calculated dispersion is split into up to three branches, 

depending on the number of Lorentzian peaks we assign for the dye layer. 

Next, we optically pumped dye molecules (at  = 530 nm), and measured the spectra of emission, which first 

excited SPPs and consequently outcoupled them to the prism at different angles. The SPP emission spectra 
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recorded at different collection angles (in a spectrophotometer setup) exhibited multiple peaks and shoulders. 

The resulting dispersion curve is split into three branches, Fig. 1b. However, these branches and the splittings 

were totally different from the ones obtained using the reflectometry measurements. This suggests that the same 

plasmonic environment couples differently to absorbing and emitting dye molecules. 

 

 

 

  

 

 

 

 

 

Fig. 1. (a) Dispersion curve obtained from spectral reflectance measurements done at several angles. Right: The solid black line shows the absorption 

spectrum of R6G:PMMA sample deposited on glass. Inset: Schematic of the sample and the Kretschman geometry setup. (b) (Left) Black markers – 

dispersion measured from reflectometry; green, blue and red diamonds – branches of the dispersion curve obtained from emission spectra; (Right) 

absorption (black line) and emission spectra (pink line) of the R6G:PMMA film on  a glass substrate. Inset: Schematic of the setup used to collect R6G 

emission. (c) Positions of LP resonance (max) in samples with silver islands on glass, plotted against max in samples with R6G deposited on the top of 

silver islands. Solid pink lines correspond to the positions of the main peak and the shoulder in R6G absorption. Inset: Emission spectra of R6G on the top 

of glass – trace 1, and on the top of a representative sample consisting of silver islands on glass – trace 2.  

In a different set of experiments, we deposited nanoscopic Ag islands onto glass substrates (by thermal 

evaporation) in order to excite localized surface plasmon resonances, characterized by peaks in the absorption 

spectra. The sizes of Ag islands were chosen such that the localized plasmon (LP) resonance in each sample was 

within the visible spectral range [6]. When a thin film of R6G (concentration ~ 30 g/L) was deposited on top of 

Ag islands, the absorption spectra changed and started exhibiting multiple (up to three) peaks and shoulders. The 

positions of the peaks (max) in the absorption spectra (measured in the spectrophotometer) for different samples 

consisting of silver islands on glass (without dye), are plotted against the positions of the multiple peaks 

observed in the hybrid samples, Fig. 2c, where an avoided crossing behavior is evident. We observe a similar 

splitting of the dispersion curve in analogous Ag islands deposited onto hyperbolic metamaterial substrates 

(rather than glass substrates). Further, we measured the spontaneous emission spectra of R6G molecules (excited 

at  = 536 nm) deposited on top of Ag islands, and noticed that the emission spectra in these samples are blue 

shifted relative to the emission of R6G deposited on top of glass slides without silver islands, Fig. 2c. The 

detailed experimental and theoretical analysis of the emission measurements will be provided at the conference.  
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Abstract: We demonstrate experimentally that hyperbolic metamaterials fundamentally alter dipole-dipole 
interactions conventionally limited to the near-field. The effect is captured in long-range energy transfer and 
lifetime reduction of donor emitters due to acceptors placed 100 nm away. 

 
Dipole-dipole interactions govern fluctuational effects such as Casimir-Polder forces, Van-der Waals forces, vacuum 
friction and intermolecular energy transfer [1].  One striking manifestation of dipole-dipole interactions is the efficient 
near-field energy transfer between adjacent fluorescent molecules: Förster resonance energy transfer (FRET) [2]. This 
is an extremely efficient non-radiative energy transfer that is mediated by the Coulombic dipole-dipole coupling 
between closely spaced fluorophores  (Fig.1(a), left). Typically these effects are short ranged and limited to the near-
field of atoms and molecules (10 nm separations). 
      In this paper, we demonstrate experimentally that an engineered metamaterial fundamentally alters dipole-dipole 
interactions allowing long-range energy transfer. By modifying the FRET mechanism that is normally mediated by 
the Coulombic near-field, we show that a hyperbolic metamaterial (HMM) provides an unconventional long-range 
dipole-dipole interaction which we refer to as a Super-Coulombic interaction (Fig 1(a), right). We study interacting 
quantum emitters in a multilayer hyperbolic metamaterial environment using spectral and time-resolved spontaneous 
emission measurements. Our work shows that emitters are able to couple over distances as large as 100 nm through a 
HMM and transfer energy with enhanced efficiency. We emphasize that no study hitherto has elucidated long-range 
dipole-dipole coupling in cavities, photonic crystals or plasmonic nanoparticles [3]. Our result is in agreement with 
spontaneous emission lifetime theory in a nanophotonic environment and paves the way for a new class of phenomena 
related to interactions between quantum emitters within hyperbolic metamaterials. 
     The experimental setup is shown schematically in Figure 1(b). The organic fluorophore Alq3 acts as a donor 
emitter while the organic fluorophore R6G acts as the acceptor emitter. The hybrid samples consist of the two species 
of emitters on opposite sides of the metamaterial. Alq3, R6G is dissolved in a PMMA solution and spun cast as 13 
nm-thick films. The observed PL, absorption spectra are shown in Figure 1(d). Ag/ZrO2 pentalayer metamaterials 
were deposited via sputtering/ atomic layer deposition (Ag/ZrO2 individual layer thicknesses: 20 nm /20 nm). The 
layer thicknesses are subwavelength such that the super-lattice behaves as a hyperbolic metamaterial.  The measured 
transmission spectrum of the pentalayer system is shown in Figure 1(c) and is in agreement with effective medium 
theory. Note the wavelength range of hyperbolic dispersion is engineered in the spectral overlap region between Alq3 
and R6G. 
Long-range energy transfer: To carefully isolate the role of Hyperbolic Polaritons (HPs) in energy transfer from 
Alq3 (donor) to R6G (acceptor) we study the PL spectra in multiple configurations. (1) Alq3 below the HMM with no 
R6G on top, and (2) R6G above with the HMM with no Alq3 below. Figure 1(e) shows the PL spectra of the two 
control samples and a hybrid metamaterial sample that contains both Alq3 and R6G. In the Alq3 only control sample, 
Alq3 molecules emit into dark HPs supported by the pentalayer and weak fluorescence intensity is observed from 
above. In the R6G only control sample, the 400 nm excitation laser weakly excites R6G and weak fluorescence 
intensity is observed. When Alq3 and R6G are present on opposite sides of the pentalayer (“hybrid”), Alq3 excited 
HPs can effectively transfer energy to R6G. A striking enhancement in R6G (donor) fluorescence intensity is 
observed in Fig. 1(e) for the hybrid metamaterial sample. 
Super-coulombic dipole-dipole interaction: To confirm the long range coupling between acceptors and donors, we 
study the time-resolved PL of Alq3 and R6G in our metamaterial geometry. A 400 nm, 130 fs-pulsed laser was used 
to pump the samples from below (Figure 1(b)), the resulting PL was then imaged using a streak camera allowing us to 
directly observe the spontaneous emission lifetimes of both the donor and acceptor. In addition, time-correlated single 
photon counting measurements were completed and shown to agree with these streak camera results. Figure 1(f) 
shows the observed PL streak camera traces as well as theoretical fits based on a bi-exponential decay model. Relative 
to “bulk Alq3” (isolated 13 nm film), we see that the metamaterial significantly reduces the spontaneous emission 



 

 

lifetime of Alq3 (“Alq3 only”) due to the presence of hyperbolic modes supported by the pentalayer. This is in 
agreement with previous studies [4,5]. However, when R6G is present on top in the hybrid sample, we observe that 
the Alq3 spontaneous emission lifetime is decreased further due to the efficient energy transfer and interaction with 
R6G molecules on top. This additional lifetime reduction marks the long-range nature of the coupling between donor-
acceptor pairs with a distance of 100 nm between them. This is the first experimental demonstration of   efficient 
long-range molecular energy transfer. It can lead to a unique class of effects in metamaterials related to Super-
Coulombic dipole-dipole interactions and also applications made possible by long-distance energy transfer. 

[1] Rodriguez et. al. Nat. Photon. 4, 211-221 (2011) 
[2]  T. Förster, Annalen der physik 437, 55 (1948). 
[3] P. Andrew and W. L. Barnes, Science 290, 785 (2000). 
[4] Z. Jacob et. al. Appl. Phys. B. 100 (1), 215-218 (2010)  
[5] M. Noginov et. al. Opt. Lett. 35 (11) 1863-1865 (2010) 

Fig. 1 – (a) Conventional dipole-dipole interactions limits resonant energy transfer to emitter molecule separation distances of about 6-10 nm. 
Hyperbolic metamaterials (HMMs) enable super-Coulombic energy transfer over distances of about 100 nm. HMMs support volume Bloch 
surface plasmon polaritons enabling near-field energy propagation through the metamaterial. (b) Experimental schematic. A thin Alq3 film (13 
nm thick) is excited with a 400 nm, 130 fs-pulsed laser. Alq3 photoluminescence (PL) is resonantly transferred through the sample to R6G 
molecules (13 nm thick film). (c) The normal incidence transmittance of the Ag/ZrO2 pentalayer-HMM is shown (inset: SEM micrograph) which 
is in agreement with effective medium theory. The pentalayer does not transmit free-space Alq3 nor R6G PL. (d) Bulk (isolated 13 nm spun cast 
films) fluorescence, absorption of Alq3 (donor) and R6G (acceptor). The Alq3 fluorescence is able to resonantly excite R6G fluorescence. (e) 
“Alq3 only” emits into dark HPs supported by the pentalayer and weak fluorescence intensity is observed from above. “R6G only” is weakly 
excited by the 400 nm excitation laser and weak fluorescence intensity is observed. When Alq3 and R6G are present on opposite sides of the 
pentalayer (“hybrid”), Alq3 excited HPs can effectively transfer energy to R6G; we observe an enhanced R6G fluorescence intensity. (f) Streak 
camera traces of the PL intensity indicate that the donor-Alq3 PL lifetime is reduced due to the presence of acceptor-R6G ≈ 100 nm away! This 
marks the presence of long-range dipole-dipole interaction unlike any conventional medium. 
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Abstract- Large enhancement of upconverted luminescence by plasmonic field has been widely 

reported but most studies considered steady state only. Here we report the theoretical and 

experimental study on the transient behavior of plasmon enhanced upconverted luminescence. We 

observed 23-fold faster rise of upconverted luminescence with the presence of plasmonic field. The 

dependence of rise time on plasmonic field is theoretically predicted and verified by experiments.  

 

We synthesized β-NaYF4:18%Yb3+,2%Er3+ upconversion nanoparticles (UCNPs) and deposited them layer-

by-layer on top of a silver nanograting that supports surface plasmon resonance at the UCNP absorption band of 

980 nm. Up to 39-fold upconverted luminescence was observed, and the enhancement mechanism was 

elucidated by a comprehensive analysis based on rate equations in our previous reports
1
. Here we present a 

theoretical framework for the transient analysis of the upconverted luminescence. Using this powerful tool, we 

studied the energy transfer upconversion (ETU) processes between Yb3+ and Er3+ ions, and revealed how the rise 

decay of the upconverted luminescence behave under the environment of plasmonic field.  

The emission from our UCNP is mainly at green and red wavelength. We focused our transient study on 

green, and it is straightforward to extend the analysis to red following exact same method. The green emission is 

described by rate equation
1
,  

                                             
dNA4

dt
= cd4ND1NA2 -WA4NA4

                                                          (1) 

Here NA4, ND1 and NA2 are the population of green emission energy level 2H11/2 and 4S3/2, Yb3+ excited energy 

level 2F5/2, and Er3+ intermediate energy level 4I11/2 respectively. WA4 is the total decay rate from green emission 

energy level. 𝑐𝑑4  is upconversion energy transfer coefficient between Yb3+ and Er3+. The term 𝑐𝑑4𝑁𝐷1𝑁𝐴2 

represents the upconversion energy transfer rate from donor Yb3+ to acceptor Er3+. To describe the rise of 

luminescence upon turning the light source abruptly on, it is reasonable to express the energy transfer 

upconversion term by 

                                                    𝑐𝑑4𝑁𝐷1𝑁𝐴2 = 𝐴[1 − 𝑒𝑥𝑝(−𝑊𝑐𝑡)]                                           (2)               

where the rate Wc is the rate constant for the energy transfer upconversion process. Substituting equation (2) into 

(1), we can express the green luminescence rise by 

                                             𝑁𝐴4 =
𝐴

𝑊4
[1 −

𝑊4

𝑊4−𝑊𝑐
(𝑒−𝑊𝑐𝑡 −

𝑊𝑐

𝑊4
𝑒−𝑊4𝑡)]                                        (3) 

From the above solution, it is clearly seen that the rise of the green luminescence is governed by the 

competition between the decay rate 𝑊4 and the energy transfer upconversion rate 𝑊𝑐. The slower of the two will 

determine the apparent rise time.  



            

 

Figure 1. In (a), Green solid line is the green decay curve monitored at 550 nm under 532 nm laser excitation. All other solid lines 

represent green rise of reference and grating UCNP samples under different 980 nm excitation power conditions. We subtracted 

the rise signal from its plateau to invert it into multiple exponential curves. The black dash lines are the green rise fitted by 

equation (3). The excitation power at 0.7 kW/cm
2
 falls into the weak excitation condition regime, while the 22 kW/cm

2
 falls into 

the strong excitation regime of grating-UCNP and the transition regime of reference UCNP sample
1
. Fig. 1(b) is the green decay of 

reference and grating UCNP samples under different 980 nm excitation conditions.  

In order to obtain the total green decay rate 𝑊4, we measured the green decay of UCNP under 532 nm laser 

excitation. The measured decay time was 112 μs, and power independent. We then measured the green rise time 

of reference UCNP sample on metallic film and UCNP on nanograting under 980 nm laser excitation. We 

observed significantly faster green rise with stronger excitation power for both reference and grating UCNP. It 

indicates faster rise of upconverted energy transfer with stronger excitation.  Due to the plasmonic resonance, the 

UCNP on grating experienced 3 times stronger local field comparing to reference UCNP. And we observed 

consistently faster rise from grating UCNP than from the reference sample under the same excitation conditions. 

Under weak excitation condition, the rise of upconverted energy transfer was slow which limits the overall green 

rise rate. As we increased the excitation power strong enough, the rise of upconverted energy transfer became 

much faster than the green decay rate 𝑊4 that the overall green rise rate is limited by 𝑊4 instead. This is what we 

observed in Fig. 1(a) that the fastest green rise rate from grating UCNP under strong excitation approaches to the 

total green decay rate shown by green line. In contrast, the decay process was found to be independent of the 

excitation power, as shown in Fig. 1(b), because the decay of intermediate level dominates in all cases.  

We fitted the experimental green rise curve with equation (3), and extracted the rise rate of upconverted 

energy transfer. The slowest rate happened in reference UCNP under weak excitation was (275𝜇𝑠)−1, while the 

fastest rate happened in grating UCNP under strong excitation was (12𝜇𝑠)−1 , representing a 23-fold 

enhancement of energy transfer rate for upconversion. This analysis can be easily extended to the analysis of the 

red and near-infrared emission. The full analysis will be presented at the conference. A complete understanding 

of the upconversion dynamics under plasmonic fields would lead to the rational design of plasmon enhanced 

upconversion materials.  
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Abstract—

Strong coupling between light and matter is at the forefront of research both for the observation
of new phenomenologies and the development of technologies based on interacting fluid of light.
Here we show organic polaritons in different optical systems. First we see Bloch surface wave
mode dressed with excitons showing ultrafast propagation of hundreds of microns at half the
speed of light. Then we shift to polaritons in plasmonic systems demonstrating ultra strong
coupled excitons of organic molecules with nanometer-scale plasmonic disks.

Polaritons are among the most striking quasi-particles in semicondutors that can undergo phase
transition to a Bose Einstein condensate state even at room temperature. The physics of these ob-
jects has shown several impressive achievements, from superfluidity [1], lasing at room temperature
[2], solitons [1, 3, 2], black holes analog [4], optical switches [5], and many others. In particular
we have recently demonstrated that exploiting the strong nonlinearities provided by the excitonic
component of the polariton quasiparticles it is possible to build a full logic based on all-optical
polartion transistor-gates [6]. Two main factors, though, limit the true exploitation of such new
technology: one being the very low temperatures of operation of GaAs based polaritons while the
short propagation distance remains the other main drawback. Using Bloch surface wave polaritons
(BSWP) [7] is however possible to overcome all these limitations. Here we present the recent obser-
vation of room temperature BSWP propagation by using organic dyes as active medium. Taking
advantage of the high quality factor of the BSW modes we can see polariton flowing at distances
as long as several hundreds microns—both in 2D and in BSWP waveguide—approaching the speed
of light [8].

Figures and Tables: Left panel: Experimental data of the BSWP dispersion bending from
the light line (red) toward the organic exciton of the Lumogen Red. The bare BSW mode is shown
with a blue line. Right panel shows BSWP propagation from the excitation spot (red dashed line)
of more than hundreds of microns, along the plane of the sample. It is interesting to note that
given the relatively long polariton lifetime the relaxation along the BSWP dispersion is observable
for higher energy polaritons (white dashed lines).
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The other important factor that limits the use of optical elements for classical and quantum
computation is their bulky architecture in particular when it comes to scalability. For this reason
the use of plasmonic fields rather than optical modes can be particularly awarding and one of the
interesting possibilities is to have field enhancement at the nanometer scale while keeping a strong
coupling with a material dipole [9]—essential to provide non-linearities. Until now J-aggregates
have been used for their sharper absorption line and Stokes shift. However it was recently shown
that couplings so strong to be of the order of the dipole excitation energy can be reached, in organic
materials, by using molecules with very high oscillator strength leading to the ultra strong coupling
(USC) regime [10, 11]. Recently it has been theoretically proposed to use plasmonic nanoshells to
reach such regime in dressed plasmon-excitons systems [12]. Here we show that by using a molecular
dye on metallic nanodisks we can reach energy splitting as high as 40% of the exciton transition,
fully into the USC regime. These results are promising for the very interesting possibilities that
such plasmonic systems can offer as building blocks for quantum operations.

ACKNOWLEDGMENT

This work has been founded by the ERC POLAFLOW project.

REFERENCES

1. Amo, A, Sanvitto, D, Laussy, F. P, Ballarini, D, Valle, E. d, Martin, M. D, Lemâıtre, A, Bloch,
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Abstract— The study of the interaction of Surface Plasmon Polaritons (SPPs) with quantum
emitters has become very important in the last few years. The ability to design of optical
devices as well as investigate the physics of strongly interacting systems are some of its useful
applications. In the presentation we will show some results on the decay of excitons confined in
a semiconductor matrix into SPPs confined in a metallic thin film, an important step toward the
investigation of the basic features of the SPP-exciton interaction.

Surface plasmon polaritons (SPPs) are the result of the coupling between light and the free
electrons in a metal near a metal-dielectric interface [1]. The confinement of the electrons at the
interface gives rise to strong electromagnetic fields in the surrounding media and may enhance the
coupling of light with quantum emitters. As a result of this interaction some devices such as optical
switches can be engineered [2], and it is also under investigation if under this plataform is possible
to study strongly interacting systems of light [3], an essential ingredient to study the so-called
quantum fluids of light [4] that may give rise to new exotic features of photons interactions.

When placed near metallic nanoparticles (NPs), excitons in a quantum dot (QD) or quantum
well (QW) decay into light and also in localized SPPs [5]. Under some restrictive conditions it was
observed that the photoluminescence spectra may increase or decrease depending on the density of
these nanoparticles [6]. However, the control of the relative position between the quantum emitters
and the metallic NPs is not well controlled on these systems.

In this presentation we propose a methodology in which we are able to control the relative
position between the quantum emitters, i.e. excitons in QDs and QWs, and a thin metallic gold
film. To do this we use molecular beam epitaxy (MBE) to fabricate InAs quantum dots and
quantum wells in a GaAs semiconductor matrix. The step toward here is apparent when we recall
the precision of MBE technique, that is about one monolayer of semiconductor lattice parameter
(∼ 2, 8Å) which gives us a good control on the distance between the interacting system.

The ability to grow a sample of QDs or QWs with where the energy level of the excitons can be
tuned is another important fundamental characteristic present in our experimental setup.

(a) Diagram for the interacting system.
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(b) PL spectrum for the interacting system.

Figure 1: (a) Scheme representing the competition between the radiative decay and SPP decay for a quantum
emitter placed near a metallic film. (b) PL spectra for d = 12nm (lines) and d = 36nm (dashed lines). The
PL was taken in plain substrate (GaAs), in the edge of the film (EDGE) and in the metallic film (Gold). In
both cases the maximum intensity obtained for GaAs was normalized to unity.



In our case, when the quantum emitter is placed near the thin metallic film, there will be a
competition between the radiative decay rate into light and into SPPs supported by the metallic
film, as the scheme shown in fig. 1(a).

In fig. 1(b) we present the PL spectrum for a sample of InAs/GaAs quantum dots placed near
(12nm) and far (36nm) from the interface between GaAs substrate and a metallic film of gold 6nm
thick. In the plot, we took the PL spectrum for three different positions in the sample, i.e. for
the plain substrate (GaAs), in the edge of the metallic film (EDGE) and for the QDs below the
film (Gold). It can be observed that as the QDs approach the metallic film the ratio between the
integrated PL signal for the QDs below the film to those in plain substrate decreases.

This modification in the PL behaviour of the QDs in the two situations is due to the mechanism
that includes the decay into SPPs. This mechanism becomes stronger as we decrease the distance
to the metallic film, a result that is expected by the dependence on the coupling constant for
dipolar interaction [7] with the distance that is roughly g ∝ exp(−kd), where k is the transverse
SPP wavevector, d is the distance to the quantum emitter and g the coupling constant. Then, the
role played by the interaction of light and SPPs can be suppressed by the proximity to quantum
emitters.

A similar result, however more sophisticated in the physical point of view, was obtained for
QWs and will be presented and dicussed in details in the full paper.

At last, in order to be explore other effects of the presence of the metallic film over the properties
of the excitons in the QDs, we also measured the dependence of the lifetime of the QDs for different
values of the distance to the film. These results were obtained for different values of laser power so
that we are able to compare how is the decay of the QDs with the same input intensity for each
geometry.
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Vidal, F., “Theory of Strong Coupling between Quantum Emitters and Propagating Surface
Plasmons,” Phys. Rev. Lett., Vol. 110, No. 12, 126801, 2013.



            

Strong Coupling in Complexes of Aluminium Nanoantennas and 

J-aggregates, Emission and Polarization of Hybrid States 

 

E. Eizner, O. Avayu, R. Ditcovsky and T. Ellenbogen
*
 

Department of Physical Electronics, Fleischman Faculty of Engineering, Tel Aviv University, Israel 


*
corresponding author: tellenbogen@tauex.tau.ac.il 

 

Abstract Up to date, hybrid exciton-localized surface plasmons polaritons (X-LSPs) were mainly 

studied using silver or gold as the plasmonic material. Here we find that aluminium is well suited 

for strong coupling experiments and enables the formation of X-LSPs across the entire visible 

spectrum potentially down to the ultraviolate regime. We observe in our experiments a huge Rabi 

splitting of 400 meV and even signatures of emission from X-LSPs states. In addition, we show that 

the coupling of vacuum LSP fluctuations with the excitons can be polarized by geometrical 

manipulations of the nanoantennas. The results open new possibilities to study the dynamics of 

X-LSPs hybrid states and to actively modify energy transition processes on the nanoscale. 

 

Electro-magnetic (EM) cavities have dramatic effects on the interaction between light and quantum emitters 

such as excitons. In strongly coupled exciton-cavity systems, the rate of energy exchange between the EM cavity 

modes and the excitons is faster than their individual decay and decoherence rates, forming hybrid light-exciton 

quasiparticles. These quasiparticles have mixed properties of light and matter particles which make them very 

interesting both for fundamental research and applications.  

In metal nanoparticles the EM fields, associated with localized surface plasmons (LSPs) modes are confined 

to deep subwavelength volumes. Their confinement and strong dependence on the surface properties provide a 

way for focusing light at the nanoscale, which can be used for developing new nano-optical devices and 

applications. However, plasmonic nanoparticles have mostly weak nonlinearities, which limit their active control. 

One attractive approach is to strongly couple plasmonic nanoparticles with electrically and optically controllable 

materials such as excitons, which can provide ultrafast active control, e.g, by optical pumping [1]. Another 

promising possibility that rises from strong coupling with nanoparticles is to modify the energy transfer 

pathways on the nanoscale, e.g within organic molecules [2] and photosynthetic organisms [3]. 

Here we study a system composed of molecular excitons (TDBC) strongly coupled to LSPs in aluminium 

nano-resonators. In-spite of larger losses of aluminium compared to metals like gold and silver we still observe 

strong coupling with 400 meV splitting of the dispersion relations which is ~20% of the uncoupled exciton 

energy. In addition we measure a modification of the emission of the strongly coupled states which to the best of 

our knowledge was not reported before in similar systems abd finally we show that the hybrid states can be 

polarized by geometrical manipulations of the nanoresonators.  

The studied samples consist of arrays of 40nm thick aluminium nanodisks and nanorods arrays on ITO 

coated glass substrate, each array with a different diameter\length of the nanodisks\nanorods (Illustration in Fig. 

1 (a) and (b) and scanning electron microscope images in Fig. 1(c) and (e)). Figure 1 (d) shows an image of light 

transmission through nanodisks arrays, exhibiting vivid colors due to the changing nanodisks resonances. The 

samples were spin coated with a thin layer of TDBC J-aggregating dyes. This leads to the formation of hybrid 



X-LSPs states as can be seen from the anti-crossing in the dispersion measurements shown in Fig. 1(f) for the 

nanodisks. Fig. 1 (g) and (i) show the spectral transmission measurements from the nanorod samples when the 

incident light was polarized along the long and short axis of the nanorods respectively. It can be seen that in this 

case polarized X-LSP are formed. Lastly as shown in Fig. 1(h) emission measurements from the nanodisks 

arrays show signatures of emission from X-LSPs states and enhancement of TDBC emission when the pump is 

in resonance with the upper X-LSPs branch. These effects were not reported before to the best of our knowledge 

for similar systems of arrays of sub-wavelength spaced nanoparticles supporting X-LSPs. In the meeting we will 

discuss the origin of these effects and the applicability of our measurements for creation of functional devices 

based on X-LSPs.   

Figure 1. (a) Illustration of aluminium nanodiscs based X-LSP samples and (b) nanorods based X-LSP 

samples. (c) SEM of a sample of aluminium nanodiscs. (d) White light transmission photograph from nanodisks 

arrays. (e) SEM of a sample of aluminium nanorods. (f) Spectral transmission measurements from TDBC coated 

nanodiscs arrays with varying diameter and (g) nanorods arrays with varying long axis lengths when light was 

polarized along the long axis of the nanorods. (h) Normalized spectral emission from TDBC coated arrays with 

varying lengths showing emission from uncoupled excitons, X-LSP enhanced pumping and emission from lower 

X-LSP branch. (f) Spectral transmission measurements for coated nanorod samples when light was polarized 

along the short axis of the nanorods, showing only absorption at the J-band for all lengths of nanowires.       
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Abstract— We use the DNA-Origami technique to study plasmon-exciton interactions. DNA
templates are used to position with nanometer precision metallic nanoparticles with defined
arrangement and spacing, permitting to tune the plasmon resonance to the one from the exciton.
Furthermore, metallic colloids are preferred over lithographic alternatives due to lower radiative
losses. For these reasons, DNA-Origami is an ideal candidate to rationally assemble plasmon-
exciton nanostructures. As a proof of concept, we present plasmon-exciton interactions using
J-aggregates, displaying spectral shifts even for resonances that are greatly mismatched.

1. INTRODUCTION

DNA-Origami is a technique used to fabricate structures with nanoscale dimensions and pro-
grammable design (∼ 100 nm) [1]. These templates can be modified to have specific coded bind-
ing sites, where nanocomponents (e.g. AuNPs, QDs) functionalized with complimentary DNA
sequences are attached (Figure 1a). Using this approach, DNA-Origami structures have been tai-
lored to have unique optical properties such as custom-tuned “hot spots” for Surface Enhanced
Raman (SERS) [3, 2, 4] and to exhibit strong Circular Diochrosim (CD) [5].

Plasmon-exciton interactions are of interest to study fundamental phenomena such as coherence,
entanglement, and cavity quantum electrodynamics [6]. It has been shown that one can tune the
interaction strength by varying the degree of overlap between the plasmon and exciton resonances,
displaying interesting phenomena from Fano resonance to Rabi splitting [7, 8, 9]. High electro-
magnetic fields are obtained using closely spaced metallic structures or using nanoparticles with

Figure 1: A)TEM image of 40 nm gold dimers, assembled using DNA-Origami. Interparticle separation is
chosen by the position of the binding sites within the DNA template. Scale bar is 20nm. B) Farfield scattering
of 40 nm dimers formed using DNA-Origami with (black) and without (red) J-aggregates. Absorption spectra
of J-aggregates (blue). A spectral shift of the resonances is observed despite the great resonance mismatch
between the plasmon and exciton resonances.



sharp morphology. The resulting light confinement is responsible for the increase on the coupling
strength, permitting the study of plasmon-exciton coupling at the single-structure level, without
need to resort to cryogenic temperatures. One of the main advantages of using DNA-Origami is
that it allows to position and arrange by design colloidal metal nanoparticles within nanometer
control. Single crystal colloids are preferred over lithographically-made structures because the lat-
ter suffer from plasmon damping due to surface roughness and grain boundaries, greatly decreasing
their interaction strength with excitons.

2. RESULTS AND CONCLUSIONS

DNA-metallic assemblies were formed using 40 nm gold NPs functionalized with DNA linkers com-
plementary to specific binding sites within a DNA-Origami template (Figure 1a). The structures
were then deposited on a glass substrate and darkfield measurements were performed. Figure 1b
shows the farfield scattering of single DNA-Origami dimer structures assembled using DNA-Origami
before (black line) and after (red line) incubation with J-aggregates. A spectral shift of the modes is
observed, despite the great resonance mismatch between the plasmon and the J-aggregate. We are
currently assembling structures with various degrees of plasmon-exciton overlap to study different
coupling strengths. Moreover, DNA templates can be used to position other nanocomponents such
as colloidal QDs, opening the doors of achieving fully integrated nanobreadboards. The design
flexibility and the parallel assembly formation of DNA-templates are ideal for the study and future
fabrication of plasmon-exciton structures for quantum optics applications.
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Abstract- By embedding a single quantum emitter inside a nanoresonator that strongly localizes 
optical field, it is possible to achieve a very strong light –matter interaction. The strength of this 
interaction is characterized by the coherent emitter-field coupling strength (g), which increases with 
reduction in the optical mode volume and which also sets the limit on the operational speed of such 
a system.  With InAs quantum dots inside GaAs photonic crystal cavities, coupling strengths of 40 
GHz can be reached (much greater than the record values in atom-cavity QED systems), while 
nanometallic cavities could increase them over 100GHz, as a result of the further reduction in the 
mode volume. Such a quantum dot-nanocavity platform is of interest for various quantum 
technologies, as well as in optical switching/computing [1,2].  
 
Finally, alternative material systems such as impurities in silicon carbide [3] or diamond that could 
potentially bring the described experiments to the room temperature regime are investigated, as 
well as the applications beyond quantum technologies, including optical switches and biosensors.   
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Abstract Nanocrystal superlattices as tunable metamaterial assemblies are the focus of this 

contribution. Self-assembly strategies can be utilized to obtain films with long range ordering and 

properties that are dictated by the appropriate choice of building blocks and their spatial 

organization. As key examples, quasi-quaternary and doped nanocrystal superlattices are reported, 

where optical and electrical properties of ordered layers are tuned by varying the 3D arrangement of 

the constituent building blocks. 

 

Multifunctional materials are of great interest in several fields. Beneficial interactions between different 

building blocks can result in improved optical, electrical, catalytic and sensing properties. To this aim, the 

precise spatial positioning of several building blocks into long-range ordered structures is crucial to dictate the 

final properties of metamaterial assemblies. Nanocrystal superlattices have great potential in this regard because 

of the opportunity to explore the effect of periodic ordering, stoichiometry and collective interactions onto the 

resulting properties of the metamaterial. It has been already shown that energy transfer,
1
 increased conductivity,

2
 

and tunable optical properties
3
 are achievable in these self-assembled systems. 

In this contribution, I will highlight key examples to show how to take advantage of chemical richness and 

spatial control in nanocrystal superlattices to obtain improved properties or impose novel functionalities to 

long-range ordered films. In particular, quasi-quaternary and doped nanocrystal superlattices will be presented in 

which we tune and tailor optical and electrical properties in films of quantum dots and plasmonic particles. In 

quasi-quaternary superlattices, self-assembly of highly fluorescent core-shell quantum dots and plasmonic 

gold-iron oxide core-shell structures is introduced, and enhanced energy transfer as a consequence of the specific 

AB13-type assembly is reported and explained based on a structural model (Figure 1).
4
 In a second example, I 

will introduce the concept of nanocrystal doping by showing how to dope quantum dot-based ordered films with 

gold nanocrystals.
5
 Tunable optical and conductivity properties result as a consequence of Au doping, which can 

be explained by a percolation model with an increased conductivity in quantum dot films at low Au doping 

levels. 

 



 

Figure 1: enhanced energy transfer in quasi-quaternary AB13 superlattices has been observed as compared to 

random mixtures. Fluorescence lifetime measurements of the constituent core-shell quantum dots is much 

shorter in AB13 assemblies compared to random mixtures with much higher concentration of Au particles (A). 

(B) through (E) are TEM pictures of the samples measured in (A). 
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Abstract- Metamaterials consisting of gold nanoparticle arrays on silicon and gold substrates were 

fabricated by self-assembly and were used as surface enhanced Raman scattering substrates. These 

large area and low cost substrates have uniform enhancement factors. All the metamaterial 

components contribute to the signal enhancement, as demonstrated by modifying the nanoparticle 

size, substrate materials, and degree of ordering of the array. Metamaterial optimization resulted in 

enhancement factors up to 2.8*10
6
 using 4-aminothiophenol as a probe and 785 nm laser excitation. 

 

Optical metamaterials obtain their unique properties from the combination of nanoscale plasmonic 

components and dielectric components. Reproducible mass-production of metamaterials is challenging but 

desirable for applications such as surface-enhanced Raman scattering (SERS) for chemical sensing. 

Self-assembly metamaterial SERS substrates have demonstrated large enhancement factor (EF) values that are 

consistent over large areas [1,2]. Here, the effect of the substrate material on the enhancement factor of SERS 

substrates based on self-assembly Au nanoparticles arrays is investigated. The results represent a 10-fold 

improvement in EF values over previous studies that focused on optimization of the array geometry and reveal a 

long-range (~100 nm) effect of the metamaterial components on the Raman scattering process. 

The metamaterials used in this study were planar 

multi-layered structures consisting of a wafer, a 

dielectric spacer, a thin polymer film and a 

monolayer of plasmonic metal nanospheres. The 

wafer was either a bare (Si) or a 50-nm gold-coated 

(Au) silicon wafer. The dielectric spacer was PECVD 

silicon oxide with thickness of 0-200 nm. The 25-nm 

polymer film was made of PS-b-P4VP 47-b-10 block 

copolymer (BCP) annealed in tetrahydrofuran vapor, 

forming a self-assembled 2-dimensional hexagonal 

lattice of P4VP domains in a PS matrix. The polymer 

film acts as a template for the self-assembly of Au 

nanoparticles into a planar hexagonal array via 

electrostatic interactions [3]. The gap between 

adjacent Au nanoparticles was reduced by electroless 

deposition of gold which leads to an increase in the 

nanoparticle diameter. Figure 1 shows the Au 

nanoparticle array at different stages of this 

 

Fig. 1: SEM micrographs of the metamaterial SERS 

substrates. (A-D) 0, 6, 10 and 16 min of overgrowth. 



 

Fig. 3: EF of Au substrates vs. oxide thickness and Au nanoparticle 

diameter. (A) 633 nm laser. (B) 785 nm laser. 

overgrowth process. 

Raman scattering spectra were 

collected from a monolayer of 

4-aminothiophenol absorbed on the 

surface of the metamaterial and analyzed 

as a function of Au nanoparticle diameter, 

dielectric spacer thickness, and excitation 

wavelength. 

The EF values from Si and Au 

substrates are shown in Figures 2 and 3, 

respectively. In both types of substrates a 

maximum EF is achieved at a singular 

combination of nanoparticle size and 

oxide thickness. The optimal nanoparticle 

size increases with incident wavelength 

[2] but is not affected by substrate 

material. The optimal oxide thickness is 

30-50 nm for Au substrates, 100 nm for 

Si substrates, and weakly affected by 

excitation wavelength. The largest EF 

values are obtained with Au substrates: 

EFmax=1.5*10
6
 for 633 nm laser and 

EFmax=2.8*10
6
 for 785 nm laser. 

In summary, the bottom-up 

fabrication of metamaterials for SERS 

application was demonstrated and the 

signal enhancement properties were 

analyzed. The EF has a complex 

dependence on the components and 

geometry of the metamaterial, leaving 

room for further improvements. 
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Fig. 2: EF of Si substrates vs. oxide thickness and Au nanoparticle 

diameter. (A) 633 nm laser. (B) 785 nm laser. 
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Abstract- By controlling the spatial and orientational order of plasmonic nanoparticles unique 

electromagnetic, electronic and chemical properties have been demonstrated.  Developing 

assembly strategies to bridge these properties into materials for disruptive technologies is critical. 

Here I highlight our recent approaches to develop high-throughput macroscopic metamaterials. 

 
We demonstrate a self-assembly strategy binding gold nanospheres to genetically engineered plant viruses 
creating three-dimensional plasmonic nanoclusters with icosahedral symmetry [1]. This approach takes 
advantage of the straightforward replication of the viruses and is capable of yielding gram quantities (Fig. 
1a). In situ dynamic light scattering experiments confirm the nanosphere-virus assembly. Transmission 
electron microscopy images demonstrate the nanospheres to be assembled at fixed locations on the icosahedral 
virus’s surface (Fig. 1c). These results indicate that the nanocluster suspension is comprised of a distribution 
of approximately 6-12 nanospheres attached to each virus. The bulk absorbance from aqueous suspensions 
of nanoclusters was measured and the major features of the spectrum were reproduced using three-dimensional 
finite-element simulations (Fig. 1d). This strategy not only enables the control of the nanoscopic symmetry, 
tailoring the optical properties, but provides a pathway to develop macroscopic quantities for applications. 

 
Figure 1. (a) Cuvette containing an aqueous suspension of nanoclusters (1011 nanocluster/ml).  
(b) Representation of the fully assembled nanocluster comprising of 12 gold nanosphere at precise 
locations on the virus template. (c) A false-colored transmission electron microscopy image of 
an assembled nanocluster.  (d) Normalized absorbance spectra comparing the bulk experimental 
(purple) and simulation (black) from 30 nm diameter gold nanospheres attached to the virus 
forming the nanocluster.  The inset is an image from the simulations of a plane slicing through 
the nanocluster showing the electric field distribution. 
 

A second strategy is presented to create macroscopic monolayer metasurfaces composed of ligand-coated 
nanoparticles [2]. The ligands control the interparticle gaps governing the local electric fields between 
nanospheres and consequently the optical properties of the metasurfaces.  The self-assembly approach 
allows for centimeter scale nanostructures.  Initially a dilute aqueous suspension of gold nanospheres, stabilized 
with citrate acid, is mixed into a suspension of alkane-thiol ligands and tetrahydrofuran.  Upon mixing, 



the ligands rapidly covalently bond to the surface of the nanospheres causing the ligand coated nanospheres 
to phase separate from the water and tetrahydrofuran suspension to the air-fluid interface.  Surface tension 
gradients, arising from different vapor pressures between the water and tetrahydrofuran, carry the functionalized 
nanoparticles onto a pre-wetted glass substrate creating macroscopic monolayer metasurfaces (Fig. 2a-c).  
The metasurfaces are characterized using spectrophotometry, demonstrating at a macroscopic scale the 
classical to quantum crossover regime and local electric field enhancement factors on the order of 108 
from surface-enhanced Raman scattering measurements [3]. 

 
Figure 2. (a) Schematic of the metasurface composed of a monolayer of gold nanospheres capped 
with a shell of alkane-thiol ligands and supported on a glass substrate. (b) A false-colored scanning 
electron image and FFT (inset) of a metasurface.  (c) An image of a metasurface on a glass 
substrate partially transmitting (left side) and reflecting (right side) white light. (d)  Experimental 
intensity map for the normalized absorbance peak as a function of alkane-thiol ligand length, ranging 
from n=18 to 1. The red color corresponds to the intensity maximum and blue color to the minimum.  
(e)  Normalized surface-enhanced Raman spectra from a metasurface coated with benzenethiol 
(red) and Raman spectra from neat benzenethiol liquid (black).  
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Metamaterials are engineered materials where artificial properties like negative 

refractive index, zero-index, artificial magnetism, perfect absorption etc have 

been demonstrated. Various two-dimensional metamaterials were fabricated using 

conventional lithographic techniques. In order to qualify metamaterials as true 

materials that enables curving out real devices, one need to develop three-

dimensional metamaterials. However, fabrication of three-dimensional 

metamaterials based on conventional electron and ion beam lithography is very 

tedious. Although this method provides the necessary sub-micron resolution and 

excellent control over the in-plane geometries, its practical use is restricted to 

overall lateral dimensions of less than 100’s of microns. This size limitation, 

taken together with the complexity of the lithography tools and their extremely 

slow patterning speeds, make this technique poorly suited to requirements for 

realistic applications in flat lenses, other photonic components where cost, 

throughput, area coverage and long range uniformity are important 

considerations.  Alternative approaches to 3D nanofabrication, such as those 

based on colloidal self-assembly, interference lithography, and two photon 

polymerization based direct laser writing lack the ability to embed multiple 

metal/dielectric layers over a 3D space.   

 We developed two complementary printing techniques based on 

nanotransfer printing and imprinting that are directly applicable to fabrication of 

3D metamaterials with excellent optical characteristics, in ways that are scalable 

to arbitrarily large areas and compatible with manufacturing. We use the resulting 

methods to fabricate 3D near-infrared negative index metamaterials with 11-

layers and sub-micron unit cell dimensions, over areas > 75 cm
2
, corresponding to 

>10
5
x10

5
 unit cells, all with excellent uniformity and minimal defects. With 

further modifications in material choice and deposition process, the optical 

response is scaled down to the visible domain.  Optical devices like infrared 

detectors, bio-sensors, camouflage and display elements are developed based on 

these large sheets of metamaterials.   
 

 



            

Large-scale full-wave simulation of metamaterials through 

boundary element methods 
 

D. M. Solís1*, J. M. Taboada2, F. Obelleiro1, L. M. Liz-Marzán3, 4, and F. J. García de Abajo5, 6 
1Dept. Teoría do Sinal e Comunicacións, Universidade de Vigo, Vigo, Spain 

2Dept. Tecnolog. de los Computadores y las Comunicaciones, Universidad de Extremadura, Cáceres, Spain 
3Bionanoplasmonics Laboratory, CIC biomaGUNE, Donostia - San Sebastian, Spain 

4Ikerbasque, Basque Foundation for Science, Bilbao, Spain 
5ICFO—The Institute of Photonic Sciences, Castelldefels, Spain 

 6ICREA—Institució Catalana de Reserca i Estudis Avançats, Barcelona, Spain 
*corresponding author: dmartinez@com.uvigo.es 

 
Abstract-Electromagnetic simulation tools play an important role in the fields of nanoplasmonics 
and metamaterials, where breakthroughs are frequently slowed down by the limited power of these 
tools when addressing real-life problems. We herein show that boundary element variational 
methods, along with the hierarchical spectral compression of the multilevel fast multipole algorithm 
(MLFMA), can effectively model the interaction of light with large nanoplasmonic metamaterial 
assemblies, raising the standard of full-wave simulations in the field of nanoplasmonics to an 
unprecedented level. 

 
The interaction of light with metal nanoparticles, ruled by localized surface plasmon resonances (LSPRs), is 

characterized by a unique ability to enhance and confine electromagnetic fields in the near-infrared and visible 
regimes. These properties have attracted the attention of many research endeavors, among which a considerable 
part is focused on biosensing systems that try to exploit the surface plasmons that emerge in high-density 
arrangements of nanoparticles, allowing for surface-enhanced Raman spectroscopy (SERS) [1], either in 
colloidal depositions or ordered crystalline arrangements (metamaterials). The latter can give rise to 
well-sustained propagation modes, with maxima of the standing waves presenting hotspots with large 
enhancement factors (>1010). Hence, the need becomes apparent for numerically intensive simulation tools that 
can rigorously predict the scattering response of such nanosystems, particularly in scenarios where the 
edge-effect contribution cannot be neglected and hence infinite-structure approximations are ruled out.  

 
In this regard, the vast majority of simulations performed in the optical domain rely on volumetric solvers 

such as the discrete-dipole approximation (DDA), the finite-difference time-domain (FDTD) technique, or 
finite-elements methods (FEM). However, these approaches require a volumetric discretization of space, 
yielding a system of linear equations that, despite being usually sparse, involves a number of degrees of freedom 
N that scales proportionally to the volume, thus resulting in non-viable computational demands if realistic 
systems are to be solved. Boundary element methods (BEM), on the other hand, can efficiently tackle piecewise 
homogeneous problems through the meshing of two-dimensional interfaces, considerably shrinking the size of 
the linear system. This latter approach, though giving rise to a dense full matrix, can efficiently be compressed 
with either algebraic or physics-based techniques, being the plane-wave decomposition behind the multilevel fast 



multipole algorithm (MLFMA) [2] the most groundbreaking, although not yet widespread in optics. This work 
shows that a MLFMA-based approach can effectively solve the scattering problem of complex metamaterial 
assemblies as shown in the figure below taken from [3], where the cross-section spectra and SERS intensity 
maps are retrieved for a nine-layer supercrystal of 895 gold nanorods (75 x 25 nm2 in size, asymmetric octagonal 
section). SERS intensity is computed as a function of position of the target molecule in the sample from the 
product |Ein|2 · |Eout|2, where |Ein|2 stands for the near-electric-field intensity (normalized to the incident intensity) 
at the incidence wavelength λin = 785 nm, whereas |Eout|2 represents the emitted/collected light intensity 
(normalized to the emission in the absence of the gold nanostar film) emitted by a point dipole representing the 
molecule. We consider emission at a wavelength λout = 879.98 nm (Raman shift of 1375 cm-1). 

 
Figure 1. (e) Distribution of SERS enhancement for illumination at the wavelength of (c) and emission at 

the wavelength of (d) represented over the blue sheet of (a). Analogously, the maps of (f-h) and (i-k) correspond 
to the red and green sheets of (a), respectively. 
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Abstract- Efficient focusing of linear and higher order optical fields holds immense potential in 

nanophotonics, such as enabling novel on-chip optical functionality.  Metal nanoparticle 

assemblies are promising due to their intense inter-particle electromagnetic interactions; however 

large-area fabrication of ordered arrays with request local architectural precision and surface quality 

is extremely challenging.  In this work, we demonstrate the feasibility of surface-directed 

assembly of gold nanoparticles to produce deterministic arrays with high yield and controlled 

orientation of complex homo and hetero architectures. 

 

Owing to the large electromagnetic field enhancements and extinction cross-sections of localized 

surface plasmons, metal nanoparticles (MNPs) and their assemblies have been of interest for a broad 

range of applications including sensing, photovoltaics, photodetection, spectroscopy, and optical 

information processing.  In particular, symmetry-broken systems of MNPs have attracted significant 

attention due to reported Fano resonances, nanofocusing of electromagnetic fields, and chiro-optical 

activity.  In addition, these strong local fields generate enhanced nonlinear optical signals, resulting in 

spatially localized second harmonic generation (SHG) and four-wave mixing signals.
1
 In this context, a 

non-centrosymmetric nanoassembly of two or more MNPs has been proposed to function as an 

electromagnetic antenna, capable of focusing incident fundamental and harmonic waves to nanometer 

volumes. However, the rational design and fabrication of nanoparticle assemblies with predictive, high 

performance has remained a significant challenge due to the required uniformity and precision of the 

assembled structure as well as the nano-units.  To minimize loss, the latter requires single crystallinity, 

which is not achievable with current top-down lithography approaches. 

Several methods for assembling colloidal MNPs into asymmetric and chiral clusters based on DNA 

origami, laser ablation, and molecular-induced aggregation have been developed. However, these 

techniques are generally not scalable, and the inherent structural heterogeneity across the ensemble of 

clusters hampers the reproducibility of the optical and electronic properties of these materials.  For 

example, single-particle second harmonic generation – circular dichroism ratio (SHG-CDR) 

measurements reveal large structure-specific CDR polydispersity over multiple MNP dimers formed by 

thiol-mediated assembly.
1,2

 These limitations may be overcome by using a surface-directed assembly 

approach, which combines top-down lithography and bottom-up chemical synthesis, allowing structural 

precision and reproducibility of the assembled MNPs at large scale. 



Herein, we demonstrate the fabrication of novel architectures of symmetric (homo) and asymmetric 

(hetero) gold nanoparticle dimer arrays using a surface-directed assembly approach that simultaneously 

provides nano, micro, and macro architectural precision.
 3,4

  We provide numerical and experimental 

verification that these nanostructures support Fano resonances and are capable of focusing the 

fundamental and second harmonic incident waves to the inter-particle gaps of the nanoscale 

architectures. In addition, asymmetric heterodimers gave rise to circular dichroism in the nonlinear 

optical signal. The SHG yield of the heterodimer exceeded that of the homodimer by a factor of 2.39 

+/- 0.55. Based on the dimensions of the heterodimer nanospheres and numerical simulations, the 

observed circular dichroism is attributed primarily to multipolar-dipolar interference. The versatility of 

the assembly process was demonstrated on a variety of substrates (including polymers), paving a novel 

and robust route to flexible integrated photonics that incorporate these assembled plasmonic 

nanostructures as compact and low-cost sensors, optical modulators, and tunable light sources in the 

UV-NIR spectral range. 
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Figure: Nanoparticle arrays. (a) Schematic of the 

process for positioning and patterning of 

nanoparticles into arrays hybrid structures on 

chemically patterned substrates.3,4 (I) Creation of 

nanopatterned surfaces using standard tools of 

electron beam lithography and oxygen plasma 

etching; (II) selective surface functionalization by 

grafting of specific polymer brushes; (III, IV) 

sequential, site-specific immobilization of 

nanoparticles for the assembly of nanoclusters in 

large-area arrays. (b-c) SEM images of the arrays of 

homodimer MNPs (diameters 150 nm and 150 nm) 

and heterodimer MNPs (diameters 150 nm and 50 

nm) on ITO/glass substrate. Scale bars represent 1 

um. (e) Optical scattering image of the array of 

heterodimers in shown in d. (f-g) SEM images of 

individual homodimer and heterodimer structures. 

Scale bars represent 75 nm 
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A critical need in nanotechnology is the development of new tools and methods to organize, 

connect, and integrate solid-state nanocomponents. I will present our recent work on the 

synthesis and self-assembly of nanocrystals for plasmonic metamaterials, where light is 

propagated, manipulated, and confined by solid-state components that are smaller than the 

wavelength of light itself. We show the organization of polymer-grafted metal nanocrystals into 

nanojunction arrays that possess intense hot spots due to electromagnetic field localization. We 

also show that doped semiconductor nanocrystals can serve as a new class of plasmonic 

building blocks, where shape and carrier density can be actively tuned to engineer plasmon 

resonances. The hierarchical structures generated by self-assembly of these nanomaterials 

possess unique electromagnetic properties that we are utilizing in applications such as near-

field spectroscopy, biosensing, and optoelectronics.  
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Abstract-We introduce the design, fabrication, and three-dimensional nano-optical characterization of 
large-area metamaterials and gram-scale metafluids. First, we use transformation optics to design a 
broadband metamaterial constituent. Then, we describe a novel tomographic technique to visualize 
radiative optical transitions in this metamaterial constituent with nanometer-scale resolution. Finally, we 
demonstrate the fabrication of large-area metamaterials and gram-scale metafluids, and show how these 
materials can be used to enhance the efficiency of solar upconversion.   

 
Advances in the field of metamaterials have enabled unprecedented control of light-matter interactions. 
Metamaterial constituents support high-frequency electric and magnetic dipoles, which can be used as building 
blocks for new materials capable of negative refraction, electromagnetic cloaking, strong visible-frequency 
circular dichroism, and enhancing magnetic or chiral transitions in ions and molecules. However, most 
metamaterials to date have been limited to solid-state, narrow-band, and/or small-area structures. Here, we 
introduce the design, fabrication, and three-dimensional nano-optical characterization of large-area 
metamaterials and gram-scale metafluids.  
 
First, we use transformation optics to design a broadband metamaterial constituent.1 Our approach begins with 
an infinite plasmonic waveguide that supports a broadband but dark (i.e, not easily optically accessed) negative 
index mode. Conformal mapping of this waveguide to a finite resonator transforms this mode into a bright (i.e, 
efficiently excited) resonance composed of degenerate electric and magnetic dipoles. A periodic array of such 
resonators exhibits negative refractive indices at optical frequencies in multiple regions exceeding 200 nm in 
bandwidth, confirmed through simulations of plane wave refraction through a metamaterial prism. Simulations 
also reveal that the meta-atom optical properties are largely insensitive to the wavelength, orientation and 
polarization of incident light.  
 
Then, we introduce a new tomographic technique, cathodoluminescence (CL) spectroscopic tomography, to 
probe light-matter interactions in metamaterial constituents with nanometer-scale resolution.2 In this technique, 
two-dimensional CL maps of the three-dimensional nanostructure are obtained at various orientations. A filtered 
back projection is used to reconstruct the CL intensity at each wavelength. The resulting tomograms allow us to 
locate regions of efficient cathodoluminescence in three dimensions across visible and near-infrared wavelengths, 
with contributions from material luminescence and radiative decay of electromagnetic eigenmodes. The 
experimental signal can be further correlated with the radiative local density of optical states in particular regions 
of the reconstruction.  
 
Finally, we demonstrate the fabrication of large-area metamaterials and gram-scale metafluids3, using a 



combination of colloidal synthesis, protein-directed assembly, self-assembly, etching, and stamping. The electric 
and magnetic response of the bulk metamaterial and metafluid are directly probed with optical scattering and 
spectroscopy. Further, we show how these metamaterials can be utilized to enhance the efficiency of 
photoluminescence and upconversion for solar applications.  
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Abstract- The structural plasticity and interaction encoding provided by DNA offer 

enormous opportunities for directing the nano-objects into precisely structured 

architectures. Such architectures might coordinate nanoparticles of multiple types in the 

designed manner, and they might be transformed on demand. Toward these goals, we have 

developed a range of methods for assembly of well-defined nanoparticle clusters and arrays 

using the DNA-assembly platform, explored how the structures can be manipulated, and 

applied these approaches for the fabrication of optically active systems.  

 

In the last decade nanoscale objects emerged as a novel type of matter with unique functional 

properties and a plethora of prospective applications. Although a broad range of nano-synthesis 

methods has been developed, our abilities to organize these components in arbitrarily designed 

architectures in space and time are still quite limited. In this regard, an incorporation of biomolecules 

into a nano-object design provides a unique opportunity to establish highly selective and reversible 

interactions between components of nano-systems. Such bio-encoding can provide a syntax of 

inter-particle interactions. Consequently, programming of complex and dynamically tunable systems via 

self-assembly becomes conceptually feasible: biomolecules act as site-specific scaffolds, smart assembly 

guides and reconfigurable structural elements. 

I will discuss our advances in addressing this problem using the DNA platform, in which a high 

degree of addressability of nucleic acids is used to direct the formation of structures from nanoscale 

synthetic components. Our work explores the leading parameters and principles of programmable 

organization of inorganic nano-components into well-defined three-dimensional superlattices
1,2

, 

two-dimensional membranes
3
 and finite-sized clusters. Our progress on the assembly of structures with 

designed lattice symmetries and clusters with predetermined architectures will be discussed. The 

realizations of switchable and tunable systems
4
, as well as the relevance of these approaches to optical 

applications
5
 will be also demonstrated. 
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Abstract - We present a planar Luneburg-fisheye lens capable of realizing both Luneburg 

and fisheye functions at terahertz frequencies. The deliberately designed anisotropic 

H-shaped structure exhibits different effective surface index along the x- and y-directions. 

By arranging such units with the corresponding geometrical parameters on a quartz 

substrate, we are able to realize point source to point source (the fisheye function) or point 

source to plane wave (the Luneburg function) conversions when a terahertz point source is 

placed at the x- and y-axes. 

 

 

Manipulating electromagnetic surface waves with metamaterials in a desired manner has continuously 

attracted enormous interest in recent years. In 2014, a planar bifunctional Luneburg-fisheye lens was 

proposed, which can realize both functions of Luneburg and fisheye lenses in one device [1]. However, 

few studies were reported on the controlling of surface waves in terahertz frequencies. In this work, we 

present the analysis, simulation and the experimental realization (experiments to be finished soon) of a 

planar Luneburg-fisheye lens at terahertz frequencies.  

 

Fig. 1(a) gives the unit cell of the Luneburg-fisheye lens, which can exhibit different effective surface 

index along the x- and y-directions due to its anisotropic geometry. The required effective surface 

index of the Luneburg lens and fisheye lens can be simultaneously achieved with this single structure 

by altering its groove’s depth. Fig. 1(b) gives the perspective view of the designed Luneburg-fisheye 

lens, in which the function of Luneburg (see Fig. 1(c)) and fisheye lens (see Fig.1 (d)) will be realized 

when the point source is placed at the y- and x-axes, respectively.  

 

To experimentally demonstrate the point source to plane wave (Luneburg function) or point source to 

point source (fisheye function) conversions in the terahertz frequencies, we present a sketch of 

experimental setup in Fig. 1(e). The space terahertz waves is first converted to surface waves after 

normally incident on a gradient changed H-shaped structure [2], which serves as an efficient space 

wave to surface wave converter. Then, a terahertz surface point source can be formed by placing the 

designed Luneburg-fisheye lens in front of the plane surface waves. Therefore, this point source can be 

used as an excitation for the experimental verification of the designed Luneburg-fisheye lens placed 

behind the first one. The final electric field distributions will be measured by a two-dimensional 

mapping system, as illustrated by the terahertz probe in Fig. 1(e). 



 

Figure 1. (a) The geometry of the unit cell. (b) The perspective view of the Luneburg-fisheye lens. The electric 

field distributions for the functions of (c) Luneburg lens and (d) fisheye lens. (e) Experimental setup. 
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Abstract - We review recent advances in double-graphene-layer (D-GL) graphene plasmon 

heterostructures for terahertz (THz) detectors. When the band offset is aligned to the THz photon 

energy, the D-GL structure can mediate photon-assisted resonant tunneling through a thin tunnel 

barrier layer separating the GLs, resulting in the resonant detection of the THz radiation. The 

cooperative double-resonant excitation with structure-sensitive graphene plasmons gives rise to 

extremely high gain and/or responsivity in the THz detectors. 

 

Introduction. The van der Waals heterostructures based on double-graphene-layer (D-GL) with thin inter-GL 

barrier Boron Nitride (h-BN), Tungsten Disulfide (WS2), and other barrier layers (see, for example, [1-5]) have 

potential applications in high speed modulators of terahertz (THz) and infrared (IR) radiation, transistors, and 

THz photomixers. We demonstrate that the photon-assisted resonant radiative inter-GL transitions enable the 

applications of the D-GL heterostructures for high performance THz photodetectors (PDs) (see e.g. paper [3]). 

Graphene Plasmonic Heterostructures. The main element of the PDs under consideration is a D-GL core-shell 

heterostructure with the independently contacted GLs separated by a thin transparent tunnel-barrier layer as 

shown in Fig. 1. The bias voltage V applied between the GL’s contacts induces the electron and hole gases in the 

opposing GLs with concentrations and quasi Fermi level positions controlled by the gate voltage, Vg. The outer 

gate-stack structures at both sides of the D-G core shell also serve as the metal-metal (MM) waveguides. The 

voltage-dependent band-offset energy between the Dirac points of the GLs (designated with Δ in Fig. 2) and the 

depolarization shift determine the energies of the photons absorbed in the PDs due to the resonant-tunneling 

inter-GL transitions. The outer gate electrode can be configured in a grating-gate structure serving as a 

broadband antenna, as shown in Fig. 1. For comparison, in the intra-GL transition-type device, both GLs are 

electrically contacted in such a way that the electrons and holes are laterally injected to the GLs from the side 

contacts forming the lateral p-i-n junctions.  

Analytical Study of Device Performance. Using the developed model, we describe the operation of the 

inter-GL transition-type devices, calculate their characteristics, and compare their ultimate performance with that 

of the intra-GL transition-type devices.  Figure 3 demonstrates the simulated dependence of the PD 

responsivities on (a) THz photon energy, (b) bias voltage, and (c) injected carrier densities for the D-GL 

structures with different thicknesses of the barrier layer, d. The D-GL-PD responsivity exhibits fairly sharp peaks 



associated with the photo absorption-assisted inter-GL resonant-tunneling transitions. The peak values of the 

responsivity tuned by the bias-voltage-dependent carrier densities are fairly high in a wide spectral range. 

           

 

 

 

Conclusion. Cooperative double-resonant excitation of photon assisted resonant tunneling and graphene plasmon modes in 

the proposed graphene heterostructures gives rise to exceptionally high detector responsivity. We demonstrated that the 

D-GL PDs can exhibit advantages over the devices exploiting the intra-GL interband vertical radiative transitions proposed 

and analyzed previously (see, for example, [4]). 

 

 

 

 

 

 

 

 

 

 

Figure. 3. Simulated (a) DGL-PD responsivity Rω vs photon energy ħω for the inter-GL barrier layer thickness d = 4 nm (solid lines) and 

d = 2 nm (dashed line) at different applied voltages V, (b) DGL-PD responsivity maximum Rωmax
 (solid lines) and corresponding photon 

energy ħωmax (dashed lines) vs bias voltages V for different thicknesses d, and (c) Rωmax
 vs electron and hole densities Σi proportional to 

Vg /Wg at different bias voltages V and thicknesses d. (From [3]) 

REFERENCES 

1. Britnell, L., R. B. Gorbachev, A. K. Geim, L. A. Ponomarenko, A. Mishchenko, M. T. Greenaway, T. M. 

Fromhold, K. S. Novoselov, and L. Eaves, “Resonant tunneling and negative differential conductance in 

graphene transistors,” Nature Comm. 4, pp. 1794-1-5, 2013. 

2. Geim, A. K., and I. V. Grigorieva, “Van der Waals heterostructures”, Nature 499, pp. 419-425, 2013. 

3. Ryzhii, V., T. Otsuji, V. Ya. Aleshkin, A. A. Dubinov, M. Ryzhii, V. Mitin, and M. S. Shur, “Voltage-tunable 

terahertz and infrared photodetectors based on double-graphene-layer structures,” Appl. Phys. Lett. 104, 

163505 (5pp), 2014. 

4. Ryzhii, V., N. Ryabova, M. Ryzhii, N. V. Baryshnikov, V. E. Karasik, V. Mitin and T. Otsuji, "Terahertz and 

infrared photodetectors based on multiple graphene layer and nanoribbon structures," Optoelectron. Rev. 20, 

pp. 15-25, 2012. 

(a) 

Figure 1. A D-GL heterostructure for THz detectors. (from 

[3]) 

Figure 2. DLG-PD band diagrams at zero V = 0 zero (a) and 
non-zero (b) applied voltages. The arrows show the 
photon-assisted inter-GL resonant-tunneling transitions with 
energy ħω (From [3]) 
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Abstract-This paper reviews the recent advances in emission and detection of terahertz (THz) radi-

ation using two-dimensional (2D) plasmonic metamaterials. First, we present the 2D plasmonic 

meta-surface in a semiconductor quantum well structure implemented using an asymmetric du-

al-grating gate (A-DGG) InP-based high electron mobility transistor (HEMT). This design pro-

motes the plasmonic instability, drag, and ratchet effects for the intense THz emission and sensitive 

THz detection. Second, we discuss the 2D plasmonic meta-surface in graphene featured by the 

A-DGG structure. The resonant excitation of the surface plasmon polaritons (SPPs) in such a popu-

lation-inverted graphene meta-surface dramatically enhances the THz gain, leading to the superra-

diant plasmonic THz lasing. Third, we present the concept of the plasmonic coupling between the 

SPPs and photon-assisted resonant tunneling in a double-graphene-layered meta-surfaces. 

 

The channel of a high electron mobility transistor (HEMT) can act as a resonator for plasma waves, which 

are the charge-density waves of collectively excited 2D electrons. The Dyakonov–Shur Doppler-shift and/or 

Ryzhii-Satou-Shur transit-time models describes the mechanisms of the plasma wave instabilities with potential 

applications for the electronic THz sources [1]. The hydrodynamic nonlinearities of 2D plasmons in 

high-electron-mobility transistors (HEMTs) enable fast and sensitive rectification/detection of THz radiation [1]. 

We have proposed an asymmetric dual-grating-gate (A-DGG) HEMT structure for high performance plasmonic 

THz emitters and detectors [2] (see Fig. 1). The DGG serves as a broadband antenna, and the A-DGG can dra-

matically enhance the asymmetry of the plasmonic cavity boundaries, helping both promote the instabilities and 

increase the rectification effect. Excellent THz emission and detection performances including coherent, mono-

chromatic emission beyond 1 THz at 140K [3] and the record detection responsivity of 22.7 kV/W and 2.2 kV/W 

with low noise equivalent power of 0.48 pW/Hz
0.5

 and of 15 pW/Hz
0.5

 at 300 K at 200 GHz and 1 THz, respec-

tively, are experimentally demonstrated by using InAlAs/InGaAs/InP material systems [4] (see Fig. 1). 

The A-DGG transistor structure can be introduced to the graphene-channel field effect transistor (G-FET) 

(see Fig. 2). We first investigate a symmetric DGG G-FET structure in which p-i-n striped 2D plasmonic me-

ta-surface is formed by the complementary biasing of the DGG. The population of the injected electrons and 

holes could be inverted at the intrinsic sections by applying a small drain-source dc bias resulting in the sponta-

neous THz photon emission. If the DGG-GFET is installed in a Fabry-Perot-like vertical cavity, the spontane-

ously emitted THz photons will be fed back to graphene, stimulating the resonantly SPP-induced THz emission. 

Recent study revealed the occurrence of superradiant plasmonic THz lasing in such a DGG G-FET structure with 

feature size of the order of micrometers [5] (see Fig. 2). When the Fabry-Perot longitudinal modes match the 2D 

plasmon modes, such the graphene-based plasmonic metamaterial should enable for a practical THz laser device. 

A gated double graphene layer (DGL) nano-capacitor structure (with a thin tunnel barrier sandwiched be-

tween the top and bottom graphene layer) can exhibit the photon-assisted resonant tunneling (RT) when the band 



offset between the DGL is electrostatically aligned to the corresponding photon energy [6]. The photoemission 

assisted RT (PE-RT) creates a seed of the THz photons for spontaneous emission, whereas the photo-absorption 

assisted RT (AB-RT) produces the tunneling photocurrent in response to the THz radiation. Since the PE-RT 

only allows the TM mode THz photon emission, these photons cannot be coupled to the 2D plasmons in the 

DGL directly. However, a grating gate structure (see Fig. 3) transforms the TM modes into the TE modes ena-

bling the SPPs excitation [7]. As a consequence, the DGG-DGL also could work for highly efficient THz lasing.  

In summary, the 2D plasmonic metamaterials in semiconductor heterostructure quantum wells and in gra-

phene heterostructures are promising key elements for achieving intense THz emission and highly sensitive THz 

detection.  
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Fig. 1. 2D plasmonic metamaterial in an InP-based A-DGG HEMT and its detection and emission performances [3,4]. 

   

Fig. 2. 2D plasmonic metamaterial in a DGG G-FET and simulated THz gain [5].    Fig. 3. 2D plasmonic meta- 

 material in a gated DBL [7].
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Abstract-The plasmon modes in a two-dimensional plasmonic crystal lacking the inversion 
symmetry can be used for terahertz detection by generation of the plasmon-photogalvanic current. 
However, the noncentrosymmetric geometry of the plasmonic crystal unit cell does not necessarily 
result in the excitation of the noncentrosymmetric plasmon modes propagating along the 
two-dimensional electron system. It is shown that the plasmon modes without inversion symmetry 
can be excited due to the resonant interaction of different plasmon modes in the planar plasmonic 
crystal with a noncentrosymmetric unit cell. 

 
In natural material crystals without the crystallographic centrosymmetry, DC electric current can by 

generated under the action of optical illumination. This phenomenon is commonly referred to as the 
photogalvanic effect [1]. Generally, the absence of the inversion symmetry in a natural crystal yields the 
asymmetry in the electronic response while the optical field may be symmetric or even homogeneous. 
Photogalvanic DC response can be exhibited by an artificial noncentrosymmetric microperiodic structure with 
two-dimensional electron system (2DES) due to asymmetric electronic response [2]. The photocurrent can be 
excited also in a centrosymmetric 2D electron system by obliquely incident electromagnetic wave due to the 
photon drag effect [3]. 

In this paper, it is shown that the photocurrent can be excited in a homogeneous 2DES by normally incident 
terahertz (THz) radiation via the excitation of noncentrosymmetric plasmon modes while the electronic response 
of 2DES remains symmetric. The physical reason for the photocurrent is differential electron drag in 2DES by 
the oppositely travelling spatial Fourier harmonics of the noncentrosymmetric plasmon mode. 
Noncentrosymmetric plasmon modes can be excited in 2DES using the metal double-grating-gate coupler with a 
noncentrosymmetric unit cell (Fig. 1) irradiated by incoming THz wave [4]. 

 

 
 

 
Figure 1. Two-dimensional electron system 
gated by the periodic metal grating with a 
asymmetric unit cell (w1 ≠ w2, s1 ≠ s2). 
Plasmon-photogalvanic current generates 
the photovoltage Uph between the open side 
contacts. 

We focus on the excitation of the gated plasmons in such a structure. (In principle, the plasmons in the ungated 
parts of 2DES can also be excited. However, the frequencies of the ungated plasmons greatly exceed those of the 
gated plasmons so that the gated and ungated plasmons can be considered independently.) The wavelength of the 



gated plasmons excited under a metal strip of the double-grating gate is determined by the width of a respective 
strip (either w1 ≠ w2). The plasmons excited under different metal strips can interact with each other forming a 
collective plasmon mode distributed over the entire area of 2DES. Therefore, the entire structure can be 
considered as a planar plasmonic crystal (PPC). Different collective plasmon modes in PPC can interact with 
each other exhibiting the repelled crossings (see Figs. 2(a) and 2(b)). In PPC with a symmetric unit cell (Fig. 
2(a)), only the plasmon modes with the odd charge density distribution in 2DES across each metal strip can be 
excited while the even plasmon modes have zero dipole moment in the structure with a symmetric unit cell and 
hence those modes are “dark” with THz irradiation. In PPC with an asymmetric unit cell, the plasmon mode 
spectrum is much reacher because the “dark” plasmon modes also become radiative (Fig. 2(b)) due to breaking 
the symmetry of PPC. 

           (a) 

 

          (b) 

 
Figure 2. Plasmon absorption spectrum for the PPC with (a) symmetric (s1 = s2 = 1.5 µm) and (b) asymemtric (s1 = 
1 µm, s2 = 2 µm) unit cell depending on variation of the metal strip width w2 for a fixed strip width w1 = 2 µm and 
the electron scattering time 7×10-11 s. 

 It is found out that, even though the unit cell of PPC is asymmetric, the plasmon modes remain almost 
symmetric (with almost equal amplitudes of the oppositely travelling Fourier harmonics of the plasmon field) 
away from the repelled crossing regime because each uncoupled mode is excited only under its respective metal 
strip of width w1 or w2. However, the plasmon modes become strongly asymmetric in the repelled crossing 
regime due to the cross-dephasing of the two coupled plasmon modes in this regime. The strongly asymmetric 
plasmonic field excites strong differential plasmon drag producing strong plasmonic net photocurrent.  
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Abstract-This paper summarizes our in-house research on novel metamaterials and metastructures 
with new opto-electronic properties and use them to design and fabricate devices with new 
functionalities such as Si-based slow-light, low-loss high-contrast metastructure hollow-core 
waveguides, tunable 3D split-ring metamaterial-based THz modulators, etc. These devices will provide 
basic building blocks for future chip-scale semiconductor opto-electronic integrated circuits, and provide 
new capabilities for ultra-high frequencies RF systems as well as THz systems. 

 
In recent years, there has been growing interest in developing ultra-high frequency optoelectronic devices as 

well as THz device research due to the demand in ultra-wide band communication systems, ultra-high frequency 
RF systems and other attractive applications such as see-through imaging, chemical/bio-sensing and line-of-sight 
communications. However, using traditional materials to develop these ultra-high frequency devices are often 
limited by the materials’ inadequate electromagnetic properties which result in loss or unresponsiveness to the desired 
frequency band.  Metamaterials may offer new opportunities for solving this problem and tunable metamaterials may 
provide even more freedom for design of these devices. In this paper we report the results of our different approaches 
in developing the metamaterial- and metastructure-based devices for ultra-high frequency applications. 

Tunable Metamaterial Devices for THz communication/sensing/imaging: We have designed, fabricated 
and tested a tunable THz metamaterial structure containing 3D metal split-rings with a tunable capacitor 
fabricated using complex oxide thin films (BaSrTiO3 – BST). Figure 1. shows a diagram of the metamaterial 
device. A tunable capacitor is formed in the gap of the metal split-ring. A BST thin film on top of a sapphire 
substrate is used as the dielectric media for the capacitor, and sandwiched between two metal electric strip lines 
that are perpendicular to the surface of the split-ring. A DC bias can be applied to these electrodes to tune the 
capacitance.  The standing metal split-ring is wrapped around on the surface of a rectangular Polyimide ridge 
bar which is formed on top of the 
substrate and BST film.  
Subsequently, we developed a new 
fabrication technique and 
successfully fabricated such a 3D 
tunable metamaterial device. Figure 
2. shows a fabricated device. The 
split-ring size is about 10µm high 
and 50µm wide. In addition, a 
simulation model was developed to 
assist the metamaterial device 

 
Fig.1 Illustration of the tunable 3D THz metamaterial. On the right: 
cross-section of the split-ring unit cell with complex oxide film as tunable 
capacitor. 



design and predict the resonance frequency and tuning. The device 
model has been also used to determine the dielectric constant of the 
BST thin film and, to assist in BST thin film tunability 
measurements. The fabricated device was tested by a free space 
optical evaluation in the THz spectrum. We have observed a 
resonance peak around 1.14THz and the peak was shifted by 
~2GHz by a 6V bias. This is in general agreement with our 
simulation model. This is, to our knowledge, the first effort to 
measure the BST thin film tunability in the THz spectrum. 

Slow-light low-loss hollow-core metastructure waveguides: 
We have designed, fabricated and demonstrated a new type of 
Si-based 3D cage-like high-contrast metastructure waveguide with both “slow-light” and low-loss properties, 
which has applications in providing a long time-delay 
line or a high Q cavity in chip-scale high frequency 
RF-Photonic integrated circuits. Traditional 
semiconductor optical waveguides always have high 
loss when used in a high dispersion (slow-light) 
region. Using a high-contrast metastructure grating[1] as 
the 4 cage walls/cladding to build a hollow-core 
waveguide as shown in Fig. 3-A, can achieve low-loss 
because the propagation light cannot escape from the 
metastructure grating cladding and there is no absorption 
loss in the core area. We developed a new processing 
technique and fabricated several such waveguides on a Si wafer with 
different core sizes/shapes for 1550 nm operation wavelength as shown 
in Fig. 3-B.[2] We have conducted experimental waveguide delay test 
measurements using a short optical pulse which indicate that the group 
velocity of these metastructure waveguides are in the range of 20% of 
the speed of the light. We have experimentally measured the 
propagation loss of these waveguides to be in the range of 2dB/cm.  
We have also developed a fabrication technique for this type of 
high-contrast metastructure hollow-core waveguide in THz frequency. 
Figure. 4. shows a fabricated device.  
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Fig 2. Fabricated 3D split-rings device. 

 
Fig.3. (A): Metastructure cage waveguide; (B): SEM 
pictures of the fabricated waveguide samples. 
 

 
Fig.4. Fabricated THz metastructure 
waveguide 
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A comprehensive theory of the 1D plasmonic crystal formed in periodically modulated 2D electron systems will 

be presented. The theory is based on a generalized transmission line theoretical formalism consistent with the 

plasma hydrodynamic model [1]. This formalism is then used to demonstrate formation of the plasmonic crystals 

in the 2D electron systems with periodic changes of electron density, gate screening or both. Closed-form 

analytical expressions for the plasmonic energy band spectrum are derived for both infinite and finite size 

crystals. For the finite size crystals formation of the plasmonic Tamm states near the crystal edges is predicted 

and analyzed including their energy spectrum and spatial localization. The theoretical results are compared with 

the results of experimental studies of the plasmonic crystals and Tamm states in short, modulated plasmonic 

cavities [2,3] which demonstrated excellent quantitative agreement between theory and experiment. 
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Abstract-The plasma wave response of the two-dimensional electron gas of a HEMT transistor can 

be used for terahertz detection. In this work, we evaluate the time response of these detectors using 

a hydrodynamic model that includes the effects of pressure and viscosity. We evaluate and compare 

the impulse response of the HEMT channel and the response of the detector to an amplitude 

modulated signal. Our results establish the ultimate response time for these detectors.  

 

Short channel field effect transistors (FETs) can detect terahertz radiation at frequencies much higher than 

their cutoff frequency and maximum frequency of operation1.  These devices can achieve high responsivity and 

low noise equivalent power (NEP).  The temporal response of these detectors evaluated in this work  

determines their applicability for high-speed applications such as: high bandwidth communication, flying spot 

detectors, and femtosecond pulse detection. We use a hydrodynamic model to evaluate the time response of a 

gate-controlled two-dimensional electron gas. The model includes the effects of pressure, viscosity and 

temperature gradients.2-4 We find that the pressure becomes the dominate force in the sub-threshold regime The 

simulation results agree with an analytical model based on [4]. We investigate both the impulse response of the 

electron gas and the detector response to an amplitude modulated signal.  

We find that the impulse response has an exponential decay, with a decay time of τr=Re{σ+} where: 

 

(1) 

 

 

υ is the viscosity, s is the plasma wave velocity, L is the length of the gate, and τ is the electron momentum 

relaxation time.  For high mobility samples, the decay also has an oscillation component with a period of 

Tr=2π/Im{σ}. Figure 1, shows the drain response to a 0.1mV 10ps rectangular pulse at the source for three 

different values of mobility. As seen from figure 1, there is a delay time between the application of a pulse and 

the transient response, which we showed to be on the order of L/s, where s is the plasma velocity. 

 

 

Fig. 1: The response at the drain to short pulse at the 

source, for three different mobilities (shown in units 

of cm2/Vs). U0=Vgs-Vth=0.1V, L=130 nm, C=0.56µ 

F/cm2. The low mobility, drift model approximation 

(L2/µU0) for the decay time is shown as arrows at the 

bottom. 
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We also analyze the response to a 10% amplitude modulated signal: 

(2) 

 

where fc is chosen to be the fundamental frequency for the device, Va=0.1 mV. We then calculate the amplitude 

of the modulated frequency component of the drain to source voltage. We define the maximum bandwidth of the 

detector (fMAX) to be the frequency where the amplitude of the demodulated signal decreases by 3dB. Figure 2, 

shows fMAX as a function of the device mobility (dotted lines).  fMAX is related to the response time of the 

impulse response, and can be approximated as 1/2πτr (dotted lines).  We find that there is an “optimum” 

mobility that gives the maximum bandwidth for the detector.    

 

Fig. 2: The maximum frequency for an amplitude 

modulated signal to be detected with less the 3dB of 

loss (compared to no modulation) as a function of the 

electron mobility (solid lines), for an above threshold, 

and below threshold condition.  1/2πτr is shown 

(dotted lines) as an approximation to the maximum 

frequency.  
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Abstract-Experimental and theoretical work on ratchet and plasmonic effects in various 2D 

systems with an asymmetric lateral superlattice excited by alternating electric fields of terahertz 

radiation is reviewed. We consider the Seebeck ratchet effect and helicity driven photocurrents and 

show that their generation is based on the combined action of the spatially periodic in-plane 

potential and modulated light. We also discuss a dramatically enhancement in the vicinity of 

plasmonic resonances and address the potential for highly sensitive detection of terahertz radiation.   

 

The subject of the present review are terahertz (THz) radiation induced photocurrents in two-dimensional 

semiconductor systems (2DES) with a spatially periodic noncentrosymmetric lateral potential. Such systems 

being driven out of thermal equilibrium are able to transport particles even in the absence of an average 

macroscopic force. This directed transport, generally known as ratchet effect, has a long history and is relevant 

for different fields of physics, chemistry and biology, for review see e.g. [1]. Here we discuss the experimental 

and theoretical study of terahertz and microwave (mw) radiation induced photocurrents in superlattices 

fabricated from III-V material based 2DES and graphene. We show that the lateral grating, on the one hand, 

induces a periodic lateral potential acting on the two-dimensional system and, on the other, modulates the 

incident radiation in the near field, and hence in the plane of the 2DES. This results in polarization-independent, 

circular, and linear ratchet effects [2-5]. The former effect was predicted in Ref. [6] for unpolarized light. The 

circular ratchet current, which reverses its direction upon switching the radiation helicity, and the linear ratchet 

effects arise due to the phase shift between the periodic potential and the periodic light field. We demonstrate 

that the individual contributions to the total photocurrent are just proportional to the Stokes parameters of 

radiation. We show that in lateral superlattices, designed as a double comb gate structure, the photoresponse can, 

on the one hand, be drastically enhanced and, on the other, be determined solely by the circular or linear ratchet 

effects. Besides ratchet effects we discuss the ratchet currents in the vicinity of plasmonic resonance [7,8]. 

Plasmonic oscillations results in a drastic enhancement of ratchet effects and, like in Dyakonov-Shur plasmonic 

detectors [9], have successfully been implemented for highly sensitive detection of terahertz radiation [10,11]. 

We show that the discussed effects can be implemented for a fast and easy recording of the state of polarization, 

i.e., measurements of the Stokes parameters of a radiation field. 
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Abstract-This presentation describes design, fabrication and characterization of a novel active 

metamaterial surface in the THz spectrum. The proposed surface is based on incorporation of a 

Ba0.6Sr0.4TiO3 (BST) thin film whose dielectric constant can be altered by applying DC bias. A 

verified numerical model of the device that predicts a resonant frequency as a function of BST 

dielectric constant is presented. The resonant frequency shift due to the applied DC bias is 

experimentally verified and comparison with the model and other benefits are discussed.  

 

Metamaterial-based devices and surfaces in the THz spectrum have been suggested for multiple applications 

ranging from communications to chem/bio detection. Our collaborative research yielded a novel single-negative 

active metamaterial structure in the THz frequency spectrum (Fig. 1) where the resonant frequency of the surface 

can be altered by applying an external DC bias on a thin (200 nm) film of BST that supports the split ring 

resonator (SRR)-like structure that is “standing” with the gap on the thin film.   

 

Fig. 1. Schematic representation of the metamaterial unit cell. 

This effort concentrated on achieving the active metamaterial device based on the resonance due to negative 

permeability μ as opposed to previously designed and demonstrated active metamaterial surfaces in the THz 

spectrum based on the electrical analogue of the SRR presented by D. Schurig et al. [1]. Although the proposed 

devices [2-3] can be useful for certain applications (such as a switch or modulator), their use is limited since, for 

example, they exhibit resonant behavior for negative permittivity ɛ as opposed to classical metamaterials where 

the behavior of permittivity is a step function and, hence, fabrication of a double-negative metamaterial would be 

extremely challenging due to a need to overlap at exactly the same frequency for resonant negative μ and 

resonant negative ɛ. Although possible [3], such designs would add to the complexity of the device and its 



fabrication. Use of the configuration proposed here will eliminate this issue since a classical approach to 

fabrication of the negative ɛ part of the metamaterial can be retained. Another important benefit of the design 

under discussion is that as opposed to optical [3] or thermal excitation of the substrate and, hence, control of the 

resonant frequency, the proposed design offers a very stable electrical bias as a tool to control the resonant 

frequency of the device. In addition, the metamaterial structure introduced here was designed to reduce 

double-negative metamaterial transmission losses by minimizing the surface area covered with metal (since the 

SRR-like units are vertical). 

   A model using commercially available Ansys HFSS software was devised and implemented. When 

compared to the experimental results of the fabricated metamaterial device characterization, the model 

confirmed the values of dielectric constant of BST thin film in the THz frequency regime consistent with the 

values demonstrated for BST (thicker film) in literature [4]. Additional peaks seen in the model and 

experimental data were explained with the help of the model (Fig. 2). A resonant frequency shift was 

demonstrated experimentally when a DC bias of up to 6V was applied and investigated with the devised model. 

The dielectric constant tunability of the BST thin film was measured for the first time as a function of the applied 

bias in the THz spectrum. In addition to being a great candidate for future metamaterial based devices in the THz 

spectrum, the proposed metamaterial structure in combination with the devised model can be used as a novel 

method to measure a very important property of ferroelectric thin films – dielectric constant tunability as a 

function of applied bias. 

Fig. 2 HFSS model of the THz metamaterial structure showing the E-field map at the resonant frequency and 

some non-resonant energy dissipation peaks. 
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Abstract. We present the simulation and measurement results demonstrating the 
application of the THz excited decaying plasma waves in field effect transistors for 
testing silicon VLSI under bias.  The simulation is performed in the frame of the 
complete hydrodynamic model. A simplified analytical model accounting for the 
gate leakage is also used to interpret the experimental data. In agreement with the 
experimental data and our analytical model, the direct current (DC) response 
induced by the THz wave is strongly affected by the gate leakage current in both 
subthreshold and above threshold regimes. Other types of detects detected include a 
large parasitic resistance, a lower channel mobility, a lower saturation velocity in 
the channel, and a shift of the threshold voltage. This technique has potential for 
non-destructive VLSI testing and evaluation. 
 
A comprehensive non-destructive testing of VLSI is an important technical problem 
that is becoming more difficult to address with increasing complexity and 
sophistication of modern integrated circuits. The proposed radiation-based testing 
techniques, such as optical beam induced current (OBIC) [1], electron beam induced 
current (EBIC) [2], and laser-terahertz emission microscopy (LTEM) [3] are not 
capable to fully resolve this problem. Stillman et al [4] proposed using the 
rectification of plasma waves excited in a field effect transistor by impinging 
terahertz radiation to test silicon VLSI based on the silicon MOSFET operating as a 
non resonant detector of THz and sub-THz radiation.  By mounting a chip on a 
nanostage and scanning the transistor response to the impinging sub terahertz 
(sub-THz) radiation they demonstrated a dramatic difference in the transistor 
responses for the transistors with and without leakage. We now propose and 
investigate the extension of this technique to detect the difference in the transistor 
response due to the threshold voltage variation, parasitic resistances, and channel 
transport parameters. The approach proposed in this work allows us to generate 
response signatures for specific faults. Fig. 1 shows the calculated response function 
as a function of the gate bias and frequency for the threshold voltages of 0.2 V and 
0.25 V for a 60 nm Si MOSFET and the channel mobility of 300 cm2/Vs (Fig. 1a and 
1d) and for two values of the channel mobility of 300 and 400 cm2/Vs for the 
threshold voltage of 0.25 V (Figure 1b and 1c). As seen from Figure 1a, the 
combination of the gate voltage and frequency dependence of the response allows 
us to distinguish between specific deviations from the transistor specifications. 
Further improvements will be achieved by using THz beam scanning techniques 
instead of moving the VLSI on the nanostage as was done in [4]. 
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(a) (b) 

  
(c) (d) 

  
Figure 1. Calculated response of silicon 60 nm MOSFET for threshold voltages of 0.2 
V and 0.25 V at frequency of 0.6 THz and mobility of 300 cm2/Vs versus gate bias (V) 
(a); for threshold voltage of 0.25 V at frequency of 0.6 THz and mobilities of 300 
cm2/Vs and 400 cm2/Vs versus gate bias (V) (b); for threshold voltages of 0.15 V 
and 0.25 V at zero gate bias and mobility of 300 cm2/Vs versus frequency (Hz) (c); 
for threshold voltage of 0.25 V at zero gate bias and mobilities of 300 cm2/Vs and 
600 cm2/Vs versus frequency (Hz) )d) 
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Abstract- I will present results on the engineering of light emission and optical nonlinearity in 

transparent conductive oxides and nitrides (TCONs) for Si-compatible active metamaterials. In the 

near-infrared, TCNOs support plasmonic resonances with sub-wavelength field confinement and 

largely reduced losses. Moreover, their optical dispersion properties can be tuned in the telecom 

spectral range enabling efficient epsilon-near-zero (ENZ) media without the need of specialized 

nanofabrication. Applications to nonlinear frequency generation and light emitting hyperbolic 

metamaterials on Si will be presented.  

 

Plasmonic and metamaterials leverage resonant excitations and coupling of sub-wavelength electromagnetic 

fields in artificial metal-dielectric nanostructures (i.e., plasmon and phonon polaritons). Such nano-optical 

technologies have created many exciting opportunities for ultra-sensitive optical spectroscopy, information 

processing, light sources and nonlinear frequency generation on the nanometer length scale.  

Recently, metamaterials exhibiting near-zero dielectric permittivity, or Epsilon Near-Zero (ENZ) media
1
, 

have been proposed as a powerful approach to manipulate electromagnetic fields at the nanoscale, with 

applications ranging from energy squeezing
2
 to imaging

3
, scattering

4
, sensing and nonlinear optics

5-7
. Intense 

theoretical activities explored ENZ nanostructures to boost harmonic generation in a generic Lorentz medium, 

where the discontinuity of the normal electric field component in sub-wavelength nano-layers gives rise to an 

enhancement of light-matter coupling. In particular, significant enhancement of harmonic generation in 

nonlinear ENZ media has been theoretically predicted and phase mismatch-free propagation demonstrated 

experimentally
8,9

. Based on these exciting results, it is envisioned that the next frontier of nano-optics will be 

concerned with the development of active, switchable, and nonlinear metamaterials operating at near-infrared 

and optical frequencies for ultrafast optical data processing in highly integrated photonic-plasmonic chips.  

However, this ambitious goal could fail if limited to consider the metallic-based materials platforms 

currently available for plasmonics and metamaterials applications. This is due to the inherent lack of flexibility 

of metallic materials, large dissipation losses, limited tunability and thermal instabilities under the intense, 

nanoscale-confined fields that are usually encountered in nonlinear optics applications. In addition, 

metallic-based components are not compatible with the largely scalable and cost-effective silicon processing 

technology, and often require three-dimensional nano-manufacturing. Alternative materials based on Indium Tin 

Oxide (ITO) and Titanium Nitride (TiN) have been recently demonstrated and intensively studied for the 

engineering of plasmonic resonances in the linear optical regime
10

. 

In this talk I will present our approach towards the engineering of a robust, active material platform that 

enable low-loss, tunable, and highly nonlinear metamaterials that are fully compatible with widespread CMOS 

technology and Si processing. In particular, I will discuss our recent experimental demonstrations of enhanced 



second- and third-harmonic generation boosted by the ENZ condition of ITO nano-layers with engineered 

dispersion
11,12

. The increased optical nonlinearity of the fabricated nano-layers is driven by their ENZ response, 

which can be tailored on-demand across the near infrared to mid-IR spectral range. Materials design rules to 

accomplish these goals will be provided. Following our approach, a third-harmonic generation efficiency 

approximately 600 times larger than crystalline silicon has been obtained, as well as second harmonic generation 

efficiencies for near infrared-excited samples with thickness < 40 nm that are comparable to that of crystalline 

quartz plates of millimeter thickness. 

Finally, I will discuss the application of Si-based metamaterials to the engineering of more efficient light 

sources with hyperbolic dispersion and photonic active topological insulators doped with Si quantum dots (QDs). 

In particular, I will show our recent work on Si QD light emission with broadband radiation rate enhancement in 

metamaterials and provide a perspective view for active metamaterial devices (i.e., light sources, nonlinear and 

modulators) in the context of highly integrated Si photonics.  
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Abstract- Controlling the amplitude and phase response of an optical device was once thought to 

be constrained by the bulk material properties of that device. Demonstrations of metamaterials and 

metasurfaces have shifted this paradigm. We show that the amplitude and phase of a transmitted 

THz signal through an array of V-shaped antennas can be controlled by varying the conductivity 

and geometry of the V-shaped structures. These structures are created using conductive silver and 

resistive carbon ink deposited by a consumer ink-jet printer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Cross polarized Amplitude and Phase response for four individual printed arrays of V-shaped plasmonic antennas 

with various interior angles for the V-shaped antenna. (a) Micrograph of an array of printed V-shaped antennas with varying 

interior angles. (b) Amplitude of absolute cross polarized transmittance for four different printed V-Shaped antennas with 

interior angles of 60°,90°,120° and 180°. At a frequency of .12THz all four antennas have the same cross polarized 

transmittance of 9%. (c) Phase of cross polarized radiation for the same four printed V-Shaped antennas. At a frequency 

of .12THz the phase separates between the four antennas with a maximum phase shift of 125°.     



In discussing the background for this work, it is important to note the impressive applications of phase controlled 

v-shaped structures that have already been demonstrated to exhibit extraordinary refraction and vortex beams, flat 

lenses, phase filters and waveplates[1]. We build upon these results by providing an additional functionality in 

controlling the amplitude of transmitted radiation by carefully varying the conductivity of the V-shaped structures. This 

control over the spatial conductivity of the antennas is achieved by simultaneously ink-jet printing varying amounts of 

conductive silver ink and lossy carbon ink. This ink-jet printing technique allows for rapid and cheap production of 

structures with resolution appropriate for the THz and millimeter wave regime. 

Figure 1a shows an example of a printed array of V-shaped antennas using conductive silver ink. The individual 

cross-polarized amplitude and phase response of each of the 4 structures is shown in Figure 1b and 1c. At a frequency 

of .12THz the transmittance of all 4 structures is equal to 9%, while the phase response for the 4 geometries is spread 

evenly across 125°. Thus, by controlling the geometry of the V-shaped structures, a point of constant amplitude but 

varying phase can be created. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Co-Polarized Amplitude and Phase response of an array of 180° V-shaped plasmonic antennas, or simple dipole 

antennas, where the conductivity of the structures are varied by changing the ratio of silver and carbon ink. The ratio of 

silver and carbon ink is varied from 100% silver ink to 100% carbon ink over 8 steps. (a) Measured amplitude or absolute 

transmission through the array of dipoles as a function of frequency. Clear resonant feature are visible at the designed 

frequencies of 150 and 300 GHz for the 100% silver structures which washes out as the ratio of carbon ink is increased. (b) 

Measured phase response for the array of plasmonic dipoles. At the amplitude resonance peak locations of 150 and 300 

GHz the phase remains relatively unchanged for the samples of varying conductivity.   

 

Figure 2a and 2b show the co-polarized amplitude and phase response for an array of printed dipole antennas, 

where the conductivity of the dipoles is varied by changing the ratio of silver and carbon ink. Here at the design 

frequencies of .15THz and .3THz, the resonance amplitude of the dipole changes significantly with changes in 

conductivity. However, the phase response right at the resonance frequency remains unchanged with varying 

conductivity. Thus we show we can simultaneously control both amplitude and phase of v-shaped antennas by 

changing geometry and conductivity respectively. 
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Abstract - Graphene, a single-layer of carbon atoms arranged in a two-dimensional honeycomb 

lattice is nowadays attracting considerable attention for a variety of photonic applications, including 

fast photodetectors, transparent electrodes in displays and photovoltaic modules, and saturable 

absorbers. Owing to its high carrier mobility, gapless spectrum, and frequency-independent 

absorption coefficient, it has been precognized as a very promising element for the development of 

detectors and modulators operating in the Terahertz (THz) region of the electromagnetic spectrum, 

which is still severely lacking in terms of solid-state devices. I will illustrate the realization of THz 

detectors based on antenna-coupled graphene field-effect transistors (FETs), and discuss the 

development and applications of electrically switchable metamaterial devices. Prospects for the use 

of graphene in a new generation of THz sources, both directly and as saturable absorber for laser 

mode-locking, will be analyzed. Finally, coherent perfect absorption processes and possible 

applications will be presented. 

 

Theoretical proposals for graphene-based THz devices have been quickly formulated right after the first 

graphene breakthroughs, but in the last few years very promising implementations have indeed begun to be 

realized [1]. Photodetection of far-infrared radiation is relevant for a variety of strategic imaging applications. 

Electronic devices based on the gate-modulation of the conductance channel in a FET by the incoming radiation 

show fast response times and high detectivities, as well as the possibility of implementing multi-pixel 

focal-plane arrays. The operating mechanism of a FET detector is not trivial, but can be intuitively interpreted as 

deriving from the non-linearities associated to the excitation of the plasma waves in the transistor channel by the 

impinging THz radiation [2].  

 

 

 

 

 

 

Figure 1: Left: Schematics of buried-gate graphene THz FET detector. Source, gate and drain electrodes are indicated 

by letters, oxide insulation is in green, the graphene layer on top is in black. Right: Photocurrent response as function of 

gate bias for ~ 300 GHz excitation. 

 

Recent theoretical papers [3] have analytically shown the advantages of graphene as a basis for novel THz 

plasma waves devices. The spectrum of plasma waves is extremely sensitive to the electron (hole) mass and the 



plasma properties of a 2DEG become more pronounced with decreasing effective masses and increasing electron 

mobility. Graphene-based FET detectors have already been realized in a variety of geometries and 

configurations (see one example in Fig. 1) [4-6]. Presently performances have reached noise equivalent powers 

≲ nW/Hz
1/2

 in the 300 - 600 GHz range, mostly limited by the poor transistor characteristics of present device 

technology. On the other hand, great promise for breakthrough developments is to be traced to the possibility of 

realizing graphene channels with sufficiently high mobility to enable the establishment of nearly undamped 

stationary plasma states, which would give rise to resonant an electrically tuneable detection with high 

sensitivity [7].    

As far as THz electro-optic modulators are concerned, graphene-based technologies already show state of 

the art performances, unmatchable by conventional semiconductor materials. The typically larger conductivity 

achievable by two-dimensional electron gases in graphene sheets immediately leads to higher modulation depths 

through the control of the electron plasma response. Configurations devised to operate in reflection have been 

optimized to maximize the electric field amplitude at the graphene sheet position achieving a modulation depth 

of about 64% [8], a concept that has also been developed into a first 4x4 spatial light modulator. On the other 

hand, through the use of plasmonic metamaterials [9], phase modulation up to 65° has been obtained in 

transmission geometry.  

On the source side the potential is instead almost completely unexplored, and a lot of new physics is bound 

to emerge in the near future from research in this direction. Perspectives are anyway very bright and more 

possibilities will open up when graphene elements will be integrated with existing technologies, like quantum 

cascade lasers, to improve specific device parameters or enable novel functionalities.  
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Abstract-Manipulating spin angular momentum (SAM) and orbit angular momentum (OAM) are 

promising techniques for boosting the capacitance of telecommunications. Conventional optical 

elements like polarizers and phase plates, or recently developed metallic antennas have been 

proposed to manage light beam in free space. Here, we propose a simple method to generate 

angular momentum in hybrid plasmonic waveguides, leading to compact devices and on chip signal 

processing capability. Both polarization rotation and OAM are demonstrated in sub-10µm 

waveguides. 

 

Spin and orbit angular moments are intrinsic properties of light beam, which can be used to improve the 

capacitance of telecommunications. For this application, we prefer compact devices and on-chip manipulating 

capability. Various polarization rotators have been proposed in a SOI platform for SAM handling. However, 

they are either hundreds of microns in length or difficult for fabrication [1]. For OAM, spiral phase plate or 

photonic crystal fiber have been proposed [2], which are also bulky and complex. In this paper, we demonstrate 

efficient polarization rotation and OAM generation in hybrid plasmonic waveguide. This device includes 

asymmetrical cross section for mode hybridization and can be simply realized by oblique deposition process. 

Operating at the telecommunication wavelength of 1.55 μm, polarization conversion efficiency of 99.7% can be 

achieved in a sub-10 μm device with an insertion loss of 2.2 dB. Furthermore, OAM is generated in a waveguide 

in a sub-5 μm waveguide.  

In our device, input and output waveguides are silicon waveguides on a SOI wafer as shown in Figure 3. In 

the middle, there is a hybrid plasmonic waveguide consisting of silicon core and oxide/metal coating layer [3] 

with well confined guiding modes in the oxide layer. The asymmetrical structure with coatings only at top and 

one sidewall induces the mode splitting of the input TE or TM mode into the two intrinsic mode 1 and mode 2 in 

the hybrid plasmonic waveguide (Figure 1), which have a rotation of their light axes compared to the TE or TM 

modes [4]. Due to the large birefringence in hybrid plasmonic waveguide, a phase delay is accumulated between 

mode 1 and 2 along the propagation. By optimizing the phase delay and the coupling between the hybrid 

plasmonic waveguide and the input/output waveguide, we can have a nearly complete (>99%) transfer of 

polarization state in a sub-10 µm devices (Figure 2). The simple structure and fabrication process make it very 

promising for photonic integration. Furthermore, when the device length was shorten to 4.7 µm as shown in 

Figure 3, a clear first order OAM is observed in the guiding mode in the output waveguide. The OAM is 

generated in such an asymmetrical plasmonic waveguide as the input TE mode has no OAM. Compared to the 

recently proposed method based on directional couplers [5], our devices are much more compact and efficient.   
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Figure 1. Schematic cross section of plasmonic waveguide PR and magnetic field profiles of hybrid 

mode 1 and 2 at WSi = HSi = 310 nm, WSiO2 = HSiO2 = 50 nm, WAg = HAg = 80 nm. 

    

Figure 2. Transverse electric field distributions in the x-z plane at the center of Si core for TM (a)-(b) 

and TE (c)-(d) polarization input. L = 9.7 µm. 

 
Figure 3. Schematic of plasmonic waveguide based OAM generator. Longitudinal electric field 

distributions in the x-y plane at the input and output of plasmonic waveguide. L = 4.7 µm. 

REFERENCES 

1. Franke-Arnold, S., Allen, L., and Padgett, M., “Advances in optical angular momentum,” Laser Photonics 

Review, VOL. 2, No. 4, 299-313, 2008. 

2. Dai, D., Liu, L., Gao, S., Xu, D.-X., and He, S., “Polarization management for silicon photonic integrated 

circuits,” Laser Photonics Review, VOL. 7, No. 3, 303-328, 2013. 

3. Jin, L., Chen, Q., Song, S., “Plasmonic waveguides with low polarization dependence,” Optics Letters, VOL. 

38, No. 16, 3078-3081, 2013. 

4. Jin, L., Chen, Q., Wen L., “Mode-coupling polarization rotator based on plasmonic waveguide,” Optics Letters, 

VOL. 39, No. 9, 2798-2801, 2014. 

5. Zhang, D., Feng, X., Cui, K., Liu, F., and Huang, Y., “Generating in-plane optical orbital angular 

momentum beams with silicon waveguides,” IEEE Photonics Journal, VOL. 5, No. 2, 2201206, 2013. 



            

Optical Force in Plasmonic and Metamaterial Systems 

 

Shubo Wang
1
, Kun Ding

1
, Jack Ng

2
, C. T. Chan

1
*

 

1
Department of Physics and Institute for Advanced Study,  

The Hong Kong University of Science and Technology, Hong Kong  
2
Department of Physics and Institute of Computational and Theoretical Studies, 

Hong Kong Baptist University, Hong Kong 

*corresponding author, E-mail: phchan@ust.hk 

 

ABSTRACT- We present analytical formula for the optical force acting on a chiral particle. The 

behavior of chiral particles is qualitatively different from achiral particles due to new chirality 

dependent terms which couple mechanical linear momentum and optical spin angular momentum. 

We show that such chirality induced coupling can serve as a new mechanism to achieve optical 

pulling force. In addition, it can induce a sideway force that can laterally push particles with 

opposite chirality to the opposing side of an interface. Our analytical predictions are verified by 

numerical simulations. 

 

Light carries both linear momentum and angular momentum. The linear momentum of light can induce 

scattering force on a particle which pushes the particle while the angular momentum usually results in rotation 

of a particle. Here we show that the spin angular momentum of light can be coupled to the “structural chirality” 

of a chiral particle to achieve optical pulling force and lateral-shifting force on the chiral particle. Consider a 

chiral particle excited by an incident electromagnetic wave. The particle can be characterized by an induced 

electric dipole moment ee emi  p E B  and a magnetic dipole moment em mmi   m E B , where 

, ,ee mm em   are respectively the electric, magnetic, and chiral polarizabilities of the particle. The time-averaged 

optical force exerted on such a particle can be shown to be [1] 
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where fU   is the free energy of the system, extC  is the total extinction cross section, recoilC  is recoil 

coefficient,  S  is time-averaged Poynting vector, and 0 0/ (4 )( ) / (4 )( )s i i       L E E H H  is 

time-averaged spin angular momentum density. The above equation reveals a new force term (the last term) 

which cannot be found in the optical force formula of achiral particles, and this term is chirality dependent 

which has opposite sign for opposing chiral particle/ circular-polarization state. Under certain conditions the last 

term of Eq. (1) can dominate the forward scattering force and induce a pulling force acting on the particle.  

 As an example, we consider a chiral aggregates of sphere (Fig.1(a)) parameterized by 

 csin 2 , 2 ,osR Rt t at   with 0 4t  , and 1.05R d , and pitch 1.05 a d  where μm1 d   is the diameter of 

the sphere, as shown in Fig.1(a). The spiral’s height is 4a and each loop has 6 spheres evenly spaced on the 

spiral. The calculated optical forces of this system under two counter propagating incoherent plane waves is 



shown in Fig.1(b). We see that spin angular momentum can induce an optical force which is “indeterminate” in 

sign, meaning that it can either be in the same or opposite direction of the propagation direction of the plane 

wave, depending on the wavelength of the incident wave. This means that an optical pulling force can be 

achieved using this mechanism [1].  

 
Fig.1 (a) Schematic picture for the prototypical chiral chain making up of 25 metallic spheres. (b) Calculated optical forces 

on the spiral chains for two counter propagating incoherent plane waves propagating in +z and -z direction, each has an 

intensity of
9 2

10  W/m . Positive spin angular momentum flux (P-SAMF, ˆ 0sz  L ) can induce both positive and negative 

optical force as shown by the red line. Negative force here means that the beam attracts the object. 

 

If we put a chiral particle over a substrate, a lateral force originating from the last term of Eq.(1) can shift 

particles with opposite chirality to the opposite sides of the substrate [2], resulting in a phenomenon analogous 

to the Spin-Hall effect in electronic systems although the physical mechanism is different. Consider gold helix 

particles shown schematically in Fig.2(a). Such standalone helix particles will move forward under the 

incidence of a linear-polarized electromagnetic plane wave. The optical force due to scattering is in the forward 

direction for both the left-handed (LH) and right-handed (RH) helix. However, if the helical particles are put 

above a substrate made of an ordinary material (Au or Si, for example), the particles will experience an 

additional lateral force whose direction depends on the handedness of the particles (Fig.2(b)). Figure 2(c) shows 

the numerically calculated lateral force acting on the gold helixes that are put on a dielectric/metal substrate. We 

see that the lateral force is evident for a wide range of frequency and it takes opposite signs for LH and RH 

cases. 

 

Fig.2 Lateral optical force on a chiral particle near a surface. (a) The optical force is a “forward” pushing force for 

standalone gold helix particles, independent of handedness. (b) There is an additional lateral optical force with the sign of 

the force dependent on handedness if the helix is put on top of a substrate. (c) Numerically calculated lateral force, with the 

blue and red lines computed for helices of opposite handedness.  
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Abstract - Plasmonic metasurfaces combine strong light-matter-interaction with high design 

flexibility and functionality. Here, we demonstrate the potential of ultrathin metasurfaces for use with 

high efficiency, high resolution holography and beam shaping. The concept is based on a topological 

phase change of light passing through the metasurfaces. In such a way broadband phase masks with 

efficiencies surpassing 80% in the visible range can be obtained. 

 

One of the great benefits of metamaterials arises from the flexibility in engineering their optical responses to 

achieve control over the propagation of light to an unprecedented level. Plasmonic metasurfaces that consist only 

of a monolayer of planar metallic structures, have shown great promise for leveraging full control of light and low 

fabrication cost as they do not require complicated three dimensional nano-fabrication techniques. One of the 

interesting features of metasurfaces is the capability of generating abrupt interfacial phase changes across the 

interface, and therefore provide a unique way of controlling the wave front locally at subwavelength scale [1]. 

Shaping the spatial phase and intensity distribution is very important for all applications that require propagation 

of light like focusing, beam shaping, and 3D image reconstruction in the visible range. Furthermore, the achieved 

diffraction efficiencies at visible wavelengths were rather low up to now, preventing the usability in many 

applications. 

Recently metamaterials were used to demonstrate wave plates for generating vortex beams [2], ultrathin 

metalenses [3] and 3D holography [4]. However, none of these techniques has achieved a very high efficiency in 

the visible range. Here, we will experimentally demonstrate optical holography with very efficiency of up to 80% 

that is based on the helicity change of circularly polarized light at a thin-film metasurface. 

Plasmonic nanoantennas which can support the excitation of localized surface plasmon polaritons show a 

strong interaction with light due to their large scattering cross-section. The simplest nanoantenna, the rod antenna, 

resamples an electric dipole with an orientation along a certain axis. Here we utilize the abrupt phase change that 

occurs for circularly polarized light which is converted to its opposite helicity when it is re-scattered from the 

antenna structure. Thereby the electric field of the scattered light is a superposition of the two circularly polarized 

eigenstates (left and right circularly polarized) and given by [5]: 

𝐄sca = 𝑨 ∙ (𝐄𝝈 + 𝐄−𝝈 ∙ 𝒆𝝈∙𝒊∙𝟐𝝋)    (1) 

whereas σ=±1 describes the polarization state (LCP or RCP) and φ the orientation of the dipole in the polarization 

plane. The dipole orientation leads to an additional phase shift between these two polarization states and is purely 



geometrical in nature. Hence we gain the possibility to introduce arbitrary phase shifts by simply changing the 

orientation of the dipole antenna. With this approach we can realize a continuous spatially dependent phase shift 

at the interface, ranging from 0 to 2pi, by an array of plasmonic dipole antennas with spatially varying orientations. 

Since the efficiency for the polarization conversion is limited to below 50% for transmission through a single 

metasurfaces layer we introduce a new kind of reflective metasurfaces that can dramatically improve the 

performance.  

Here we will demonstrate that such geometric phase metasurfaces consisting of plasmonic nanorods with 

spatially varying orientations are capable of generating continuous phase profiles in the subwavelength scale and 

therefore facilitate new perspectives in designing complicated phase-only Computer Generated Holograms for 

image reconstruction. The design that is presented exhibits high quality holographic images with very high fidelity 

and a broad bandwidth of operation between 630 nm and 1050 nm. Importantly, the overall efficiency, defined as 

the ratio of light intensity forming the holographic image to that of the incident light, reaches 80%, greatly 

surpassing previously demonstrated metasurface based holograms. The metasurface holograms with their accurate 

phase modulation, high efficiency, and simple fabrication procedure compared to conventional multi-step phase 

holograms, are highly promising for various practical applications ranging from laser holographic projection to 

data storage and beam shaping. 

 

Figure 1.  Illustration of the 

reflective nanorod-based CGH under a 

circularly polarized incident light. The 

circularly polarized incident beam, 

which is converted from a linear 

polarized one by passing through a 

quarter waveplate, falls on the 

metasurface. The reflected beam with 

phase information forms the 

holographic image in the far-field (at a 

plane perpendicular to the optical axis of 

incident beam). 
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Abstract- The light-induced motion of plasmonic materials differs fundamentally from that of 

dielectric media. We demonstrate that significant translation and torque arise via Lorentz forces and 

surface-bound currents when linearly-polarized light illuminates metallic nanowires. 

 

Optical trapping of plasmonic nanoparticles may provide great insight to light-matter interactions at the 

nanoscales yet the ability to trap arbitrary shaped nanoparticles present difficulty unlike dielectric media, in which 

the forces governing the motion are well understood. The mechanical forces on metallic nanostructures associated 

with surface currents are widely overlooked and point to a new family of plasmonically-driven processes [1, 2]. 

Here, we study plasmon-induced forces on metal nanowires, which are significant with the presence of chiral 

hybrid plasmon modes at longer wavelengths between longitudinal and transverse absorption resonances. 

Plasmonic activity underlies the mechanism that leads to nanowire rotation and explain prior experimental results 

[3-5]. We find that the presence of chiral hybrid plasmon modes yields the greatest net translation and torque 

forces when nanowires are illuminated with linearly-polarized light. The asymmetric plasmon behavior 

subsequently affects the complex nonlinear dynamics of plasmonic nonspherical nanoparticles in fluids. 

 We examine the behavior with numerical simulations of a gold nanowire illuminated with linearly-polarized 

light at different orientations of a 1025nm-long, 75nm diameter gold nanowire in water. The time-averaged 

Lorentz force per volume is attributed to electric and magnetic fields: 

 

 〈𝑓〉 =  𝜀0(∇ ∙ 𝐸)𝐸∗ +  𝐽 × 𝐵∗ + 𝑐. 𝑐. =  𝑓𝐸 + 𝑓𝑀                                       (1) 

 

Where E is the electric field, and B is the magnetic, ρ is the charge density, v is the velocity of the electron gas, 

ε0 is the permittivity of free space, J is the current density. The net torque on a nanowire is calculated from the cross 

product of the radial distance from the origin and 𝑓𝐸or 𝑓𝑀 as contributions from the electric dipole and surface 

currents respectively. 

Figures 1(a-c) shows the distribution of the Lorentz force [Eq. 1] on the surface of the nanowire at 3 different 

orientations when the illuminating wavelength is 1071nm; at different orientations, different chiral hybrid modes 

are present. Momentum is conserved in the system by scattering and absorption of the incident light. Directional 

reflection via oblique incidence produces translational motion. Due to the lossy nature of plasmonic materials in 

the optical regime the nanowire can be treated as a lossy Fabry-Perot cavity in which light couple in to one 

terminus of the nanowire and propagates the length, losing intensity, resulting in an asymmetrical profile.  



 

 

This loss of the propagating longitudinal mode coupled with the asymmetric nature of the chiral hybrid 

plasmon mode results in asymmetric force that can lead to significant translational and/or rotational motion that 

is an order of magnitude stronger larger than optical trapping forces.  

A phase portrait of the rotational motion of a nanowire can be computed from the torque around the 

respective axes. They exhibit complex and rich dynamics associated with chiral hybrid modes excited on 

metallic nanowires; orientations show stable, unstable, saddle points and even stable limit cycles that lead to and 

explain the complicated motion observed experimentally.  

Forces that arise from the surface currents in metallic nanowires are greater in magnitude than those produced 

from the electric field acting on the charge density. The Lorentz force produced from the electric field is 

consistent with the motion of dielectric nanoparticles that align perpendicular to incident polarization. The forces 

from the magnetic field acting on the surface currents are significantly stronger and lead to the highly nonlinear 

and complicated motion observed experimentally such as spinning, rocking and rapid reversals. Our model also 

identifies correctly the equilibrium orientations as well as stable limit cycles.  

In conclusion we have shown that plasmonically-induced Lorentz forces in metallic nanowires are 

fundamentally different from the optical trapping forces that lead to stable controlled behavior of dielectric media. 

Surface-bound plasmon currents interacting with the magnetic field dominate the Lorentz force that explains the 

complex dynamics associated with metallic nanowires in optical traps. Our work points to novel methods that 

manipulate conducting nanoparticles that do not result in the extreme absorption and heating generally associated 

with the excitation of plasmons. 
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Fig. 1. Forces on the nanowire surface produced by the surface currents (red arrows) and the norm of the surface magnetic field 

(surface colormap) for oblique geometries that excite the chiral hybrid plasmonic mode, where (a) θ = 15◦, φ = 90◦, (b) θ = 30◦, φ 

= 75◦, (c) θ = 60◦, φ = 60◦ at λ = 1071nm.  (d) The calculated azimuthal torque, T, as a function of azimuthal coordinate 

associated with electric dipole (dashed) and plasmons (solid). 
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Abstract - We demonstrate that nanoscale deformation of reconfigurable metamaterials with light 
leads to giant optical nonlinearities in plasmonic and dielectric metamaterials. While effective 
optical nonlinearities already many orders of magnitude greater than in natural media are 
experimentally observed in plasmonic nanomechanical structures, modelling suggests that the 
underlying optical forces can be even larger within dielectric metamaterials, promising phenomena 
such as optomechanical bistability and strongly directionally asymmetric transmission. 

 
 
Reconfigurable metamaterials, which consist of elastic nanostructures that may be rearranged on the 

nanoscale by electrical, magnetic and thermal actuation mechanisms have developed into a versatile platform for 
controlling metamaterial properties in real time with large contrast. Recently, it has emerged that such structures 
can be reconfigured by light, resulting in giant optical nonlinearities. 

We report on experimental measurements of extreme optical nonlinearities, for example a nonlinear 
absorption coefficient exceeding that of GaAs by seven orders of magnitude, in elastically deformable plasmonic 
nanostructures, resulting from optical forces and opto-thermal mechanisms. It has been seen recently that 
all-dielectric architectures can deliver metamaterial functionalities free from the high resistive losses inherent to 
noble metal frameworks and we show here that they can support optical forces that may be an order of 
magnitude larger than in comparable plasmonic structures, enabling reconfigurable dielectric metamaterials to 
provide highly directionally asymmetric nonlinearities, resulting in unidirectional transmission and bistability. 

This work is supported by the UK’s EPSRC through the Nanostructured Photonic Metamaterials Programme 
Grant, the Leverhulme Trust, and the MOE Singapore (grant MOE2011-T3-1-005). 
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Abstract— The Casimir force is one of the few manifestations of quantum behaviour at macro-
scopic scale, often described as the force acting between two plates due to vacuum fluctuations.
While there have been great development in its theoretical understanding the strong effect of non-
locality on the electromagnetic modes supported by the plates have been neglected. We show
that because the contribution to the force from these modes is dominant considering non-locality
is crucial for a qualitatively correct description.

Dispersion forces, that is Casimir and Van der Waals forces, impregnate our everyday life through
physical processes as common as cohesion, friction and attraction. Yet their origin is deeply rooted
in quantum mechanics and can be solved for only the most simple geometries. In the late 1940s,
Casimir together with Polder predicted the attraction phenomenon taking place between two con-
ducting plates, known as Casimir forces, caused by vacuum field fluctuations. Since the extension
of the theory by Lifshitz in 1956 to the case of dissipative materials, the study of these effects
has resulted in a large body of literature arising from both experimental and theoretical investiga-
tions[1].

Although dissipation, dispersion, temperature [1] and spatial dispersion [2] have all been con-
sidered theoretically so far, along with the strong dependence of the force to the precise details of
the geometry, the strong contribution of the surface modes supported by the plates to the force has
only been recognized recently [3,4]. Here we show that non-locality, i.e. the dependency of a mate-
rial response to the wavevector of the field, also called spatial dispersion because the polarization
originates from an extended region of the material, has a strong incidence on the dispersion of the
electromagnetic modes supported by the system. This is illustrated in Fig.1 where the integrand
of the Casimir force [4] is compared between the local and non-local cases. As one can see, the
strongest modes contributing to the force are largely inequivalent at high k-vectors. Furthermore,
we demonstrate that the Casimir forces arising from this representation is in stark contrast to the
usual – local – optical properties assigned generally to materials.

Figure 1: Force spectrum for two graphene sheets separated by 1 nm in the a) local and b) non-local picture.

In summary, the importance of non-locality will be presented through its effect on the dispersion
of the electromagnetic modes supported by the plates. We will discuss typical cases where non-
locality plays a crucial role in dispersion forces and draw conclusion on its observation in realistic
experiments.
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Abstract— Optical forces provide a high-precision tool to move, trap and rearrange subwave-
length objects such as molecules, cells, nanospheres and nanowires. In recent years, it has been
suggested that these forces can also be used to design metamaterials with scalable nonlinearities.
In this work, we investigate the optical forces that arise when chiral metamaterial sheets are
illuminated by circularly polarized electromagnetic radiation. Using the Maxwell stress tensor
formalism, we calculate the momentum transfer for several designs of chiral sheets from full-wave
numerical simulations. We observe a rich variety of optical forces between chiral metasurfaces
and we discuss the effects of the geometrical degrees of freedom and of the different material
implementations on the resulting optical forces.
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Abstract- Recently, we introduced a new generation of nonlinear metamaterials called 
magnetoelastic metamaterials. Here we focus on torsional type of magnetoelastic metamaterials, 
that have extremely strong nonlinearity, and we demonstrate a number of prominent nonlinear 
effects, including self-oscillations, chaos and spontaneous symmetry breaking. 

 
Many exotic properties unavailable with naturally occurring materials have been predicted and verified 

experimentally with metamaterials. These studies revolutionized our traditional methodology of how to 
manipulate electromagnetic waves, and they have in-spired many unconventional ideas in optics and photonics, 
promising various meta-devices [1]. Many of these unusual effects begin with the building blocks of 
metamaterials - the so called meta-atoms, which are artificial sub-wavelength resonators with deliberately 
designed geometry. When two or more meta-atoms are packed together and work as a functional group (so 
called meta-molecules), their interaction could provide additional degrees of freedom to tune the near field and 
far field responses of the system. An important practical direction in the development of metamaterials is 
achieving a dynamic control over their exotic properties. This can be done in two different ways. One option is 
to include nonlinear or tunable elements into meta-atoms, allowing the local electromagnetic environment to be 
changed by external signals. Another way is to design meta-molecules with a structural degree of freedom so 
that their mutual interaction can change their geometry and configuration. Although in general the solutions 
based on structural tuning have slower modulation speed compared to the ones based on nonlinear or active 
medium, they show advantages in other aspects such as modulation range and the ability to manipulate 
meta-molecules individually. For example, mechanical tuning is now widely used in THz metamaterials [2].  

Recently, we introduced a concept of magnetoelastic metamaterials, where the lattice is deformed by the 
resonantly enhanced electromagnetic force [3]. Such designs are scalable down to tens or hundreds of 
nanometers; more importantly, interaction between electromagnetic resonance and structural dynamics can 
provide rich novel effects beyond a simple modulation, as has been evidenced by cavity opto-mechanics [4]. The 
first prototype of magnetoelastic metamaterials comprises an array of meta-atoms embedded into elastic 
substrate. When the structure is illuminated with a frequency close to the resonance, the material is compressed 
by electromagnetic forces between meta-atoms, which in turn changes their mutual interaction, shifting the 
resonance and affecting the electro-magnetic forces. Such nonlinear feedback gives rise to strong self-tuning and 
bistability [3], with the frequency shift successfully confirmed in a microwave experiment. Similar effects have 
also been demonstrated in a metamaterial composed of flexible helices [5]. 

Where the power available for possible application is limited, the initial design, based on collinear force 
balance, is not optimal. For such case, we introduced a new solution by exploiting the torsional deformation of a 
chiral meta-molecule composed of two twisted split-ring resonators [6]. Here, we use electromagnetic torque to 
change the mutual twist angle between the two split-rings, and the restoring feedback is provided by the twist of  



 

Fig 1. (a) Schematic of a metamaterial composed of 
enantiomeric torsional meta-molecules. (b) A pair of 

enantiomeric meta-molecules and (c) the chiral symmetry 
breaking effect. (d) Mode splitting due to chiral symmetry 

breaking observed in experiment [8]. 

a thin rubber wire. Since the effective lever arm of electromagnetic torque is much larger than the restoring 
torque, the torsional deformation can be huge even under a moderate pump power level. With this design, we 
experimentally demonstrated a giant bistable response, and the range of bistability can be well controlled by 
changing the pump frequency. Such kind of torsional magnetoelastic chiral meta-molecules provides an ideal 
platform to study slow nonlinear effects. While the above examples mainly provide a stationary nonlinear 
response, our further research revealed that the dynamic response of magnetoelastic chiral meta-molecules is 
also nontrivial. To demonstrate this, we have extended the two-ring meta-molecule with a third ring, so there are 
two links for elastic feedback. Due to the additional degree of freedom, the system can gain net work from the 
incident wave to compensate the mechanical damping during oscillation. When the gain and loss are balanced, 
the system can turn into dynamically stable self-oscillations [7]. Importantly, we have observed a spontaneous 
symmetry breaking effect in a metamaterial composed of enantiomeric torsional meta-molecules, i.e. chiral 
meta-molecules with opposite handedness. In such system, the initial configuration of the system satisfies chiral 
symmetry such that left-handed and right-handed meta-molecules have the same magnitude of electromagnetic 
response, and the net chirality of the whole system vanishes. However, due to the intermolecular interaction, the 
system stability changes, and such symmetry can be broken when the incident power exceeds certain threshold 
values. The chiral symmetry breaking directly leads to nonlinear optical activity, energy localization and mode 
splitting. The predicted effects were demonstrated in a microwave experiment where two enantiomeric torsional 
meta-molecules are electromagnetically coupled. The achiral-chiral transition can be considered as an analog of 
the phase change from antiferromagnetic state to ferrimagnetic state found in iron selenide. 
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Optical forces are the mechanical forces experienced by polarizable or scattering 
objects in a propagating electromagnetic field, preferably at optical frequencies. 
Though usually rather weak, they can be dramatically enhanced by resonant 
nanostructures as found in plasmonics and metamaterials. I will give an overview of 
optical forces, how to calculate them, and some applications. In particular, I will 
discuss the optical force arising between resonant plasmonic nanoparticles like 
nanospheres, nanowires and SRRs, and show how either strongly attractive or 
strongly repulsive forces can be achieved depending on the interplay of electric and 
magnetic interactions. I will discuss how optical forces in resonant metasurfaces can 
be used for electromagnetic levitation and to implement nonlinearity and tunability 
in metamaterials. Finally I will also consider optical forces arising from propagating 
surface plasmons in graphene. 
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Abstract- Tracking the Brownian Motion of a trapped microsphere can enable precise 

measurement of sub-piconewton surface forces. This technique, however, is severely undermined 

by the nearby presence of a metal, which distorts optical fields used to trap and track the colloid.  

In order to make the first precise measurement of the interaction forces between a colloid and a 

propagating surface plasmon, we introduce a novel metallic antireflection coating and a calibration 

technique for absolute position particle tracking. 

 

 

In photonic force microscopy, an optically trapped microsphere is brought near a dielectric surface.   

Changes in the particle’s observed Brownian Motion yield the potential energy of the interaction between the 

surface and the probe.  The potential energy profile, V(z), is obtained from the statistics of particle position by 

inverting the Boltzmann equation, such that 

                                .))(ln()( constzpTkzV B                             (1) 

where p(z), the probability of finding the particle at position z, is determined experimentally from a histogram of 

the position time-series z(t) of the particle.  In order to measure the instantaneous position of the microsphere 

relative to the surface, one method, especially well-suited to measurements at or near a dielectric interface, 

collects the light scattered by the colloid from the evanescent field of a totally internally reflected “probe” laser 

beam [1].  Neglecting any distortion of the evanescent field by the particle (in the ideal case), the intensity of 

scattered light, I, is exponentially related to the sphere-surface separation [2]: 

                                        
zeIzI  0)(                                     (2) 

Here, traditionally, I0 is obtained experimentally from an ensemble average of the brightness of various stuck 

particles in the evanescent field, and β calculated from an estimate of the incident angle of the totally internally 

reflected light.  By incorporating a piezo-controlled, strongly focused optical tweezer and a CVD glass 

anti-reflection coating, we demonstrated an in-situ technique for direct measurement of the intensity-height 

profile (Equation 2) that represented a 10x improvement in positional accuracy and 3x increase in range over 

conventional methods even in the ideal, low index-contrast environment[3] (Figure 1). 

But it is outside of that constrained environment that our approach has the greatest potential impact.  For 

instance, particle tweezing and tracking by optical means is greatly complicated, if not prohibited [4], by the 

presence of a strongly reflecting or metallic surface.  And as such, precise quantification of many interesting 

surface phenomena, such as the interaction between matter and a propagating surface plasmon, which 



necessarily occurs at the interface between a conductor and a dielectric, have been obstructed.   

We show that such a measurement is now possible by combining our optical tweezer absolute position 

tracking method with a metallic anti-reflection coating based on the work of Mikhail Kats in our group on 

ultra-thin lossy optical coatings [5].  The AR effect eliminates the standing wave modulation of the tweezer 

optical field caused by reflection of the trap beam and also significantly reduces reflection-related distortion of 

the intensity-height profile (Equation 2) due to the proximity in wavelength of the trap and probe beams.  The 

coating’s metallic nature preserves important surface properties, specifically, the metallic interface necessary to 

support a SPP mode.   Experimental results are forthcoming. 

 

 

Figures 1: Scattered intensity as a function of height for a 3-μm diameter SiO2 bead in water is measured 

using our optical tweezer calibration method as the angle of incidence of the probe beam is varied. Fitted decay 

lengths of the evanescent field intensity are 90.8 nm, 110.6 nm, 115.6 nm, 159.9 nm, 185.2 nm, 236.4 nm, and 

268.9 nm, corresponding to angles of 68.6°, 65.9°, 63.4°, 63.3°, 62.7°, 62.1°, and 61.8°, respectively.  The error 

on all fits is less than 1%.  
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Abstract-We demonstrate optical trapping of a closely spaced array of gold nanoparticles in the 
near field of a photonic crystal. The template is designed so that particle-template forces cooperate 
with interparticle interactions, producing highly stable assemblies of particles. 

 
Optical fields induce mechanical forces on matter, capable of pulling nanoparticles into precise 

arrangements. In typical optical traps, either the gradient force of light or interparticle interactions dominate. In 
the first case, particles are attracted to high-intensity regions, whereas in the second, interparticle scattering 
determines the final pattern of trapped particles, a phenomenon known as “optical binding.” We introduce a 
system in which both gradient forces and interparticle interactions play a strong role. We show that properly 
balancing these competing effects allows the formation of highly stable, periodic nanoparticle arrays. 

Our approach uses a photonic crystal template to form an optical trap. The template supports a guided 
resonance mode, whose near field attracts particles via gradient forces. In our previous work, we used a template 
made up of a square lattice of holes [1]. Surprisingly, trapped gold particles formed 1D chains within the 2D 
periodic optical potential of the template. We attributed chain formation to strong interparticle interactions, 
which compete with the particle-template interaction. 

In this work, we used a Monte Carlo model to predict the particle patterns that are assembled in our system. 
Our model takes into account the interaction energy due to interparticle scattering. Simulations reproduce the 
chain formation observed in previous experiments. Moreover, the model predicts that by changing the lattice 
symmetry from square to hexagonal, periodic 2D arrays of particles will be formed.  

We verified this prediction in experiments. A highly stable, close-packed array of 200 nm diameter gold 
particles with lattice constant of 1166 nm was assembled above a silicon photonic crystal slab with hexagonal 
lattice symmetry, using 30 mW of incident power at a laser wavelength of 1560 nm. Assembly of particles is 
reversible and can be controlled by turning the trapping laser on and off.  

Interpretation of our experimental results in light of the interaction model indicates that as assembly 
proceeds, the total interaction energy of the system is lowered in time. The results suggest that interparticle 
interactions can be harnessed to enhance the efficiency and stability of gradient-based traps. Further, they 
provide a new method for on-demand assembly of plasmonic materials comprised of ordered, colloidal particles. 
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Abstract-We show that optical singularities readily occur in the near field of nanophotonic 
structures. We visualize both phase- and polarization singularities in both the electric and magnetic 
field near plasmonic and photonic crystal structures with near-field microscopy. It turns out that 
their spatial evolution is distinct and unlike that of freely propagating beams. The local helicity 
associated with so-called C-points can be used to control the directionality of the emission of 
circular dipoles.  

 
Beams propagating in free space can carry angular orbital momentum [1]. The heart of such a beam is 

typically formed by a vortex or optical singularity. Optical singularities occur in many far-field optical 
phenomena, e.g., diffraction patterns or caustics [2]. It turns out that such singularities also readily occur in light 
fields surrounding photonic nanostructures. This is of particular interest as those near fields often contain all 6 
vector components of the electro-magnetic field, i.e., the waves cannot be considered as purely transverse. 

Here, we will show how ubiquitous optical singularities at the nanoscale seem to be. We observe both 
phase- and polarization singularities in the near fields around completely different types of nanostructures. We 
illustrate this by visualizing the fields around two prototypical photonic nanostructures: a subwavelength hole in 
a metal film and a photonic crystal waveguide. Vector-field-selective near-field microscopy is used to locate the 
singularities and investigate their topology. We show that by controlling the incident beam, in the case of the 
hole, we can control the spatial positions of the singularities [3]. For the photonic crystal waveguide we identify 
both phase- and polarization singularities. By separating the contributions for the electric and magnetic field [4,5] 
we could show that singularities occur in both fields. We trace the positions of the singularities at different 
heights above the waveguide, i.e., orthogonal to the propagation direction of the light. We find that the lateral 
positions are not fixed with respect to the geometry and, perhaps more interestingly, that the trajectory of the 
electric fields singularities are different from their magnetic cousins [6]. 

The existence of the singularities at the nanoscale results in a local helicity in the field. We show that this 
helicity can be used to control the emission of circular dipoles, i.e., dipoles that are associated with orbital 
angular momentum-changing transitions which are prevalent in solid-state qubits. We experimentally map the 
coupling of classical, circular dipoles to photonic modes in a photonic crystal waveguide. We show that, 
depending on the combination of the local helicity of the mode and the dipole helicity, circular dipoles can 
couple to left- or rightwards propagating modes with a near-unity directionality. The maps are in excellent 
agreement with calculations [7]. Our measurements, therefore, demonstrate the possibility of coupling spin to 
photonic pathway opening avenues for new ways to process quantum information. 
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Abstract- Optical forces generated from the gradient of light field have been extensively employed 

to realize exciting applications for light-matter interactions, such as optical trapping and transport, 

optomechanical energy conversion, and sensors. We will discuss our recent progress in achieving 

significantly enhanced optical forces using several new types of plasmonic and metamaterial 

nanostructures, including asymmetric plasmonic antennas for Brownian ratchet, giant forces in 

hybrid plasmonic waveguides and hyperbolic metamaterial slot waveguides, and zero forces in slot 

waveguides of epsilon-near-zero metamaterials. 



 Nano-apertures and applications
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Abstract: 

Virus vibrations reveal structural properties, allowing for identification and selecting specific 

virus particles in solution, and these vibrations can be targeted to destroy specific viruses with a 

unique excitation frequency spectrum. Using extraordinary acoustic Raman spectroscopy 

(EARS), we measure the vibrational spectra of individual isolated MS2 virus particles in 

solution.  Elastic continuum theory shows good agreement when the capsid is treated separately 

to the core (allowing for extracting the mechanical properties), hence showing the potential for 

structural interrogation with this approach. Finite element modeling is also being pursued to 

compare with experiments and elucidates the effects of viscosity and compressibility to damp out 

the lowest order modes that are not present in the experimental data. Future applications of 

EARS to virus analysis and infection studies are likely to benefit from its ability to isolate a 

single virion, probe its properties and translate it to a cell for infection. 

 

 

Figure 1: Core shell model (blue) spectrum with experimental data (red) for a single laser tweezer-trapped MS2 

virus.  
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Abstract-We have investigated 
A single Rb atom absorbs a photon of la
through nanohole and then 
measurements showed a high transfer efficiency 
nanohole for nanoholes of 40

 
According to standard diffraction theory, apertures much smaller than the wavelength of light transmit 

very poorly. Ebbesen and collaborators [
through sub-λ periodic hole array. 
supported by the holey surfaces [2]. 

Here we demonstrate a new physical approach for an effective light transmission through 
single photon level. The essence of the method is the following: to exc
and than to let the atom to go through the nanohole. The atom will reemit photon after its transit through the 
nanohole. 

Scheme of single photon transport by atom through nanohole
beam of Rb atoms is directed to the sample with nanoholes. The excitation of atoms was
cascade configuration: from the ground state 5S
Rb atoms were excited into state 5D
atoms at the transition 5S1/2->5P3/2 and
>5D5/2. The laser excitation conditions are chosen 
state 5D5/2. With a proper choice of 
state. The atom excitation takes place 
nanoholes was chosen from 175 to 540 
by measuring the atom fluorescence after the nanohole membrane at a wavelength of 420 nm

 

 

Figure 1 Scheme of single photon transport by atom through nanohole. Atom is excited 
in a long-lived energy state 
than the atom transit time 
nanohole and re-emit photon.
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We have investigated a single photon transport by atom through nanohole
Rb atom absorbs a photon of laser radiation before nanohole, pass

 emits it after nanohole by way of spontaneous decay. 
measurements showed a high transfer efficiency 1% of single photon transport

00 nm diameter. 

According to standard diffraction theory, apertures much smaller than the wavelength of light transmit 
Ebbesen and collaborators [1] discovered the Extraordinary Optical Transmission (EOT) 

periodic hole array. The EOT is mediated by the aid of electromagnetic
 

Here we demonstrate a new physical approach for an effective light transmission through 
single photon level. The essence of the method is the following: to excite an atom in a long

through the nanohole. The atom will reemit photon after its transit through the 

single photon transport by atom through nanohole is shown in Fig. 1. In the experiment a
to the sample with nanoholes. The excitation of atoms was

from the ground state 5S1/2 through the intermediate excited 5P
5D5/2 using two diode lasers: (1) at the wavelength 
and (2) at the wavelength 776 nm for the excitation at the transition 

excitation conditions are chosen to maximum the efficiency of excitation
of the laser parameters the excitation efficiency was about 70% in the 

takes place directly next to the nanoholes in a metal film. The
540 nm. The photon transfer efficiency through nanohole 

by measuring the atom fluorescence after the nanohole membrane at a wavelength of 420 nm

single photon transport by atom through nanohole. Atom is excited 
state in front of a nanohole. If the excited state lifetime is longer 

transit time through nanohole, the atom may transfer energy through 
emit photon. 

Single photon transport by atom through nanohole 
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ingle photon transport by atom through nanohole. 
passes the photon 

spontaneous decay. Our 
photon transport through 

According to standard diffraction theory, apertures much smaller than the wavelength of light transmit 
Extraordinary Optical Transmission (EOT) 

the aid of electromagnetic surface modes 

Here we demonstrate a new physical approach for an effective light transmission through nanohole at a 
an atom in a long-lived excite state 

through the nanohole. The atom will reemit photon after its transit through the 

is shown in Fig. 1. In the experiment a 
to the sample with nanoholes. The excitation of atoms was realized in a 

gh the intermediate excited 5P3/2 to the excited 5D5/2. 
at the wavelength 780 nm to excite the 

excitation at the transition 5P3/2-
excitation of Rb atom into 

the excitation efficiency was about 70% in the 5D5/2 

the nanoholes in a metal film. The diameter of 
r efficiency through nanohole was determined 

by measuring the atom fluorescence after the nanohole membrane at a wavelength of 420 nm.  

 

single photon transport by atom through nanohole. Atom is excited 
front of a nanohole. If the excited state lifetime is longer 

the atom may transfer energy through 



 

As an experimental sample was used SiO
surface. Nanoholes in a metal film created by a sharp focused beam of ions Ga
produce holes with a diameter from 175 to 540 nm. The experimental sample fabrication
following steps: (1) Ag layer deposition 
fabrication by ion beam the array of
190 nm thickness to increase the optical density of the sample. Thus, 
implemented on the surfaces of 50x50 
microns; b) an array with holes diameter of 260 nm and
of 400 nm and period of 2 microns; d) 
array with holes diameter of 540 nm and

Figure 2 shows the results of fluorescence signal 
function of the excitation zone distance to the film. 
experimental sample, obtained with an electron microscope, and the 
due to the atom fluorescence at a wavelength of 420 nm.
atoms passed through the nanoholes
the images with the decreasing the nanohole diameter
diameter of 175 is due to the lack of 
the interaction of excited atoms with nanoholes

In conclusions, our measurements showed a high 
nanoopening for nanoholes of 400 nm

 

Figure 2 The dependence of the fluorescence signal 
membrane) on the distance between excitation zone and
diameters of nanoholes. 
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fluorescence signal measurements from atoms after 
the excitation zone distance to the film. The insert in the Figure shows a photo of

experimental sample, obtained with an electron microscope, and the photo image of the sample 
fluorescence at a wavelength of 420 nm. The photo image is a result of the fluorescence 

passed through the nanoholes. From the photo images it can be seen the decrease of the 
the images with the decreasing the nanohole diameter. A sharp drop in the brightness for the array with 

due to the lack of atoms passing through the nanoholes in the excited state
tion of excited atoms with nanoholes.  

measurements showed a high transport efficiency 1% of 
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1MiNaO Laboratory, LPN-CNRS, 91460 Marcoussis, France
2MiNaO Laboratory, ONERA-DOTA, 91761 Palaiseau, France
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Abstract— A slit-box combination (the Optical Helmholtz Resonator) permits to observe the
nearly total funneling of a transverse magnetic focused beam, even if the slit is arbitrarly narrow.
In this hyperfocusing phenomena, the energy concentration corresponds to a giant enhancement
of the electric field intensity, up to 105 in the near infrared range. I will discuss the applications
for photodetection, SERS, SEIRA, and nonlinear optics, and show in a picturial way the building
sequence of the field.

Our starting point was a grating made of deep slits buried in a nearly perfect conductor (the gold
in the IR range), which has been proven experimentally able to funnel all the energy of an incident
beam[1], due to magneto-electric interference mechanism[2]. Even if in the initial design less than
3% of the gold surface was covered by the slits, we have studied the possibility to reduce further
the apertures, enlarging the bottom to form a box. The challenge was to keep the absorption cross
section to a value comparable to λ2.

It was the birth of the Optical Helmholtz Resonator [3]. Indeed, the resonance wavelength λR
of the slit-box structure appears identical in optics and in acoustics: λR = 2πb

√
hs/ws where

b =
√
hbwb is the geometrical mean size of the box and hs/ws is the aspect-ratio of the slit. The

challenge was attained, as shown in figure 1.

Figure 1: Computation of Poynting lines for a beam focused on an Acoustic Helmholtz resonator made of
gold. The energy flux, which is constant between two lines, if focused from the far field and hyperfocused in
the near field, with a nearly total funneling through the slit and dissipated in the box walls.

The hyperfocusing of the energy flux by a factor comparable to λ/ws corresponds to an en-
hancement of the electric field intensity by a factor comparable not to λ/ws but to the much bigger

value (λ/ws)
2 (ref. [4] and fig. 2).

The Helmholtz Resonator furnish a new concept, able to renew several domains of light-matter
interaction as photodetection, SERS, SEIRA, and nonlinear optics. The different fabrication chal-
lenges will be discussed.
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Figure 2: Picture of the giant field enhancement. The field is uniform all the slit volume.

Figure 3: Fabrication step of a nanometric slit-box resonator for infrared spectral domain.
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Abstract- We describe the first nano-optical investigation of 2D transition metal dichalcogenides 

(TMDCs). Establishing a solution to the “nanospectroscopy imaging” problem for these materials, 

we cross the boundary from insufficient to sufficient resolution, mapping critical optoelectronic 

properties at their native length scales. In doing so, we uncover new optoelectronic regions and 

spatially-varying features in MoS2 that were hidden in prior optical studies. 

 

With their remarkable electrical and optical properties, two dimensional (2D) monolayer transition metal 

dichalcogenide (ML-TMDC) semiconductors are ideal building blocks for atomically thin, flexible 

optoelectronics devices. Yet their performance falls far below theoretical expectations, particularly for critical 

factors such as carrier mobility and quantum yield. While scanning tunneling and transmission electron 

microscopies have probed atomic scale electronic properties and structural defects, to date optical investigations 

have been diffraction-limited. We use the “Campanile” nano-optical probe, recently developed in our lab1, to 

map key ML-TMDC optoelectronic properties at their native length scales for the first time. It is revealed that 

synthetic monolayer MoS2 is composed of two distinct optoelectronic regions: a locally-ordered but 

mesoscopically heterogeneous interior, where photoluminescence (PL) intensity correlates with local 

exciton/trion ratio, and a peripheral region ~300 nm wide with energetically disordered states. In addition, we 

directly visualize the spatially-varying optical properties of inter- and intra- flake domain boundaries including 

the characteristic length of exciton quenching, which exceeds the spatial resolution of our Campanile probe – 

essential optoelectronic information that was unresolvable with previous methods.  These findings have broad 

implications for the development of atomically thin transistors, quantum optical components, photodetectors and 

light-emitting devices based on high-quality ML-TMDCs. 
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Abstract— In this work, we propose a novel design for fiber-based plasmonic tweezers. We
combine a coaxial plasmonic aperture that has powerful trapping capabilities with a bull’s eye
structure on a fiber tip. We show that with this design, the power required for optical trapping
is reduced by a factor of seven. This design opens the door for low power three dimensional
optical trapping of dielectric particles with sizes previously inaccessible with conventional optical
tweezers.

Sculpted electromagnetic beams can serve as optical tweezers, allowing small objects to be
accelerated, manipulated, or trapped with light alone [1]. Conventional optical tweezers formed by
tightly focusing laser beams have been the key tool to explore the dynamics of biological building
blocks [2]. However, direct optical trapping of nanoscale particles remains challenging due to the
high power required for trapping in this regime [3]. Plasmonic optical tweezers play a key role in
extending the regime of the optical trapping to the nanoscale. Several plasmonic apertures were
proposed in literature to localize dielectric particles smaller than 100 nm [4]. Among the promising
plasmonic structures are the coaxial apertures that have the potential to localize dielectric particles
as small as 2 nm [5].

In this work we introduce a novel design for optical fiber tweezers based on coaxial apertures. Fig.
(1)a shows a 3D schematic of the optical probe we are proposing. It consists of a 5 µm optical fiber
tip coated with a 200 nm-thin gold film. At the gold/fiber interface, five periodic circular grooves
are introduced with a 300nm-core/50nm-air-filled-channel coaxial aperture at center of the tip.
This integration of the coaxial aperture on a fiber tip facilitates three dimensional manipulations
of nanoscale particles such as biological molecules with high precision. In order to harness the
full power of these trapping probes, efficient optical coupling through the aperture is essential.
Hence the utilization of bull’s eye structures [6] at the gold/fiber interface. These concentrating
structures at the input side of the coaxial aperture enable efficient optical coupling through the
aperture. Consequently, a substantial reduction in the optical trapping power budget is obtained.

Using Finite Difference Time Domain (FDTD) simulations, the transmission spectra of this
structure is calculated and the design of the circular grating is optimized to maximize the trans-
mission efficiency of the aperture. The main design parameters of the grating are the period of
the grating, the distance between the center of the aperture and the first groove, and the depth of
the grooves. Extensive parameter sweeps were done over this three dimensional space to find the
optimal design for maximum possible transmission through this coaxial aperture. Fig. (1)b shows
the transmission spectra of the coaxial aperture before and after including the optimized coupling
grating. The figure illustrates the significant enhancement in the maximum transmission efficiency
of 2.5% to 19.6%. The corresponding improvement in the field intensity enhancement is explained
in Fig. (1)c,d that shows the electric field intensity 25 nm away from the aperture.

To clarify the advantage of this design in optical trapping applications, we utilize Maxwell stress
tensor to calculate the optical forces experienced by a 30 nm dielectric particle interacting with
the near field scattered from the coaxial aperture. Fig. (1)e shows the transverse optical forces
acting on the particle along the x-axis as a function of the particle position normalized to 50mW of
input power. The corresponding confining trapping potential along the x-axis is shown in Fig. (1)f.
The figure clearly shows the superiority of the new tip design; for 50mW of input power, a 10kT
trapping potential is generated when the coupling grating is present versus only 1.4kT trapping
potential without the coupling grating.

Fig.(1)g illustrates the fabrication procedure we developed for these novel probes. Starting
with a tapered fiber tip coated with a thin Cr film, we use Focused Ion Beam (FIB) milling to
pattern the circular grooves on the tip facet. After chemically etching the Cr layer, a thin gold



Figure 1: (a) Schematic of the optical fiber probe with the coupling grating. (b) Transmission spectra of
the coaxial aperture before (red curve) and after (blue curve) integrating the optimized coupling grating.
(c,d) Electric field intensity enhancement 25 nm above the coaxial aperture before and after integrating the
coupling grating. (e,f) The optical forces experienced by a 30 nm particle with refractive index of 2 as it
interacts with the nearfield scattered from the aperture in air and the corresponding trapping potential. Both
are normalized to 50 mW of input power. (g) The fabrication procedure of the proposed optical fiber probe.
(h) SEM images of the final coaxial aperture and its cross section on a planar sample. (i) The experimental
setup of the optical trapping.

film is evaporated before the coaxial aperture is patterned at the center of the tip using FIB. SEM
pictures of final aperture and its cross section on a planar sample are shown in Fig. (1)h.

Our ongoing experiments involve trapping of dielectric particles of different sizes using these
novel probes. The experimental setup is shown in Fig.(1)i. The probe is mounted on a microma-
nipulator fitted on top of a microscope and inserted into a fluidic flow cell filled with fluorescent
particles of diameter 100-20nm. The fiber is illuminated at the resonant wavelength of the coax-
ial aperture (770nm), enabling the strongest optical trapping. Trapping events of the fluorescent
particles are directly imaged, by exciting the particles with a 488nm laser and monitoring their
photoluminescence in the visible using a CCD camera.

In conclusion, we have demonstrated a novel design for fiber-based plasmonic optical tweezers.
These probes could enable direct trapping and manipulation of nanoscale dielectric particles such
as quantum emitters and single biological molecules with sizes previously inaccessible with optical
tweezers.
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Abstract-We present results of experimental research of a strong nonlinearity of a single plasmonic 

nanohole: (1) generation of harmonics in UV and visible spectral ranges, (2) multi-photon induced 

luminescence; (3) the practical application of the giant optical nonlinearity of plasmonic nanoholes 

to implement (i) all-optical display , (ii) nanolocalized and femtosecond laser sources , (iii) optical 

nanoscale multi-order auto correlator. 

 

The nonlinear susceptibility of metal nanostructures originates from metals free electrons. Physics of a 

nonlinear optical interaction of light with a nanostructure results from the fact hat, during oscillations, the 

electron cloud juts out from the ionic core. The resulting restoring force is no longer linear but contains nonlinear 

terms in the displacement of the entre of mass of the electron cloud from its equilibrium position. This collective 

electron motion near the sharp-edged nanostructure surface is responsible for the nonlinear optical interaction, 

resulting, e.g., in harmonic generation. It should be noted that, unlike crystals, or nanostructures, it is not 

necessary to attain the phase matching of the exciting and generated radiations; i.e., the nonlinear-optical process 

is automatically phase-matched. This as three consequences: (1) the alignment is easy, (2) the bandwidth is broad, 

and (3) it is possible to simultaneously generate the radiation of harmonics of different orders. 

 

 

 

Figure 1. Generation of the third harmonic by a single nanostructure formed in aluminum film with a quantum 

efficiency about 10-5 [2]. (a) an electron microscope image of the nanostructure formed by a nanohole of 380 nm 

diameter and nanorod of 220 nm (length) × 120 nm (width), (b) calculated enhancement of the electric field 

amplitude upon irradiation of the nanostructure of Fig. 1(a) by a plane monochromatic wave with a wavelength of 

1560 nm, (c) an optical image of the nanostructure upon its laser irradiation at a wavelength of 1560 nm and 

detection at the THG wavelength, and (d) measured spectrum of radiation that forms optical image presented on 

Fig. 1(c). The incident radiation is polarized along the direction of the nanorod of the nanostructure. 

 



Recently it was shown that nonlinear optical interaction of laser light with metal nanoparticles is limited by 

high metal losses that leads to dramatic temperature rise and to catastrophic meltdown of nanoparticle, making 

plasmonic nanoparticles a poor match for applications requiring high efficiency, such as harmonics generation 

and wavelength conversion [1]. There is another type of structures - nanoholes made in thin metal films. A 

nanohole can be considered as a structure that is complementary to a nanoparticle and that consists of a void 

surrounded by a metallic medium. According to the Babinet principle, linear interaction of light with 

complimentary nanostructures is about the same. But our research [2] shows that nanoopenings created in a 

metal film are capable of withstanding a considerably higher intensity of the radiation incident on it than isolated 

nanoparticles, and, correspondingly, as a nonlinear element, can be more efficient. In paper [2] it was shown that 

the absolute value of the transformation efficiency of the excitation radiation into the third harmonic for a single 

nanoopening can be as high as 10-5 (Fig. 1) so that in the vicinity of the nanoopening an amplitude of electric 

field of the third harmonics radiation is about 1% of the electric field amplitude on the fundamental frequency! 

We have realized giant optical nonlinearity of a single nanostructure which we call a split hole resonator: (i) it 

allows a record high efficiency of generation of the third harmonic of radiation from a single nanostructure in 

UV and visible spectral ranges; (ii) it allows a record high efficiency of generation of multiphoton luminescence; 

(iii) it makes it possible to realize a nanolocalized radiation source with a spatial localization of about /15. We 

have showed that a SHR nanoplasmonics element allows a record efficiency of the THG radiation and it 

possesses sub-wavelength light localization. It makes it possible to realize a nanolocalized radiation source with 

a spatial localization of about /15. Such sub-wavelength light localized source posses strongly pronounced 

polarization characteristics. It is possible further improvement of the operation efficiency of SHR nanostructures 

using microcavities based on photonic crystals [4]. 

As a possible practical application of the SHR is all optical display [4] and all optical chip. Another shown 

practical application is to perform spatiotemporal measurements of the duration of a femtosecond laser pulse. 

The advantages of this approach are as follows: (1) simultaneous autocorrelation measurements of several orders 

(first, second, and third); (2) the spatial resolution is subwavelength; (3) the measurement of the pulse is 

nondestructive; (4) an achieved time resolution of about 10 fs; (5) in the UV wavelength range, the time response 

could be at autosecond scale.  
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Abstract We present a simple design of plasmonic optical trap that enables simultaneous enhanced 

trapping and chiral analysis. By making the nanoholes elliptical, we introduce 90 degree phase shift 

between the orthogonal field components. The holes then serve as a nanosized quarter wave plate upon 

excitation of linearly polarized light. The enhanced circularly polarized near field simultaneously 

enhance the chiroptical response and trap the targets in the active zone. Our design might find 

applications in chiral analysis of single proteins. 

 

Chirality of a molecule is of critical importance since it determines the medical functions and biological 

activity of drugs and proteins. Unfortunately, chiral light-matter interaction is typically weak due to the length 

mismatch between the wavelength of light and the molecular chiral domain. Plasmonic nanostructures can 

concentrate optical fields at nanometer scale [1] and provide stiff optical potential to trap nanoobjects, such as 

proteins or DNAs [2]. Plasmonic nanostructures offer possibility to engineer optical near fields and enhance 

light-matter interaction at the nanometer scale. Recently, plasmonic near fields have been designed to selectively 

enhance the circular dichroism of chiral molecules [3]. Realization of the designed enhancement requires, 

however, the presence of target analyte in the area of the designed field, which is typically limited by free 

diffusion. In this work, we propose using elliptical plasmonic nanoholes on a gold film to serve simultaneously 

as optical traps and near-field quarter waveplates for sensitive chiral analysis at metal surface. We show by 

numerical simulations that, upon linearly polarized excitation, elliptical nanoholes can simultaneously provide 

enhanced circularly polarized optical near field (Figure 1a) and stable optical traps (Figure 1b) for localizing 

dielectric nanoparticles for chiral analysis. Using our simple design, chiral molecules can be collected by 

functionalized nanoparticles and brought to the hot zone with designed field for chiral analysis. The linearly 

polarized excitation used in this work is also beneficial for chiral analysis using optical microscopes. 



 

Figure 1 (a) Simulated field intensity, I (top row) and the degree of circularly polarization, C (bottom row) 

of a circular hole excited by circularly polarized light (left-most column) and elliptical holes with various 

ellipticity excited by linearly polarized light (right columns). (b) Optical force exerted on a polystyrene bead 

with diameter of 20 nm.  
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Abstract. A new class of structured optical materials—lattice opto-materials—that can manipulate 

the flow of visible light into a wide range of three dimensional profiles using evolutionary design 

principles will be discussed. Lattice opto-materials based on predicted arrangements of nanoscale 

holes can exhibit simple properties, such as on- and off-axis focusing, and can also concentrate light 

into multiple, discrete focal spots. Anisotropic unit cell shapes can achieve polarization-dependent 

optical responses from the same two-dimensional patterned substrate.  

  

This talk will describe a bottom-up strategy that can manipulate the flow of visible light into distinct profiles 

in three-dimensional (3D) space. Our method exploits a custom-built evolutionary algorithm to optimize lattice 

opto-materials based on the discretization of a plasmonic film into a two-dimensional (2D) subwavelength lattice 

of holes. This approach to the inverse problem can screen a large number of candidate solutions quickly by 

casting nanoscale optical elements on a 2D grid and then adding the complex electric fields from each lattice 

position. Lattice opto-materials can support properties that are simple, such as focusing light on- or off-axis, as 

well as those that are more complex, including concentrating light into numerous distinct regions of space. In 

addition, dynamic tuning of the 3D light profiles can be realized by changing the shape of the lattice units so that 

they are sensitive to the polarization of light. Finally, lattice opto-materials can be combined into hierarchical 

architectures not yet explored by existing flat optics, such as planar compound lenses. 
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Figure: Experimental realization of a lattice opto-material that can focus light into five spots. SEM image 

of the lattice structure (lower image), 2D confocal microscopy slice at a focal distance fd = 7 µm (upper image), 

and 3D volume pattern (right image).  
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Abstract- The work presented within details precise temperature control at a plasmonic nanopore. The 

solid-state devices are made up of a silicon nitride membrane, and gold layer patterned with a well-defined 

bullseye structure surrounding a nanopore. The design is optimised, through simulation and experiment, to act 

as nanoantenna with maximum enhancement at the centre of the pore. 

 

 

The requirement for precise and targeted temperature control in nanopores is of upmost importance, gaining 
further these capabilities with respect to this would unlock a vast array of advanced single molecule analysis. 
The development of sensors for the detection and analysis of biological analytes has seen a recent rise in 
academic and commercial research interest due to their vast applicability in the monitoring of a wide range of 
biological systems.[1-4] In particular, nanopores, representing a subset of biosensors utilizing nanometre sized 
holes for the label-free detection of single molecules, hold immense promise in becoming highly efficient single 
molecule detectors that are sensitive enough to fully characterise analytes as they travel (translocate) through the 
nanopore. [3]/[4] Advances in nanopore fabrication techniques and greater understanding of analyte 
translocations may soon lead to in-situ analysis of molecular properties that would only require a single 
molecule.[5]/[6] The design of new nanopore geometries and the incorporation of innovative features are crucial 
in progressing toward this goal. To achieve this goal, ionic current blockade sensing has been the most popular.[7] 
More recent alternative detection strategies used to complement this include the use of tunnelling currents, 
fluorescence and surface enhanced Raman spectroscopy in an effort to increase the sensitivity of detection.[8-12]  

 
 

Fig. 1 Temperature change estimated from current change 

upon laser irradiation of nanopore with and without plasmonic 

bullseye structure. (A) Shows the experimental I-V plots used to 

calculate temperature changes at the nanopore. Representative 

plots are shown for irradiation of nanopores with surrounding 

plasmonic bullseye, using the 532, 632.8 and 685 nm lasers at 

power of 5.58, 5.64 and 5 mW respectively. The I-V plots were 

extracted from multiple I-t (Inset). (B) Shows the laser power 

dependence of temperature change using the three different 

wavelength lasers. (C) A plot of the wavelength dependence of 

temperature change.  For (B/C) Experimental results are shown 

by the points plotted with error bars, whereas simulated results 

are indicated with lines. (D) Shows simulated temperature maps 

for both slab and bullseye conditions at the various laser 

wavelengths. 
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Abstract- Plasmonics deals with understanding and controlling electromagnetic fields on the 

nanoscale through the use of metallic nanostructures. Here we report on recent advances in the area 

in terms of nanofabrication, characterization and applications, with particular emphasis on 

refractometric based sensing. Using a cheap fabrication methods, based on colloidal lithography, 

both nanoholes and nanoparticles were produced on large areas. The structures were used as 

thermal and molecular sensors by monitoring shifts of their resonance wavelength. The possibility 

of achieving more advanced functionalities is demonstrated by lithographically written structures 

which are placed in particular arrangements, such a Penrose patterns and symmetric oligomers.  

 

 The prefix “meta” derives from greek μετά, which means“after”or “beyond”. A metasurface is 

a layer of closely spaced sub-wavelength objects on a substrate. The metasurface looks homogeneous to an 

incident light wave but may possess advanced functionalities due to sub-wavelength structures. The 

possibility to manipulate light at the nanoscale using metasurfaces constructed from plasmonic 

nanostructures is of high current interest. We will here discuss several examples plasmonic metasurfaces 

with different functionalities and possible applications.  

Figure 1a) shows a thermal sensor metasurface in the form of a thin gold film with nano-holes [1]. The 

surface exhibits plasmonic resonances that are sensitive to both temperature and molecular adsorbtion. A 

DC current can be used to resistively heat the metasurface and the temperature change can thus be 

measured through shifts in the plasmon resonances. The system can be used to determine thermodynamic 

parameters in addition to monitoring molecular reactions in real-time. As an application example, the 

sensor has been used to determine the kinetics and activation energy for desorption of thiol monolayers on 

gold.  

We have also investigated a variety of metasurfaces constructed from supported nanoparticle layers. In 

this case, we demonstrate the possibility of achieving complete light absorption using a metasurface 

composed of short-range ordered gold nanodisks on a cover glass [2]. Complete absorption is achieved due 

to Fano interference between the plasmonic resonances and the glass reflectance, which act as a continuum. 

We use this effect for facile refractometric sensing based on monitoring phase changes of the reflected 

light as shown in Figure 1b [3]. Advantages in comparison to normal colorimetric sensing will be 

discussed.  

The metasurfaces discussed above were fabricated using a cheap production method called hole-mask 

colloidal lithography. However, this technique only allows one to produce structures that are 

semi-randomly dispersed on a substrate while many advanced functionalities may require metasurfaces 



with much more well-defined structural parameters. We describe two such examples in the second part of 

the talk. Fig. 1 c) shows the complex reciprocal lattice, revealed by Fourier imaging, of a quasicrystalline 

plasmonic metasurface produced by e-beam lithography [4]. This type of structure can be used for 

near-omnidirectional in-coupling of light to surface plasmons. Finally, Fig. 1 d) shows a Fano pentamer 

where each unit is a metal-insulator-metal (MIM) composite particle. The system possesses multiple Fano 

resonances that are the signature of quasi-broadband optical magnetism at visible wavelengths [5]. 

Cathodoluminescence spectroscopy was used to reveal the optical properties of the systems with a 

sub-wavelength resolution of ~10nm.  

 

Figure 1: (a) SEM and sketch of the thermal plasmonic sensor produced. While light is used to measure the 

resonance properties while a current is passed through the device to control the temperature (a thermal camera 

image of the surface is shown on the bottom). (b) A metasurface composed of simple nanodisks can cause 

complete light absorption and strong modulation of the polarization state of reflected light. This effect was used 

to constructe a facile interferometric plasmon sensor for biomolecular analysis. (c) Optical diffraction pattern of 

a quasicrystalline plasmonic metasurface. (d) SEM image of a MIM plasmonic pentamer: the structure exhibit 

multiple Fano resonances and quasi-broadband optical magnetism.  
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Abstract— Accurate computational modeling of electromagnetic wave propagation inside nano-
aperatures poses some significant challenge. The enormous mismatch in length scales, up to 6
orders of magnitude between millimeter-scale wavelength and nanometer-scale gap size, is beyond
the capabilities of currently available finite-difference time-domain (FDTD) or finite-element (FE)
methods. To solve this problem, we develop and employ a sophisticated numerical scheme, called
Hybridizable Discontinuous Galerkin (HDG) method, to calculate full 3D field distributions and
transmission spectra for nano-aperature structures in a fast and accurate manner.

Extraordinary optical transmission (EOT) through sub-wavelength apertures in a metal film has
been widely used to locally enhance electric fields for sensing [2, 3]. The EOT effect becomes even
more dramatic in the THz frequency range, where the optical properties of metals approach that
of perfect electrical conductors. In this frequency regime, the capability to confine electric fields in
deep subwavelength apertures can lead to novel applications in sensing [5] and THz fingerprinting
of molecules [6]. While THz waves have been utilized for sensing thin-film materials, there is an
intrinsic limitation to measure nanometer-thick film with millimeter-scale THz waves due to the
extreme wavelength-to-film thickness mismatch.

Recently, we have overcome this fundamental challenge by squeezing THz waves inside nanome-
ter metallic gaps and using the extremely localized near-fields for sensing nanometer-thick dielectric
films [7]. To achieve this, a new fabrication technique called atomic layer lithography [1] is used to
create uniform nanometer-wide gaps along the contours of 32-µm-diameter annular loops in gold
films. A schematic illustration of the device geometries is shown in Figure 1. These devices are
designed to sustain resonances at THz frequencies and to measure the changes in resonance fre-
quencies resulting from a sequential atomic layer deposition of nanometer-thick Al2O3 overlayers
on the annular gaps. To increase the signal-to-noise ratio for detection, these annular nanogap
loops were patterned into a wafer-scale array with a period of 50 µm (Figures 1b and 1c).

b

50 µm 10 µm

AuAu

10 nm

ca

Figure 1: Schematic diagram of an Al2O3 ultrathin layer on an annular gap array with a gap size of 2 nm,
a diameter of 32 µm, and a period of 50 µm in a 150-nm-thick gold film [7].

In addition to the challenges of fabrication, computational modeling of such extremely scaled
nanostructures also poses a significant challenge when attempting 3D simulation of their plas-
monic characteristics. We address the extreme multiscale computational challenge, that is, full
three-dimensional (3D) modeling of millimeter waves passing through nanometer-wide gaps using
an advanced finite-element method (FEM) technique called Hybridizable Discontinuous Galerkin
(HDG) scheme [4]. Figure 2 shows some of our simulation and experiment results [7]. The ac-
curacy of these results is verified by performing a grid convergence study in which we carry out
the simulations on three consecutively refined meshes and observe that the difference in the field
enhancement between the medium mesh and the fine mesh is less than 0.5%. Using the HDG



method, the observed resonance frequencies for the 1 µm gap and 10 nm gap are 1.95 and 0.625
THz, respectively. There are hot spots, or maximum field enhancements, at the gap regions per-
pendicular to the incident electric field polarization. In a cross-sectional view of the hot spot, we
can compare the maximum field enhancements for both of the gaps Indeed, as the gap size shrinks
from 1 µm to 10 nm, the maximum field enhancement inside the gap dramatically increases from
50 to 900. The simulated field map around the 10 nm gap shows that the enhanced electric fields
are tightly localized within 10 nm, that is, similar to the gap width, from the entrance and exit
sides, and are nearly constant along its entire thickness of 150 nm inside the gap.

(b)$ (c)$

(d)$ (e)$ (f)$

(a)$

Figure 2: Computed electric field for (a) the 1 µm gap at 1.95 THz and (b) the 10 nm gap at 0.625 THz in
log scale. Field enhancement spectra of (d) the 1 µm gap and (e) the 10 nm gap, with (red lines) and without
(blue lines) a 10 nm-thick Al2O3 overlayer. (c) Field enhancement spectra are obtained by measurement
(solid lines) and simulation (dashed lines). (f) Sequence of measured THz transmission amplitude spectra
through three types of annular gaps as the thickness of the Al2O3 overlayer increases from 0 to 15 nm.
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Abstract- This presentation will focus on the design, fabrication, and characterization of 

nanoplasmonic interferometers for label-free biosensing applications. 
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Abstract-For most condensed matters, the magnetism rapidly declines above microwave 

frequencies, and the magnetic permeability is usually taken as unit in the optical regime. The 

so-called metamaterials can achieve high frequency magnetic response by employing the artificially 

designed magnetic resonance. However, the working frequencies of metamaterials depend on the 

periodic structure and may not be easy to tune. In this study, we investigate the intrinsic magnetic 

properties of rare earth orthoferrites, which may have potential application in tunable terahertz 

metamaterials.  

 

ReFeO3 type oxides (Re=Y
3+

 or rare-earth ions) have attracted lots of attentions, due to their multiferroic, 

antiferromagnetic resonance (AFMR) and photocatalytic features
1,2

. The rare earth orthoferrites have a 

perovskite structure with a G-type antiferromagnetic ordering
3
. Figure 1 presents the schematic diagram of 

atomic arrangements in ferrites, where O atoms are not shown. It is demonstrated that the eight Fe
3+

 ions locating 

in two neighboring layers forms a simple cubic. Moreover, the nearest Fe
3+

 ions possess opposite spin magnetic 

moments, and hence G-type ordering is obtained.  

 
Fig. 1. The atomic arrangements in ReFeO3-type ferrites. 

Orthoferrites possess two terahertz magnetic resonant modes, the so-called quasi-ferromagnetic mode and 

quasi-antiferromagnetic mode, both of which are temperature dependent. Recent researches with terahertz 

time-domain spectroscopy have shown that coherent spin procession can be induced by the terahertz magnetic 

field in ReFeO3 crystals, accompanied by the remarkable magnetic dipole absorption and radiation at the 

resonant frequencies
2,4

. In this study, the terahertz magnetic responses of ReFeO3 ceramics have been 

experimentally investigated with terahertz spectroscopy
5
. Figure 2 shows the time-domain spectra of GdFeO3 

ceramics at various temperatures. It is observed that there are some regular oscillations after the main transmitted 

pulses, which proved to be THz radiation signals. After Fourier transformation, the corresponding frequency- 

domain spectra can be obtained. As can be seen in Figure 3, obvious absorption and emission are induced by the 



antiferromagnetic resonance. Besides, the resonant mode hardens as the sample cools because of the increase of 

effective field in the ceramic grains at low temperature.  

This kind of temperature dependent magnetic response may have the potentials for application in tunable 

metamaterials since electromagnetic coupling effect may be induced between the magnetic ceramics and 

metamaterials.  

 

Fig. 2. The time-domain spectra of GdFeO3 ceramics at various temperatures
5
. 

 

Fig. 3. The frequency-domain spectra of GdFeO3 ceramics at various temperatures
5
. 

Acknowledgements This work was supported by China Postdoctoral Science Foundation under Grant No. 

2014M560372 and Jiangsu Planned Projects for Postdoctoral Research Funds under Grant No. 1402036B. 

REFERENCES 

1. Zhao, Z. Y., X. M. Wang, et al., “Magnetic phase transitions and magnetoelectric coupling of GdFeO3 single 

crystals probed by low-temperature heat transport,” Phys Rev B, Vol. 83, No. 1, 014414, 2011. 

2. Yamaguchi, K., M. Nakajima and T. Suemoto, “Coherent control of spin precession motion with impulsive 

magnetic fields of half-cycle terahertz radiation,” Phys Rev Lett, Vol. 105, No. 23, 237201, 2010. 

3. Geller, S., “Crystal Structure of Gadolinium Orthoferrite, GdFeO3,” J Chem Phys, Vol. 24, No. 6, 1236-1239, 

1956. 

4. Zhou, R., Z. Jin, et al., “Terahertz magnetic field induced coherent spin precession in YFeO3,” Appl Phys 

Lett, Vol. 100, No. 6, 061102, 2012. 

5. Fu, X., X. Xi, et al., “Temperature-dependent terahertz magnetic dipole radiation from antiferromagnetic 

GdFeO3 ceramics,” Appl Phys Lett, Vol. 103, No. 21, 211108, 2013. 



            

Reconfigurable microwave metamaterial based on arrays of 

magnetic nanowires 

 

Ivan  Lisenkov
1,2*

, Anatoly Belanovsky
3
, Sergey Nikitov

1,3
, Vasyl Tyberkevych

2
 and Andrei Slavin

2
 

1
Kotelnikov Institute of Radio-engineering and Electronics of RAS, Mokhovaya 11-7, 125009 Moscow, Russia 

2
Department of Physics, Oakland University, 2200 N. Squirrel Rd., 48309, Rochester, Michigan, USA 

3
Moscow Institute of Physics and Technology, Institutskiy per. 9, 141700 Dolgoprudny, Russia 

*
corresponding author: ivan.lisenkov@phystech.edu 

 

Abstract-We propose to use arrays of magnetic nanowires in the ferromagnetic and 

antiferromagnetic ground states as a reconfigurable metamaterial for microwave applications. We 

show that the reflection of a plane electromagnetic wave from the array strongly depends on the 

magnetic ground state of the array. In particular, in the case of a ferromagnetic ground state the 

reflected signal is nearly circularly polarized in a wide range of the angles of incidence. 
 

Magnetic metamaterials are man-made periodic structures consisting of elements having well-defined 

magnetic properties due to the shape or crystalline anisotropy of the elements.  A good example of such a  

magnetic metamaterial is an array of dipolaly coupled magnetic nanoelements.  The microwave absorption and 

reflection properties of an array of magnetic nanoelements are strongly dependent on the structure of the array’s 

lattice and on the magnetic ground state of the array’s elements [1].  It is also known that the magnetic ground 

state of an array can be switched by the application of a short pulse of an external magnetic field, and that the 

array could maintains its final ground state without any bias magnetic field after the switching procedure is over. 

This reconfigurability makes the magnetic metamaterials very promising materials for future microwave devices. 

Here, we solve a problem of the reflection and transmission of a plane electromagnetic wave from a flat 2D 

array of magnetic nanowires arranged in a periodic lattice. The straightforward solution of this problem is not 

possible, as the nanowires are much smaller than the wavelength of the incident electromagnetic wave, and the 

magnetic field around a nanowire and the magnetization across the array are spatially non-uniform, what 

requires a very fine mesh of an electromagnetic solver.  

Our approach uses a two-step procedure: first we derive approximate electromagnetic boundary conditions 

relating electric and magnetic fields at the both sides of the array. These boundary conditions are derived using   

external susceptibility tensor of the array which relates the average microwave magnetization of the array to the 

externally applied microwave field. We stress here, that the derived approximate boundary conditions for the 

arrays of magnetic nano-elements are universal, and can be used in any electrodynamic problem involving arrays 

of magnetic nanoelements having an arbitrary shape and ground state. 

For the numerical example presented in this work we took an array of  Permalloy (NiFe) cylindrical 

nanowires having radius R = 60 nm and thickness d = 30 μm, arranged in a rectangular lattice with the spacing a 

= 200 nm , similar to the array studied experimentally in  [2]. We considered two stationary magnetic states of 

the array: (i) a ferromagnetic (FM) state, in which all the magnetic moments are orientated in the same direction 

and (ii) antiferromagnetic (AFM) state, in which the magnetic moments of the closest neighbors are orientated 

anti-parallel to each other [1]. In the absence of a bias magnetic field this two stationary states have different 

frequencies of microwave absorption corresponding to ferromagnetic resonance (FMR) and antiferromagnetic 

resonance (AFMR), respectively. To compare directly the microwave properties of the array in these two 

different stationary states we applied a bias magnetic field to FMR and AFMR frequencies in these  two cases. 

For our parameters this microwave absorption frequency was f = 11.8 GHz, corresponding to the wavelength of 

an electromagnetic wave of  λ = 2.5 cm. The angular dependences of the wave intensity reflected from the array 

in the cases of FM and AFM stationary states for a circularly polarized incident wave are presented in Fig. 1. 

Although the array is much thinner than the wavelength of the incident wave (d/λ ~0.001), the reflected intensity 

is significant, especially for large angles of incidence. The reflection is very different for these two stationary 

states of the array. The reflection intensity from an array in the AFM state is the same independently of whether 

the polarization of the incident wave is clockwise (cw) or counterclockwise (ccw). In contrast, for the FM state, 

the response for these two polarizations of the incident wave is drastically different. The array is almost 



            

transparent for the ccw polarization of the incident wave, and reflects twice as much as the array in the AFM 

state in the case of the for cw polarization. This behavior is explained by the fact that the net magnetic moment 

in the AFM state is zero,  while in the FM state it is not. The polarization properties of the reflected wave also 

differ in these two cases. For the AFM state the polarization of the reflected wave depends on the polarization of 

the incident wave in the same way as for a dielectric reflecting surface. In contrast, for the FM ground state the 

polarization of the reflected wave does not depend on the polarization of the incident wave. For this case the 

reflected wave is always elliptically polarized, and the elliptisity depends only on the incident angle. The 

dependence of the ellipticity of the reflected wave (calculated as the third Stokes parameters normalized by 

intensity) on the angle of incidence of the incoming wave is plotted in Fig. 2.  We note, that the reflected  wave 

has a nearly circular  polarization for a broad range  of the angles of incidence. 

In conclusion, we derived approximate electrodynamic boundary conditions for an array of interacting 

magnetic elements.  Using these boundary conditions we showed that arrays of magnetic nanowires existing  in 

different magnetic stationary states could be applied to dynamically control polarization and intensity of the 

reflected electromagnetic waves. 
 

 
 

Figure 1. Angular dependence of the intensity of a 

circularly polarized incident wave reflected  from an array 

of magnetic wires existing in a ferromagnetic (FM) and 

antiferromagnetic (AFM)  states.   

Figure 2. Dependence of the ellipticity of the reflected 

wave (defined as a normalized third Stokes parameter) on 

the angle of incidence for an array of magnetic wires 

existing in the ferromagnetic (FM) state. 
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Abstract- Both negative refraction and spatial dispersion has been observed in metamaterials.   A 
combination of simulated and measured data is used to show the relationship between the negative 
refraction and spatial dispersion in a split-ring/wire-post Metamaterial.  When the spatial modes are 
excited, three waves propagate through the metamaterial; incident, longitudinal, and transverse waves.  
The relationship between spatial dispersion and negative refraction along with excitation and control of 
the spatial modes in a metamaterial will be presented and discussed.  

 
In 1968 Veselago1 proposed that negative refraction would occur in a medium when the permittivity (ε) and 

permeability (μ) were simultaneously negative as shown in Figure 1 (a).  This was realized with the advent of 
an effective media model2, which could define a plasma frequency (ωp) of a wire array, where ε < 0 for ω < ωp, 
and the development of a model for split-ring-resonators (SRRs)3, which could produce a magnetic resonance 
where µ < 0 in a frequency band.  A SRR/wire-post medium with ε < 0 and μ < 0 was used as the 
building-block to demonstrate propagation properties of a wave through a slab 4, followed by a demonstration of 
negative refraction5 using a wedge shaped prism.  Figure 1 (a) shows the simulation of a plane wave 
propagation through a wedge with ε < 0 and μ < 0 being negatively refracted (–θ) to the same side of the 
normal-exting the wedge as the incident wave, as predicted by Veselago.  Figure 1 (b) shows a simulation of a 
plane wave propagation through a wedge with ε > 0 and μ > 0 being positively refracted (+θ) to the opposite side 
of the normal exiting the wedge as the incident wave. Figure 1 (a) and (b) shows the waves exiting the wedges 
look different than the plane waves on incident the wedges.  The change in the appearance of the exiting waves 
is dependent on the dispersive behavior of the wedge.  In Figure 1 (b), the dispersion of the wedge is only 
frequency dependent ε(ω) and μ(ω), comparing the waves exiting the wedges in Figure 1(b) and Figure 1 (a) 
indicates the dispersion of the wedge in Figure 1 (b) is dependent on more than just frequency.  

 

Figure 1:  (a) Shows an incident plane wave propagating through a wedge shaped prism with ε<0 and μ<0 being negatively 
refracted as it exits the wedge, (b) shows an incident plane wave propagating through a wedge with ε > 0 and µ > 0 being 
positively refracted as it exits the wedge.  
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Metamaterials have been shown to exhibit frequency and spatial dispersion6. In a frequency and spatially 

dispersive medium the permittivity ε(ω, k) and permeability μ(ω, k) are dependent on the frequency ω and the 
potential k which is a function of the periodicity of the lattice in a crystal or the unit cell in a metamaterial.  
Spatial dispersion is also dependent on the ratio period (a) of the lattice or unit cell to the free space wavelength 
(λ0) of the incident wave where a/λ0 < 17.  In this work, we demonstrate the behavior of the longitudinal and 
transverse spatial modes in a metamaterial and show their effect on the loss and negative refraction of the 
medium.  To demonstrate the longitudinal and transverse behavior in the metamaterial we ran parametric 
simulations changing the geometric dimensions of the SRRs and wire-posts while keeping the period of the unit 
cells constant.  Figure 2 below shows a unit cell used in the simulation and the extracted results of ε (ω, k) and 
μ (ω, k) for 3 unit cell configurations. The plots of Figure 3 (a), (b), and (c) below also show how the spatial 
dispersion varied in the unit cell as the geometrical dimensions of the SRRs and wire-post were changed.  The 
unit cells described in Figure 3 (a) and (b) were used for fabrication of slab and wedge prism structures to 
demonstrate the interaction of the longitudinal and transverse spatial waves with the incident wave.  The 
frequency response and polarization behavior of the slabs and refractive behavior of the wedges were measured.  
Using the simulated and measured results, we were able to show the interaction between the longitudinal and 
transverse spatial waves with the incident wave propagating in the metamaterial and how the spatial waves affect 
the losses and negative refraction in the metamaterial.   

 
Figure 2: A unit cell for the simulation and extraction of ε and μ for (a) a unit cell with 2.79 mm OD SRRs and 0.25 mm 
wire post, (b)  the unit cell in (a) with a 0.75 mm wire post instead and (c) a unit cell with a 3.81 mm OD SRR and a 0.75 
mm wire post. 
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Abstract- Photonic crystals and all-dielectric metamaterials can be composed of the same type of 

structural elements, and they may differ only by material’s permittivity and a filling factor. Here we 

introduce a concept of phase transitions between these two classes of artificial structures, 

demonstrate its underlying mechanism, and suggest a phase diagram that places both photonic 

crystals and metamaterials on a common parameter plane. Our theory is confirmed by experiments 

with a square lattice composed of cylinders with both varying lattice spacing and refractive index. 

 

In periodic lattices there exist two quite different mechanisms which are responsible for the appearance of 

photonic gaps in the band structure. The first one is the macroscopic Bragg resonance, where multiple scattering 

and interference lead to the appearance of strongly dispersive Bragg gaps. The second mechanism is the 

non-dispersive microscopic resonance that appears because of Mie scattering by single particle forming the 

structure. In low-contrast photonic crystals (PhC), Mie resonances are located in shorter wavelength range in 

comparison with Bragg bands. When the permittivity of the building elements increases, the Mie resonances 

shift from the low wavelengths to higher wavelengths crossing the Bragg stop bands. A two-dimensional (2D) 

square lattice composed of dielectric cylinders of large dielectric permittivity displays a negative magnetic 

permeability μ<0 in TE-polarization due to the Mie resonance located below the lowest Bragg resonance [1]. 

Basing on this result we define a point of transition from PhC to MM as a point when the lowest Mie resonance 

splits from the lowest Bragg resonance and creates the lowest photonic gap in the medium. Below this band the 

dispersion is linear and the medium could be homogenized.  

To analyze the PhC – MM phase transition, we investigate theoretically and experimentally electromagnetic 

properties of the 2D lattice depending on the dielectric contrast, filling ratio and incident wave polarization. We 

calculated three key sets of spectroscopic data: (i) spectra of the Mie scattering by an isolated rod depending on ε; 

(ii) photonic band structure of an infinite 2D square lattice composed of rods; and (iii) transmittance of a 2D 

square lattice of 10 layers in length. All data sets have been calculated for a wide range of the rod permittivity 

1001    with the step of 1  and in the range of filling ratio 0.5/0  ar  with the step of 0.01. 

With increasing of the rods permittivity , the creation of the lowest Mie gap driving the artificial magnetism is 

clearly seen both in the band structure and in the transmission spectra. Basing on the results of calculations, we 

created the phase diagram PhC-MM for the 2D square lattice of circular rods for TE polarization (Fig.1a) The 

axes represent external control variables, such as the dielectric permittivity  and filling ratio r/a.  

 



 

Figure 1. (a) Phase diagram PhC-MM for the 2D square lattice of dielectric circular rods for TE polarization. 

Open circles indicate the points of the collapse of the pure lowest Bragg gap in the band structure of PhC. Filled 

circles indicate the points where the TE01 Mie gap completely splits from complicated coupled Mie-Bragg band 

becoming the lowest gap in the spectrum and the MM-phase appears. The data are obtained from the band 

structure calculations. The experimentally investigated regions are marked by grey. (b) The dependence of the 

order parameter η on the dielectric permittivity  and the filling factor r/a. The order parameter is defined as a 

difference in the energy between the TE01 Mie and Bragg gaps in the MM phase. 

 

The diagram is divided into three areas, which represent the PhC and ММ phases separated by an 

intermediate mixing phase. The transition from PhC-phase to MM-phase can be identified by two critical points 

which are defined by a special combination of permittivity ε and filling ratio r/a. We verify our concept 

experimentally by engineering a “mega-crystal” composed of plastic circular tubes filled with water and forming 

a 2D square lattice with variable lattice constant a. We employ the advantages of strong temperature dependence 

of the dielectric permittivity of water that is characterized by  = 80 at 20ºC and  = 50 at 90ºC in the microwave 

frequencies range from 1 GHz to 6 GHz [2]. The transmission spectra of the mega-crystal installed in an 

anechoic chamber were measured in a microwave range. We obtained an excellent agreement between the 

measured and calculated transmission spectra both for r/a - and  - dependencies.  

A phase transition is usually characterized by an order parameter that basically arises from symmetry 

breaking but can also be defined for non-symmetry-breaking transitions. Here for the unusual phase transition 

PhC→MM we define the order parameter η as a measure of a splitting in the energy scale between the TE01 Mie 

and Bragg gaps. It ranges between zero in the PhC phase and nonzero in the MM phase. Figure 1b presents the 

order parameter depending on both external variables  and r/a. 
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Abstract- We demonstrate an ultra-thin, ultra-wideband meso-photonic material capable of 

absorbing over entire solar spectrum. The co-designed approach enables selective absorption of 

solar radiation for any desired spectral window.    

Artificially designed materials such as metamaterials, plasmonics, and photonic crystals have shown to be more 

efficient than naturally occurring materials in realizing engineered electromagnetic properties such as anomalous 

refraction, perfect absorption, electromagnetic cloaking, to name a few of them[1]. Among these emerging 

electromagnetic phenomena, perfect absorption phenomena initiated special interest particularly to the field of 

renewable solar energy. Invention of plasmonic absorber enables a new design paradigm for realizing ultrathin 

photovoltaic (PV) solar cells that may allow efficient light absorption and carrier collection [2]. Currently, there 

are many efforts underway to design broadband optical absorbers for PV applications [3-5]. Plasmonic absorbers, 

based on layered metal-dielectric-metal (MDM) architecture containing metallic nano-structures at the top layer, 

show great promise in obtaining high optical absorption. However, current layered approach needs further 

optimization to gain full control of optical absorption over entire solar spectrum. For example, the current 

demonstrations show high absorption only for a portion of the available solar spectrum or uncontrollable cutoff 

wavelengths [3, 4].  Some applications, such as thermophotovoltaics (TPV) require high absorption within the 

desired spectrum window. 

 

The sample is designed through a series of numerical simulations using commercially available CST Microwave 

Studio Electromagnetic Solver. We adopt a metal-dielectric-metal architecture to design our broadband absorber 

where a 200 nm thick gold layer is used as metallic ground plane. The top layer consisting of 50 nm thick gold 

nano-resonators is separated from the ground plane by a 60 nm thick SiO2 spacing layer as shown in Fig. 1(a). To 

obtain a broadband response we employ a super-cell that contains sixteen resonators of eight different sizes.  

The basic components of super-cell are four crosses of length l1=200 nm, l2=180 nm, l3=160 nm, l4=140 nm with 

line width of 50 nm and four circles of diameter d1=140 nm, d2=120 nm, d3=100 nm, d4=50 nm. The relative 

positions of individual resonators within the super-cell are shown in Fig. 1(b). The periodicity of the individual cell 
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Fig. 1 (a) Schematic diagram of our three-layered (Au-SiO2-Au) meso-photonic absorber. (b) Top view of a super-cell containing 16 gold 

nano-resonators. (c) Wavelength dependent simulated reflectivity and absorptivity in our absorber. 

 

Fig. 1 (a) 

(a) (b) 



is 250 nm  250 nm and the periodicity of the super-cell is 1µm  1 µm.  Figure 1(c) shows simulated reflectance 

and absorbance using the relation A=1-R as there is no transmission through 200 nm gold ground plane within our 

spectral window, which extends from 350 nm to 3000 nm.  

In order to verify simulated results, we fabricate our absorber using a bottom up approach onto a base silicon 

substrate. First, we deposit 200 nm gold film using electron beam evaporation followed by a chemical vapor 

deposition of 60 nm SiO2 film. Finally, an array of nano-resonators is created using electron beam lithography 

followed by 50 nm gold deposition and liftoff. The purpose of silicon substrate is solely to provide mechanical 

support during the sample fabrication. The total size of absorber is 450 µm  450 µm, which appears to be very 

dark compared to the surrounding unstructured gold film. The scanning electron beam (SEM) image of the sample 

is shown in Fig. 2(a) with an inset showing expanded super-cell.  

 

The sample is measured using a commercial variable angle spectroscopic ellipsometer (VASE). To calculate 

absorption, we measure the reflected light from the absorber and compare that with the reflection from a highly 

reflecting mirror for a 20 ̊ angle of incident. The comparison of the frequency dependent reflections from sample 

and references for p-polarization is shown in Fig. 2(b). Fig. 2(c) shows absorptivity for both p and s-polarizations, 

which are almost identical for 20° angle of incidence. The wavelength dependent absorptivity is over 80% up to 

1100 nm, then quickly rolls off below 10% between 1250 nm to 1500 nm, and finally becomes negligible above 

1500nm. Our measured absorptivity shows a very good agreement with simulation. 
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Fig. 2 (a) SEM image shows portion of our fabricated absorber. The inset shows a super-cell. (b) Shows measured reflections from samples and 

reference mirrors. (c) Measured absorptivity in our absorber for both S and P-polarization at 20° angle of incidence. 
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Abstract- The effect of a special type of time-and-space dependent (so-called co-moving) 

potential [1] on atomic trajectories is experimentally investigated. Through the use of a 

beam of argon metastable atoms (Ar* 
3
P2) passing through a magnetic field alternated in 

space and modulated in time, negative refraction of the wave packet and deviation of 

trajectories are expectable with this kind of potential.  
 

The atomic beam is tuned at velocities of 5 m.s
-1

 up to 100 m.s
-1

, by pushing metastable argon 

atoms (Ar* 
3
P2) out of a magneto-optical trap (MOT) with a blue- detuned pulsed laser, δL ~ Γ where 

λlaser = 811.5 nm and δL is the laser detuning quite close to the atomic spectral line width, Γ [2]. This 

slow beam is coherent; since it can be spin- polarized and the velocity distribution is very narrow 

(Δv/v ~ 5 %). The current experimental set-up integrates a device permitting the study of co-moving 

potential effects. This device provided by the Bouhnik Company is depicted in figure 1. It is made up 

of a series of electromagnets distant in pairs of 2.5 mm (i.e. Λ/2, where Λ = 5 mm is the spatial 

period). Each electromagnet is supplied by a current ranging from 0 to 9.5 A, thus it can produce a 

magnetic field up to 1000 Gauss. 

 

a)           b)   

 

Currently, velocities considered (30 m.s
-1

 up to 80 m.s
-1

) are too high to result into a meta-medium 

behaviour, restricted to velocities of few m.s
-1

 [3] or less [4]. Nevertheless, recent results have 

highlighted other characteristic mechanical effects, namely a deviation of trajectories and the related 

slowing down of atoms. Indeed, distortions of the spatial profile along the transverse axis x and a time 

delay along the propagation axis z – depending on the magnetic field, resulting into an acceleration or 

a deceleration – have been observed (see figures 2a, b). These effects appear under the condition that 

the representative vector of the atomic velocity makes with z axis some non-zero angle (here 10 mrad).         

 

                                                                                 

       

 

 

 

 
     (a)                                                   (b)                                                   (c) 

Figure 2: Distortion of the transverse profile: (a) v = 43 m.s
-1

, (b) v = 39 m.s
-1

, black line and points: 

experimental results; purple line: calculations; (c) Shift of time-of-flight spectrum (v = 39 m.s
-1

): blue 

line: no field; purple line: B = 250G 
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The evolution of the atomic spin within the inhomogeneous magnetic field, which is here of a 

crucial importance, is examined. One has to select one magnetic state M before entering the co-

moving device since one would like to observe the negative refraction of a single positive M-state [3]. 

A preliminary theoretical study of the spin dynamics has been therefore performed. It has emphasised 

the necessity of a guiding magnetic field in order to get a pure state at the entrance of the co-moving 

device. According to simulations whether we initialize the quantum system in a superposition of spin 

states or not, the final spin state is well defined with the presence of a low magnitude (a few Gauss) 

guiding field. This latter keeps Larmor oscillations at a weak amplitude and gives rise to energy 

transfers among the magnetic sub-levels. For instance, an initial state M = + 2 at the exit of the MOT 

will be adiabatically depopulated at the benefit of the M = - 2 state at the entrance of the co-moving 

device (figure 3).  

 

 

 

 

 

 

 

 

Figure 3: Spin-2 dynamics: time evolution of populations of M-states referred to the local magnetic 

field direction (initially along z, finally along y) in the presence of a guiding field. 

 

Some of recent results (obtained without guiding field) showed moreover multiple deflections 

pointing out the presence of a superposition of spin states. On the contrary, it is possible in special 

cases to get a pure state behaviour such as that shown in fig. 2a, at v = 43 m.s
-1

. In general the 

behaviour of M-populations (because of couplings between M states) is highly sensitive to external 

variables (magnetic pulse starting time and duration, pushing time, detuning of MOT and pushing 

laser).   

 

These first results have given relevant insights on mechanical effects of co-moving potentials 

on atomic trajectories, paving the route to negative index media. Yet guiding magnetic field is an 

essential point to be considered in the next future. 
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Abstract— We study resonant wire media that are scaled at very subwavelength scales. We
show that introducing local defects permits to guide the waves with a transverse confinement of
the order of one period in any direction, independently of the spatial organization of the medium.
We prove that the propagation within these waveguides exhibit a very low group velocities that
can be tuned by modifying the geometrical and frequency parameters of the neighboring wires.
We present simulation and experimental results of 3D printed polymer copper coated waveguides.

Slowing down the waves is one stake of time-signal processing, signal energy compressing, wave-
matter interaction enhancements and device miniaturization. This can be achieved using strong
material dispersion, for example very high index media, or with engineered systems such as photonic
crystals waveguides (PCW) or coupled resonator optical waveguides (CROWS). If those are valid
solutions for optical signals, photonic crystal based systems become very bulky for microwaves and
telecommunication signals. In previous work [1], we demonstrated that is was possible to steer waves
at scales independent of the wavelength in a deeply subwavelength wire-medium metamaterial by
locally introducing defects whose frequency lie in the hybridization bandgap of the metamaterial.
Whithin those waveguides, the wave tunnels from one defect to its neighbour thus providing a
very low group velocity propagation as in photonic crystals. Contrarily to PCWs however, our
waveguides can have arbitrarily small transverse dimensions, solely limited by the size the wires.

3.5 4 4.5 5 5.5 6 6.5

−80

−60

−40

−20

0

Frequency [GHz]

T
 [
d
B
]

 

 

Spectruma
b

−1 −0. 8 −0.6 −0.4 −0. 2 0 0.2 0.4 0.6 0.8 1

−200

−100

0

100

200

Experimental Dispersion Relation

k [ag/pi]

Fr
e
q
u
e
n
cy
 −
 f
d
 [
M
H
z]

−10

−9

−8

−7

−6

−5

−4

−3

−2

−1

0

d

 

 

0

0.2

0.4

0.6
0.8

1

N
o
rm
al
iz
e
d
 p
u
ls
e
 a
n
p
lit
u
d
e

 

 

−50 0 50 100 150

Time [ns]

 

 

200

0

1

-1

Temporal Pulse Propagationc

∆t = 24 ns

Figure 1: (a) 3D printed copper coated metamaterial waveguide.(b) Experimental spectral transmission (dB)
. (c) Temporal pulse emitted (black) and recieved after propagation (orange) . (d) Experimental dispersion
relation in the waveguiding transmission band .

Using the 3D printing technology along with chemical copper plating process we were able to
fabricate waveguides embedded in a wire medium with periodicities down to 2 mm (λ0/30 at 5
GHz). We first show that our waveguides can exhibit an almost 0 dB transmission provided that
an appropriate feedingis used. We then investigate the influence of the surrounding medium on the
group velocity of a pulse propagating in the waveguide and as well as the shape of the dispersion
relation within the transmission band (Fig.1).We especially experimentally demonstrate that by



decimating the medium density by a factor 3.5, the group index can be tuned from ng = 65 up to
ng = 230.

We believe that our deeply subwavelength slow propagation waveguides in the microwave fre-
quencies are promising candidates for the miniaturization of delay lines, filters, multiplexers as well
as for more fondamental wave-matter enhancement studies.
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Abstract-We report on an ellipsometry characterization method for semiconductor hyperbolic 

metamaterials not as a single effective medium layer but as a multilayer of alternating doped and 

undoped layers. Our results show that the doped layers should be modeled as uniaxial materials to 

accurately recover measured ellipsometry data. Thus, this anisotropic effective medium theory 

provides a more reliable out-of-plane dielectric function than the single effective medium method. 

This multilayer method enables accurate characterization of semiconductor hyperbolic metamaterials 

for light-matter interaction research. 

 

Semiconductor hyperbolic metamaterials (SHMs) offer unprecedented control of carrier concentration, layer 

thicknesses, and smoothness when compared to metal/dielectric counterparts. Due to high carrier mobility (and 

therefore low loss), this platform can potentially make loss-limited metamaterial applications realistic. SHMs are 

implemented as alternating metallic(doped)/dielectric(undoped) layers with deeply sub-wavelength thicknesses. 

Of key importance is the determination of the dielectric functions of the constituent layers and subsequently the 

effective medium dielectric functions. Hyperbolic metamaterials exhibit an out-of-plane effective medium 

resonance (EMR) with very large dielectric constant. This presents a very challenging condition for retrieving the 

out-of-plane dielectric function using reflectivity measurements only [1]. In addition, effective medium based 

permittivity retrieval schemes do not 

yield information about the properties of 

the metamaterial constituents. In this 

paper, we report an ellipsometry 

characterization method[2] that 

determines the dielectric functions of 

the layer constituents and thus 

determines the effective medium 

dielectric functions [3] more accurately.  

 The sample structure we studied 

comprises of a stack of 50 periods of 

alternating layers of highly doped 

(2x10
19

 cm
-3

, 10 nm) In0.53Ga0.47As 

quantum well (QW) and undoped 

In0.52Al0.48As (8 nm) barrier on an InP 
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Fig. 1. (a)  angle of the ellipsometric data (black solid) and fitted 

curves (red dashed) using a single layer of effective medium 

material. The angle of incidence is labeled next to each curve. (b) 

Region of correlation where a large range of parameter values yield 

similar MSE normalized to the best fit MSE value.  



substrate. At this doping level all the confined states of the In0.53Ga0.47As well are occupied and therefore no 

intersubband transitions are allowed. The undoped In0.52Al0.48As layer acts as a barrier to prevent carrier diffusion. 

The ellipsometer measures the ratio of the p and s polarized reflection amplitude [designated as tan(and phase 

difference of the two polarizations. The simplest way to model the structure is to treat the superlattice stack as a 

single layer of an effective medium using the effective medium approximation (EMA). While it is possible to 

create a model to obtain a good fit to the ellipsometry data with low mean square error (MSE) (Fig. 1a), some fit 

parameters are highly correlated and have large uncertainties in the location and width of the EMR (blue region in 

Fig. 1b).   

Alternatively, we can employ what we call the superlattice model that explicitly considers each layer of the 

structure. Applying this approach, we find that if the doped QWs are treated as isotropic materials, the fit is rather 

poor (Fig. 2a). However if the doped QW layers are modeled as uniaxial materials with two independent Drude 

permittivity models for in-plane and out-of-plane 

directions, low MSE is obtained (Fig. 2b).  We 

call this the anisotropic superlattice model. After 

obtaining the best anisotropic superlattice model fit, 

we apply anisotropic homogenization [3] to 

retrieve the effective medium permittivities, which 

we call the EMA-ASL model.  A clear advantage 

of this model is that there are no highly correlated 

parameters, which means we can be more 

confident about the fitting result. 

We conclude that the anisotropic superlattice 

model together with ellipsometry data is an 

effective way to characterize the dielectric 

functions of hyperbolic metamaterials. Detailed 

comparison of the EMA and EMA-ASL dielectric functions will be presented.  

Parts of this work were supported by the U.S. Department of Energy, Office of Basic Energy Sciences, Division of Materials 
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Abstract- We consider a temporal photonic crystal (TPC) with periodically modulated permittivity 

ε(t). We prove that for long wavelengths a TPC is accurately mimicked by a dynamic transmission 

line (TL) having a capacitance per unit length equal to ε(t). Employing a dynamic TL in the 

microwave region, we measured the photonic band structure, which results to display a genuine 

wave vector- or k-gap, in very good agreement with our theoretical model. This seems to be the 

first such experimental observation.  

 

Frequency or energy gaps are ubiquitous in physics. On the other hand, wave vector- or k-gaps are hard to 

come by, if at all. Presumably, traveling wave amplifiers should exhibit such gaps, although they have not been 

observed, to the best of our knowledge. Distributed feedback lasers with gain modulation are also supposed to 

give rise to k-gaps, however they have not been found experimentally, to the best of our googleing. On the other 

hand, k-gaps were measured in MOM tunnel structures ─ albeit only to give rise to the judgment that “such gaps 

in reflectivity data is an artifact” [1]. Here we report what is likely the first measurement of a genuine k-gap. 

This has been achieved by propagating microwaves in a specially modulated transmission line (TL) that mimics 

a temporal photonic crystal [2]. The measurements have been confirmed by a calculation based on realistic 

modeling. In our low-pass TL of eight cells the capacitors have been replaced by varactors that ─unlike the 

situation in traveling wave amplifiers─ are modulated externally at some frequency Ω/2π by the same 

time-periodic voltage. 

 

 

Figure 1. Photonic band structures for TL with capacitors replaced by varactors that are fed by a 

harmonically modulated voltage source: we compare the results of a realistic theory, effective medium 

calculation, and experiment. Here the capacitance is replaced by the differential capacitance C . 



The dispersion relation ω = ω(k) has been determined by a method similar to the differential phase-shift 

method of fiber optics engineering. As shown in Fig. 1, this resulted in a photonic band structure of two k-bands 

separated by a k-gap, corresponding to forbidden values of the wave vector for any ω. This gap ∆k is determined 

at the waist of the two k-bands, that occurs at the frequency Ω/2. We get a very good fit between the 

experimental points and the realistic calculation, which also shows that the gap ∆k increases with the strength of 

modulation m of the voltage, as seen in Fig. 2. 

 

 

Figure 2. Relative k-gap versus strength of modulation M. Here m is the modulation of the applied voltage 

[VΩ(t) = V Ω (1 + m sin(Ωt))] while M is the (approximate) modulation of C (t). Four measurements are 

compared with our “realistic theory”. The asterisk denotes the case of Fig. 1. 

 

It is well known that a static low-pass TL can be represented by an effective medium in the long wavelength 

limit ka << 1, where a is the period or size of the unit L-C cell. We have generalized this equivalence to the 

dynamic case: at every instant of time the permittivity must satisfy the relations ε(t) = C(t)/a. We find that, as 

long as ka << 1, the mean-field theory also fits well the experimental and theoretical results for the TL. In 

general, the effective medium is characterized by time-periodic ε(t), namely, it is a temporal photonic crystal [2]. 

We expect that the periodically modulated transmission line described above will exhibit all the features 

predicted by our group for the temporal photonic crystals: frequency comb in the reflectivity and transmittivity 

[2], parametric resonances that depend on a geometric condition [3], and faster-than-light transmission of the 

peaks of some harmonics of pulses that are traversing a slab [4]. Much higher frequencies should be feasible if 

the capacitances and inductances are replaced by split-ring resonators. 
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Abstract— We show that particular spatial distributions of nanoscopic plasmonic building
blocks in metamaterials may enable extraordinary nonlinear-optical propagation processes com-
monly attributed to negative-index metamaterials. The possibility of great enhancement of fre-
quency conversion and tailoring of shapes of the coupled pulses is demonstrated with numerical
simulations.

Metamaterials (MM) are artificially designed and engineered materials, which can have prop-
erties unattainable in nature. Usually, MM rely on advances in nanotechnology to build tiny
metallic nanostructures smaller than the wavelength of light. These nanostructures modify the
electromagnetic (EM) properties of MM, sometimes creating seemingly impossible optical effects.
Negative-index MM (NIMs) are most intriguing EM materials that support backward EM waves
(BEMW). Phase velocity and energy flux (group velocity) become contra-directed in NIMs. The
appearance of BEMW is commonly associated with simultaneously negative electric permittivity
(ǫ < 0) and magnetic permeability (µ < 0) at the corresponding frequencies and, consequently, with
negative refractive index n = −

√
µǫ. Counter-intuitive backwardness of EMW is in strict contrast

with the electrodynamics of ordinary, positive-index materials. The possibility of huge enhance-
ment of nonlinear-optical frequency conversion propagation processes has been predicted if one
of the coupled electromagnetic waves falls in the negative-index frequency domain and propagate
against the others [1, 2, 3]. Among them are second harmonic generation [1, 2], optical parametric
amplification and frequency-shifted nonlinear reflectivity [2, 3].

Current mainstream in fabricating bulk NIM slabs relies on engineering of LC nanocircuits -
plasmonic mesoatoms with negative electromagnetic response. Extraordinary coherent nonlinear
optical frequency-converting propagation processes predicted in NIMs have been experimentally
realized so far only in the microwave [5]. This paper proposes a different paradigm which em-
ploys spatial dispersion [6] to realize the outlined processes. We show that spatially dispersive
metaslabs may support coexistence of ordinary EMWs, with co-directed phase velocity and energy
flux (∂ω/∂k > 0), and extraordinary optical modes with contra-directed phase and group velocities
(∂ω/∂k < 0). Numerical simulations of nonlinear optical frequency-mixing of ordinary short opti-
cal pulses and contra-propagating pulses with negative group velocity have shown the possibility
of extraordinary, greatly enhanced energy exchange between the coupled waves in such MMs.

Figure 1 (a) depicts one of the possible realization of such a concept – plasmonic metaslab made
of carbon nanotubes. It can be viewed as a wave guide formed by a metal plate (bottom) and by
air (top) tampered by standing carbon nanotubes [7]. Figure 1 (b) demonstrates the possibility
to engineer phase matched ordinary (∂ω/∂k > 0) and backward (∂ω/∂k < 0) waveguide modes
which satisfy to three-wave mixing energy conservation law ω1 + ω2 = ω3. It displays three THz
modes supported by such MM (by the nanowaveguide) for the nanotubes height h= 3.5 µm. The
wave at f1 travels with positive group velocity, whereas the waves at f2 and f3 propagate with
negative group velocities. Remarkable and most important is the fact that all three waves travel
with the same phase velocity if energy fluxes of the two upper modes are directed against the lower
one. These enables extraordinary, greatly enhanced up and down frequency conversion in such
a MM. The latter process provides for parametric amplification at lower frequencies. Unparallel
properties of nonlinear-optical coupling (collision) of short contra-propagating pulses in such MMs
are illustrated in Fig. 1 (c) and (d) for the example of BW second harmonic generation. Here,
phase matching becomes possible at height of the nanotubes h= 1.05 µm.



(a)

1 2 3 4
0

10

20

30

40

50

F
re

qu
en

cy
, T

H
z

c/v
ph

f
3
=f

1
+f

2

f
2

f
1

0 5 10
0

0.2

0.4

0.6

0.8

1
gL=3, α

1
L=2, α

2
L=0.2, d=5, ∆kL=0

τ
 

 

T
1
(z=0)

5T
1
(z=L)

10η
2
(z=0)

0 0.5 1
0

0.2

0.4

0.6

0.8

1
gL=3, α

1
L=2, α

2
L=0.2, d=5, ∆kL=0

z/L
 

 

5S
2
/S

10
S

1
/S

10

(b) (c) (d)
Figure 1: (a) Geometry of carbon nanotubes standing on a conductive surface. Electromagnetic waves
propagate along x-axis. (b) Spatial dispersion of three lowest eigenmodes in the carbon nanoforest at the
nanotube height h = 3.5 µm. Solid red line is sum of two lowest modes. Here slow-wave factor (effective
refractive index) nph = c/vph = k

′

x/k, k
′

x is real part of the propagation eigen wavewector, k = 2πω/c
is wavevector in the vacuum. Vertical line marks phase matched ordinary (∂ω/∂k > 0) and backward
(∂ω/∂k < 0) EM waves at the frequencies satisfying to three-wave mixing. (c) and (d) – an example of the
phase-matched backward-wave second harmonic (SH) generation. (c) Input T1(z = 0) and output T1(z = L)
pulse shapes for the fundamental radiation; η2(z = 0) is the output pulse shape for SH. (d) Change of the
pulse energy at the corresponding frequencies across the slab. Ratio of the input pulse length to the metaslab
thickness is d = L/lp = 5. α1,2 and g are absorption and nonlinear coupling parameters.

In the conclusion, we show that a deliberately engineered highly dispersive metamaterial slab
enables phase matching of contra-propagating light pulses. Extraordinary properties of nonlinear
optical coherent frequency conversion in short-pulse regime in such metamaterials are demonstrated
through numerical simulations. It is shown that greatly enhanced nonlinear optical coupling and
frequency conversion become possible due to extraordinary opposite directions of phase and group
velocities for one of the pulses. Then the metaslab operates as a frequency converting nonlinear-
optical microscopic metamirror. Other prospective applications in the photonic device technologies
will be discussed.
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Abstract-The aim of the present contribution is to show that in contrast to the classical indirect 

excitation through hybridization mechanism leading to EIT phenomenon and maximum in 

transmission, our proposed direct dark mode excitation manifests as a sharp maximum in reflection 

and minimum in transmission. We discuss the advantages related to this operation mode and detail 

the essential of the underlying excitation mechanism which is not based on modes hybridization. 

 

The interest to the concept of dark states was driven mainly by the ability to obtain an analogy of 

electromagnetically induced transparency (EIT), which manifests as the appearance of a narrow transmission 

window within an absorption band. The feature of the transmittance spectral response can be highly asymmetric. 

Such kind of Fano type sharp spectral features with steep intensity variation are highly desirable for sensing 

applications and hence generated intensive research activities on EIT at the Drude damping limit in plasmonic 

nanostructures and metasurfaces.  

Despite the great variety of studied designs for EIT characteristics, most of them are based on the same 

principle. It consists in associating a superradiant element, acting as a radiative or bright mode, with a subradiant 

element, playing the role of the dark (or trapped) mode. The origin of the EIT in such systems was attributed to 

the destructive Fano interference between the directly excited bright mode with the indirectly excited dark mode. 

However the last theoretical advances lead to revisit this commonly shared interpretation [1-4]. In particular it 

was evidenced that no dark mode excitation is necessary for the existence of Fano resonances. They can be 

described by the interference of bright modes only. 

The aim of the present paper is to show that in contrast to the indirect excitation through hybridization 

mechanism leading to EIT and maximum in transmission, direct dark mode excitation manifests as a sharp 

maximum in reflection and minimum in transmission. We discuss the advantages related to this operation mode 

and detail the essential of the underlying excitation mechanism which is not based on modes hybridization. We 

propose an excitation mechanism which is based on a direct field coupling to the dark mode by an appropriate 

symmetry matching with the structure geometry. 

To present our pursued approach, we start with a cut wires (CW) based metasurface where a uniform 

electromagnetic plane wave is normally incident (Fig. 1a). A transmission dip at f0 = 8.3 GHz related to the 

electric dipole mode excitation is observed. It represents the lowest eigenmode frequency. Besides this bright 

mode, the CW structure possesses also dark eigenmodes. Their presence can be inferred from general 

considerations but they do not manifest in the spectral response because of the zero net dipolar momentum.  

From considerations related to the symmetry of the structure with respect to the center of the unit cell, it 

follows that to avoid coupling with a uniform electric field the geometry of the resonant element should be odd 

(Fig. 1b). A Z-shaped meta-atom structure is thus considered. Our solution for dark mode excitation consists in 



using the magnetic component of the incident field. As the magnetic field transforms as a pseudovector, its 

symmetry is odd [5]. The direct dark mode excitation is in this case allowed for an oblique incidence. Calculated 

reflection and transmission spectra of a single Z layer structure with the electric field directed vertically show a 

resonance around 6 GHz for all incidence angles, which corresponds to the lowest LC resonance frequency of 

the Z-shaped meta-atom. Also for off-normal incidence in the H-plane, the excitation of an additional resonance 

can be observed around 17.9 GHz. It manifests as the appearance of a narrowband resonant reflection. For that 

dark mode, due to the opposite direction of the currents flow in the adjacent Z legs, the accumulated charges are 

of the same sign. At the same time the oppositely directed currents flow in the adjacent Z legs create an 

additional loop making the dark mode excitation more efficient. 

The results allow to show that direct excitation mechanism is possible for an anti-symmetric type higher 

order mode having a zero net electric dipolar momentum but a non-zero magnetic one. The excitation of 

magnetic dipolar momentum can be achieved under field oblique incidence on metasurface having 

anti-symmetric unit cell geometry. 

 

 

(a) 

 

(b) 

Figure 1: (a) Cut wire metasurface with only bright mode excited. (b) Z metasurface allowing dark mode 

excitation under oblique incidence.  
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Abstract— Based on a recent demonstration of all-dielectric Huygens’ metasurfaces, we fabri-
cate ultra-thin silicon vortex beam shapers with 70% transmittance efficiency at telecom wave-
lengths. Our beam shapers consist of arrays of silicon nanodisks and are capable of converting
a Gaussian beam into a vortex beam independent of the polarization of the incident beam and
without polarization-conversion losses. Our realized beam shapers demonstrate the feasibility of
functional meta-devices in the optical regime, opening a door to real-world low loss flat optics.

Conventional geometric bulk optics is an important component of nowadays research and ev-
eryday life, however as can been seen from the active research and development activities in nan-
otechnology and integrated photonics, the demand for thinner and smaller optical components has
increased rapidly in the recent years. Metasurfaces are one of the vibrant research areas in the last
few years [1–4] as they provide opportunities for ultra-thin functional optics [5, 6]. However, the
feasibility for practical metasurfaces is restricted by, for example, the intrinsic loss of their metallic
elements, undesired reflectivity and polarization conversion losses [7], which cause poor transmis-
sion efficiencies of these metasurfaces in the optical regime. In order to realize highly efficient
metasurfaces at optical frequencies, one requires functional lossless metasurfaces that also avoid re-
flection and polarization-conversion losses while at the same time providing full transmission-phase
coverage of 360 degrees - another main requirement for controlling optical waves at the nanoscale.

Recently, it has been shown theoretically with split-cubic resonators [8] and experimentally
with silicon nanodisks with a specific aspect ratio [9] that they can produce spectrally overlapping
electric and magnetic resonances, meaning that they can radiate to the farfield like a pair of crossed
electric and magnetic dipoles. Such radiation behavior mimic that of Huygens’ sources [10], which
makes silicon nanodisks in particular ideal meta-atoms for a Huygens’ metasurface. In fact, an
all-dielectric Huygens’ metasurface consisting of silicon nanodisks has been experimentally realized
recently by Decker et al. [11]. Such Huygens’ metasurface not only has transmittance efficiency close
to unity, but it also produces a 2π phase shift at the resonance, demonstrating lossless wavefront
control in the optical regime.

Here we harness this concept to demonstrate the first experimental realization of a functional
wavefront shaping device based on a graded all-dielectric Huygens’ metasurface. Fabricated us-
ing electron-beam lithography, reactive-ion etching and low-pressure chemical vapor deposition on
silicon-on-insulator wafers, our beam shapers consist of four arrays of geometrically varying silicon
nanodisks arranged in quadrants, as shown in Fig.1(a). Each quadrant imposes a phase shift in-
crease of π/2 with respect to the adjacent quadrant in the clockwise direction onto the incident
wave as it propagates through the sample, thereby controlling the wavefront and dispersion of the
incident light.

Our beam shapers are capable of converting an arbitrarily polarized Gaussian beam into a
vortex beam at telecom wavelengths and are characterized by interferometry and a transmittance
measurement. We use a home-built interferometer to record a series of interferograms imaging the
object beam a few centimeters beyond the beam shaper at 1490 nm. The phase reconstruction of
these interferograms are performed using the four-step method [12]. As a result, a spatial phase
gradient covering 2π radians in the azimuthal direction of the laser beam is observed (see Fig.1(b)),
confirming the generation of a vortex beam. Because of the low dissipative and reflection losses of
the silicon nanodisk metasurface in the optical spectral region, our beam shapers achieve a record



Figure 1: (a)Scanning electron micrograph of a typical fabricated beam shaper. Insets show magnified and
oblique angle views of a single silicon nanodisk. (b)The vortex phase generated covering full 2π range.

transmittance efficiency of approximately 70%, which is more than a factor 4 better than the best
plasmonic metasurfaces to date.

In conclusion, we fabricated high-efficiency polarization-independent silicon Gaussian-to-vortex
beam shapers based on all-dielectric Huygens’ metasurfaces operating at telecom wavelengths. The
experimental realization of such metasurface paves a way to ultra-thin real-world low-loss functional
optics that is compatible with standard nanofabrication procedures, making mass production of
such meta-devices achievable.
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Abstract- A radiation pattern reconfigurable monopole antenna using Electromagnetic Band-Gap 

(EBG) Structure is proposed. The proposed antenna consists of twelve mushroom-like EBGs 

positioned around the monopole antenna. The EBG characteristic can be manipulated by controlling 

the state of switch. The switch is positioned between the EBG's via and the ground plane. By 

controlling the state of EBGs, the radiation pattern can be reconfigured to an omni-directional 

pattern and four directional pattern with different angles. The simulated reflection coefficient, 

together with the radiation patterns, are shown to demonstrate the performance of the antenna. 

 

Smart wireless communication system requires intelligent devices that can improved spectral efficiency and 

reduce multipath fading in the propagation channel. To overcome this challenge, pattern reconfigurable antenna 

is required for this wireless system. Traditionally, phase array antenna is used to achieve the pattern 

reconfiguration. However, due to its large volume and heavy-weight, other techniques have emerged to attain the 

pattern reconfiguration. Reconfigurable Electromagnetic Band-Gap (EBG) antennas can be used as an 

alternative to the traditional pattern switching technologies. A pattern reconfigurable Yagi antenna based on EBG 

structures is presented in [1]. Similar approach has also been discussed in [2-3] for pattern reconfiguration using 

EBG technology. In this paper, a pattern reconfigurable using mushroom-like EBG structures for monopole antenna is 

presented. The EBGs are positioned around the monopole antenna. With twelve EBGs, five switchable radiation 

patterns can be produced.  

 

  

 

(a) (b) Fig. 2 Front view of the proposed 

antenna Fig. 1 Geometry of the proposed antenna 

 

Fig. 1 shows the geometry of the proposed antenna. Meanwhile, Fig. 2 shows the front view of the antenna 

where the EBGs are positioned around the monopole antenna. As tabulated in Table I, omni-directional pattern 

can be produced when all EBGs are switched off (configuration P1). While, other configurations produce 
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directional pattern which covers 360 degree angle. The pattern pointed to 0
o
 angle for configuration P2 and 90

o
, 

180
o
 and 270

o
 angles for configurations P3, P4 and P5, respectively. As can be seen in Fig. 3, the monopole 

antenna is resonating from 4.78 GHz to 6.93 GHz for P1 while 4.91 GHz to 6.18 GHz for P2, P3, P4 and P5 . 

The radiation pattern of the proposed antenna at 5.2 GHz in H-plane for all configurations are plotted in Fig. 4. 

As observed, omni-directional pattern is produced for P1, while four directional patterns at different angle are 

produced for P2, P3, P4 and P5, respectively. Meanwhile, Fig. 5 shows the 3D radiation pattern in P3 

configuration from side view of the proposed antenna. 

 

Configuration 
Switch 

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 E11 E12 

P1 0 0 0 0 0 0 0 0 0 0 0 0 

P2 1 1 0 0 0 0 1 1 0 1 1 1 

P3 1 1 1 1 1 0 0 0 0 1 1 0 

P4 0 1 1 1 1 1 0 1 1 0 0 0 

P5 0 0 0 0 1 1 1 1 1 0 1 1 

 * 0 = OFF , 1 = ON 
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Fig 3. Simulated reflection coefficient  Fig 4. Simulated radiation pattern 

in H-plane 

Fig 5. 3D radiation pattern, P3 

 

In Conclusion, monopole antenna with pattern reconfigurable function at 5.2 GHz using EBG structures is 

proposed. The proposed antenna can be reconfigured from omni-directional to four different directional pattern 

angles.  
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Abstract— We introduce a new model of homogeneous temperature tunable THz metamaterial
with controllable frequency range of hyperbolic dispersion based on semiconductor superlattice
with doped quantum wells. We propose a method of thermal manipulating the shape of equal fre-
quency surface in k-space. We discuss the phenomenon of permittivity tensor signature changing
which results in transition from dielectric to hyperbolic regime of the material.

Hyperbolic metamaterials (HMMs) are one of the most developing branch of modern optics [1],[2].
HMMs represent uniaxial crystals. Dielectric function of uniaxial crystals is described by tensor
with two different components corresponding to the directions along (ε‖) and across (ε⊥) the optical
axe.

Depending on the signs of these components, crystal represents a dielectric media (ε⊥ > 0, ε‖ >
0), metal (ε⊥ < 0, ε‖ < 0) or hyperbolic metamaterial (ε⊥ε‖ < 0). HMM’s unique properties stem
from the equal frequency surface of extraordinary (transverse magnetic polarized) waves, which
represents in k-space one- or two-sheet hyperboloid depending on the signature of permittivity
tensor:

k2x + k2y
ε‖

+
k2z
ε⊥

=
ω2

c2
. (1)

Here kx, ky and kz are wave vector components, ω is the wave frequency and c is the speed of light.
Fabrication of tunable metamaterials for THz applications is actual problem because of numerous

potential applications in far-field subwavelength imaging [3], enhanced nonlinearities [4], nanoscale
wave guiding and strong light confinement [5]. Some realization of tunable THz metamaterials
was represented in [6]. Majority of them represent an array of resonators whose capacity and
conductivity is changed by external influences [6].

We propose a new model of ultra homogeneous temperature tunable THz metamaterial based
on semiconductor superlattice (SL) with doped quantum wells. Efficiency of thermal tunability is
a result of high sensitivity of semiconductor conductivity to the temperature. Under term ”ultra
homogeneous” we mean that SL has tunnel transparent barriers and thickness of the wells is
so small that that Drude-Lorentz model is inapplicable for a single layer. Here we use more
accurate approach for dielectric function considering energy spectrum of carriers modified by SL
potential and carrier distribution function. We show that away from interband transition and
reststrahlen band each permittivity tensor component has Drude-Lorentz dispersion with modified
plasma frequency:

Ω2
α =

4πe2

ε∞

2

(2π~)3

∫∫∫
f(E,µ, T )

∂2E

∂p2α
d3p, α = ⊥, ‖. (2)

Here E is energy of carriers which depends on the momentum p, f(E,µ, T ) is the Fermi-Dirac
distribution function, µ is the chemical potential, T is the temperature and ε∞ is a permittivity of
the lattice without free carriers.

Tunability mechanism in proposed metamaterials is the following. Free carrier concentration
and, therefore, plasma frequency of semiconductors is sensitive to the temperature in contrast to
dielectrics and metals. Implementation of SL in semiconductors makes carrier spectrum and plasma
frequency anisotropic. So, in SL we can distinguish plasma frequency along (Ω‖) and across (Ω⊥)
the optical axis. Permittivity tensor signature and, therefore, optical properties of SL depends on
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Figure 1: Topological phase state diagram. Every point shows the form of equal frequency surface in k-space
and which optical properties the material exhibits at given temperature and light frequency.

the relation between frequency of the electromagnetic wave ω and plasma frequencies Ω⊥,‖. There
are three cases corresponding to the different signatures of permittivity tensor: (i) dielectric case
if ω > Ω⊥,‖; (ii) hyperbolic case if ω is between Ω⊥ and Ω‖; (iii) metallic case if ω < Ω⊥,‖. At fixed
ω transition from one to another case can be realized by the manipulation with plasma frequencies
which are easily controlled by thermal excitation.

For example, we analyze a GaAs/Ga0.7Al0.3As superlattice. We propose that quantum wells
are uniformly doped with Te donors with concentration 1018cm−3. We put energies of Te donors
ED = 0.03 eV as in a bulk material. Thicknesses of a single well d1 and a barrier d2 we put equal
to d1 = 10 nm and d2 = 1 nm. Fig.1 represents topological phase state diagram where every
point shows what the form of equal frequency surface in k-space is and, therefore, which optical
properties the material exhibits at given temperature and light frequency. For example, at the
frequency ω/2π = 3 THz dielectric dispersion can be realized at the temperature of liquid nitrogen
and hyperbolic regime is achieved at room temperature.
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Abstract We theoretically demonstrate that zero-index metamaterials (ZIM) junction with three ports 

can realize the function of optical interferometer in optical phase demodulation. When the junction is 

made up of ε-near-zero (ENZ) material, performance of the proposed structure becomes deteriorated 

because of impedance mismatch, which results in distortion and intensity decrease of final 

demodulated wave. To improve performances, three approaches including narrowing the area of ENZ 

junction, adding proper defect and using anisotropy ENZ junction are presented. 

 

Firstly, we write expressions of the magnetic field in the junction and three ports. Then according 

to Maxwell’s equations  

L S
d d

t


 

 
B

E l s  

and the definition of power 

 Re
1

2
P d  H

*
E l  

We derive a formula describing the relation between the phase and the output power, because the 

output power can be measured readily, we can get the phase correspondingly. 

In addition, we also take three different measures to optimize the performance of the structure we 

proposed. In each of these measures, we consider two limiting cases or, in other words, the most 

representative cases to analyze the transmittance coefficient. To our surprise, we can achieve total 

transmission and total reflection respectively. 

 

 

Figure1 ZIMs junction with three ports structure. 

 

In conclusion, we have proved theoretically that the proposed ZIMs junction with ports structure 

can finish a critical step of phase demodulation as interferometer. We find that impedance mismatch 

between ENZ junction and ports can result in distortion and weaken of final output wave. We present 

that, narrowing the ENZ junction can reduce the effect of impedance mismatch; adding a proper defect 

is an approach to compensate the impedance mismatch; Impedance mismatch between junction and 

ports can be effectively avoid by using AENZ junction connected with three paralleled ports. All these 

methods can improve performances of the structure in phase demodulation. It is noteworthy that when 

PEC walls are replaced by PMC walls, ENZ materials are replaced by MNZ materials, this structure 

can also work as interferometer in phase demodulation for transverse electric waves. 
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Abstract- A dual-band textile artificial magnetic conductor (AMC) incorporation with two textile 

diamond antennas are proposed. The diamond antennas are positioned above the dual-band textile 

AMC. The two textile diamond antennas and the AMC are designed to operate at 2.45GHz and 

5.8GHz which comply the ISM band. The proposed designs produce directive radiation pattern and 

high gain about 6dB.   

 

Introduction 

In the new era, a lot of attention has been put on wearable and textile artificial magnetic conductor (AMC) [1]-[2] 

due to the increasing demand for wireless communications in smart clothing systems especially in wireless 

medical system. Artificial magnetic conductor has ability to increase the antenna's performance and act as a 

shielding to human body. The structure of the AMC performs as the antenna's ground plane and produce inherent 

in-phase reflection properties.  

 

Result and Discussion 

Fig. 1 shows the geometry of the proposed textile diamond antenna with the textile AMC. The diamond 

antenna is placed at the center of the 3x3 arrays AMC structure [3]. The substrate of the antenna and the AMC 

are made of fleece textile which have 1.3 permittivity and 1mm thickness. The radiating patch are made from 

Shieldit Super fabric.  

Fig. 2 shows the simulated reflection phase diagram of the proposed AMC. As can be observed, the 

dual-band AMC is operated at 2.45GHz and 5.8GHz. AMC operating band occurred when the reflection 

coefficient phase is equal to zero while the bandwidth is calculated between +90o to -90o [4]. Fig. 3 show the 

simulated and measured reflection coefficient (S11) of the proposed structures. From the Fig 3, the measured 

results are shifted to the lower frequency but within the acceptable ranges. The bandwidth of the measured 

results for both frequencies are increased about 170MHz compared to the simulated results. 
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    (a) 2.45GHz    (b) 5.8GHz Fig 2. Simulated reflection phase diagram 

Fig. 1 Geometry of the proposed antenna and AMC 
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Fig .3 Reflection coefficient (S11) of the proposed structures 

Conclusion 

In Conclusion, A dual-band textile AMC incorporation with two diamond dipole antenna which are operated 

at 2.45GHz and 5.8GHz are propsed. The proposed designs produce directive radiation pattern and relatively 

high gain. The proposed designs are good candidate for smart-clothing application system.  
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Abstract-Spatially mapping electromagnetic fields in the quasi-two-dimensional field mapper for 

charactering metamaterial devices, especially those integrating the metal boundary, may encounter 

troubles including electromagnetic leakage and energy guiding along finitely high metal walls. To 

eradicate them, a moving contact approach is proposed. The physical air gap between the mobile 

metal walls and the stationary upper plate of the mapper is closed. We demonstrate the method of 

closing the gap by mapping the E-field distribution in a rectangular waveguide. 

 

The experimental verifications of some exotic wave phenomena, to name a few, artificial magnetism
1
, 

cloaking
2
 and rotator

3
, frequently need spatial mapping of EM fields inside metamaterials or functional devices. 

This task is conveniently done with a quasi-two-dimensional (quasi-2D) field mapper in microwave frequencies 

which is firstly developed by Justice et al. to characterize negatively refracted fields
4
. In this paper, we 

investigate the gap can cause inevitable side-effects such as EM energy leakage and new energy guiding route 

along finitely high metal walls, due to which these side-effects are undesired for characterizing the metamaterial 

devices, particularly whose functionality intensely involves or even depends on the metallic boundary. For the 

first time, we show the spatial mapping of E-fields in an electromagnetically enclosed mapper where the metal 

wall is contacted physically with the upper plate. The moving contact approach has the gap closed and produces 

the accurate experimental equivalence to the PEC boundary in 2D numerical models. 

 

Figures: 
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Figure 1. (a) Schematic picture of the quasi-2D electric field mapper with air gap between the metal wall and the 



upper aluminum plate. (b) Schematic picture of the quasi-2D electric field mapper with the soft contact between 

the metal wall and the upper aluminum plate. (c) Photo of a section of straight waveguide built with the 

electrically enclosed metal wall. After the upper plate is in its working position, the waveguide has a rectangular 

cross section. The lower plate is parallel to the x-y plane. 
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Figure 2. (a) The normalized S21 magnitude along the propagation direction. The solid red and blue lines are 

the measurement for the enclosed and the gap case, respectively, and the black line denotes the 2D simulation. 

The dash lines represent the exponential fitting of the magnitude decay with a decay length 1613mm (red dash 

line) and 119mm (blue dash line). (b) and (c) The measured maps of Ez magnitude in the gapped and enclosed 

case, respectively, where the region sandwiched by the while lines denotes the waveguide cavity. (d) The 

simulated Ez magnitude map. 
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Abstract-In this work, we demonstrate both theoretically and experimentally that aperiodic 

metallic gratings can become transparent for broadband electromagnetic waves. It is shown that 

broadband high transmission appears in aperiodic metallic gratings (including quasi-periodic and 

disordered ones), which originates from the non-resonant excitations in the grating system. An 

optimal condition is also achieved for broadband high transparency in the grating system. The 

findings can be applied for transparent conducting panels, perfect white-beam polarizers, 

antireflective conducting solar cells, and beyond.. 

 

Broadband extraordinary optical transmission (EOT) is usually difficult to be achieved in the 

metallic/dielectric nanostructures. Fortunately by introducing self-similarity in the structures, people have 

successfully realized broadband EOT in quasiperiodic (such as Penrose-tiling) subwavelength metal/dielectric 

systems3 and also in plasmonic fractals. Physically, broadband EOT in these systems originates from resonant 

excitations of surface plasmons (SPs) at multiple but discrete frequencies, which restrict the transparency 

bandwidth and transmission efficiency in some extents. Very recently, we have utilized periodic designing to 

successfully make structured metals transparent for broadband infrared and terahertz waves by relying on 

non-resonant excitation of spoof surface plasmons (SSPs) or SPs. Similar phenomenon are further found in 

optical frequencies, which is explained by the anomalous impedance-matching mechanism. However, the 

broadband transparence in periodic systems occurs for wavelengths larger than the first-order Wood’s anomaly. 

Around the Wood’s anomalies, the transmission of electromagnetic waves drops to zero because of the 

interference between the wavelets scattered by the periodic structures, which is essentially a diffraction effect of 

the periodic structures. To further broaden the transparency bandwidth and improve transmission efficiency of 

structured metals, we now try to exploit aperiodic structures to break the transitional symmetry and decrease the 

degree of ordering in the system, then weaken or even eliminate Wood’s anomalies, thus achieving broadband 

high transparency based on non-resonant excitations in aperiodic metallic gratings. 

As shown in Figs.1 and 2, we have demonstrated that broadband high transmission appears in aperiodic 

metallic gratings (including quasi-periodic and disordered ones), where quasi-periodic and disordered metallic 

gratings significantly weaken and even eliminate Wood’s anomalies. As results, the transparence bandwidth 

increases and transmission efficiency improves in the terahertz (THz) region. Based on detailed analytical 

solutions of Maxwell’s equations, the optimal incident angle for broadband transparency of metallic gratings 



follows θ=arcos(W/D), where W represents the sum of the width of all slits, and D is the total width of the 

sample, respectively.  
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Figure 1 (left) (a) Photograph of periodic metallic grating (S1) constructed by unit A. (b) Photograph of periodic 
metallic grating (S2) constructed by unit B. (c) Photograph of a metallic grating with the tenth-generation 
Fibonacci sequence (S3) constructed by units A and B. (d) Photograph of a metallic grating with disordered 
sequence (S4) constructed by units A and B. The scale bar is 1 mm for all the four photographs. And Figure 2 
(right) Experimentally measured transmission spectra of the metallic gratings S1, S2, S3, and S4, respectively. 
Experimentally measured transmission spectra are carried out at incident angle  = 0 and  = 68 for TM 
polarization. Unit sizes of units A and B are pA = 300 μm and pB = 500 μm, strip widths of units A and B are bA = 
210 μm and bB = 350 μm, the thickness of all gratings are h = 200 μm. 

 

In summary, we have theoretically and experimentally demonstrated broadband high transmission of THz 

waves in quasi-periodic and disordered metallic gratings, which originates from the non-resonant excitations in 

the grating system. Experimental measurements at terahertz regime reasonably agree with both analytical 

analysis and numerical simulations.  We expect that these results would be of potential applications in many 

fields such as transparent conducting panels and stealth objects. And the shown phenomena may also shed new 

light on the development of broadband metamaterials, including sonic artificial materials. 
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Abstract— We compute finite temperature electromagnetic responses of a relativistic free
electron gas from quantum electrodynamics. Our field theory approach yields polarizations and
magnetizations as functions of both electric and magnetic fields. In the non-relativistic limit,
expressions reduce to well-known results: the Lindhard and Thomas-Fermi formulae, a sum of
Pauli and Landau expressions for the magnetic susceptibility, and Drude responses in the long
wavelength limit. Generalized expressions should be relevant for astrophyiscal observations, as
well as in synchrotron environments.

Metamaterials evolved from a mathematical curiosity to real applications thanks to the nano-
engineering that makes them accessible in the laboratory. As a consequence, they have drawn a
great deal attention to the electromagnetic responses of material media. This has been our motiva-
tion to investigate a system which may be a reasonable approximation to certain physical situations
that we might encounter in astrophysics and in other environments with fast moving electrons.

We start from the partition function for a gas of free electrons at finite temperature T and
chemical potential µ coupled to the electromagnetic field Aν [1]. We integrate over the electron
field ψ to obtain a determinant of the operator −βγ4G−1A , with G−1A = iγ.D−m− iµγ4, the inverse
of the electron propagator in the presence of the electromagnetic field (D = ∂ − ieA, e and m,
the electron charge and mass). Writing the determinant as expTr ln , we are led to an effective
action of the form Seff = SA − Tr ln[−βγ4G−1A ], SA being the action for the electromagnetic
field. δSeff/δAν = 0 yields the equation of motion ∂µFµν = −Tr[eγνGA] = Jν . We split this

into free Jfree, for A = 0, and induced J ind currents, and rewrite the equation of motion as

∂µ(Fµν + Pµν) = Jfreeν , so that we have ∂µPµν = −J indν = −(Tr[eγνGA]− Tr[eγνG0]), G0 the free

electron propagator. The tensor Pµν defines the polarization ~P (P4j = iP j) and the magnetization
~M (Pij = −εijkMk).

We expand the propagator in the field Aν and go to momentum space to obtain iqµP̃µν(q) =

Π̃νσ(q)Aσ(q)

Π̃νσ(q) = −e2T
+∞∑

n=−∞

∫
d3p

(2π)3
Sp[γνG0(p)γσG0(p− q)] (1)

The sum is over Matsubara frequencies p4 = ωn = 2πnT . This Feynman graph, known in QED as
the polarization tensor, was first computed in reference [2]. Our calculation coincides with theirs.

In fact, we have to split Π̃νσ = Π̃vac
νσ +Π̃med

νσ to separate the vacuum contribution, which corresponds
to T = 0 and µ = 0, from that of the medium. Furthermore, the presence of the medium defines a
preferred reference frame, which reduces the degree of symmetry from Lorentz to three-dimensional

rotation. Rotational and gauge invariance lead to Π̃med
ij (q) = −q2[(δij− q̂iq̂j)A(q4, ~q)+δij

q24
~q2B(q4, ~q)]

, Π̃med
4j (q) = −q2[δij q4q̂j|~q| B(q4, ~q)] and Π̃med

44 (q) = −q2B(q4, ~q), where A and B are to be determined.

The equation iqµP̃µν(q) = Π̃νσ(q)Aσ(q) has the solution

P̃µν =
−i
q2

[qµΠ̃νσ − qνΠ̃µσ] =
1

q2
[Π̃µσFνσ − Π̃νσFµσ] (2)

This provides the relationship between polarization and magnetization, on the one hand, and the

fields ~E (F4j = iEj) and ~B (Fij = −εijkBk), on the other, required to derive the electric and
magnetic susceptibilities which lead to the electric permittivity and magnetic permeability.



Our calculation of Π̃µν yields functions of q4 = ωn. Since Π̃µν can be expressed as a current-
current correlation that admits a representation in terms of a spectral density, the natural way to
go from Euclidean to Minkowski space is to let ωn → iω − η, a prescription that gives the known
results in the non-relativistic limits. From eq [2],

P̃ j = χ̃EẼ
j + χ̃EjkẼ

k + χ̃EMjk B̃k & M̃ j = χ̃M Ẽ
j + χ̃MjkẼ

k + χ̃ME
jk B̃k (3)

where there are longitudinal and transverse contributions from the eletric field to the polarization,
but also a transverse contribution from the magnetic field, and similarly for the magnetization.
If we define δχ̃ = χ̃ − χ̃vac, we can express these quantities in terms of the functions A and B:
δχ̃E = (1−ω2

~q2 )B, δχ̃M = −2(A+ω2
~q2B), δχ̃Ejk = (δjk−q̂j q̂k)A = δχ̃Mjk , δχ̃EMjk = εjlk

ω
|~q| q̂l)B = −δχ̃EMjk .

The expressions of A and B can be obtained from Π̃44 and the trace Π̃µµ, once we subtract the
vacuum part

A(q4, ~q) =
−e2

2π3q2
Re

∫
d3p

ωp
nF (p)

p.(p+ q)

q2 − 2p.q
− 1

2
(1 +

q24
~q2

)B (4)

B(q4, ~q) =
−e2

2π3q2
Re

∫
d3p

ωp
nF (p)

p.q − 2p4(q4 − p4)
q2 − 2p.q

(5)

where inside the integral p4 = iωp = i
√
~p2 +m2, and nF (p) = (eβ(ωp−µ) + 1)−1 + (eβ(ωp+µ) + 1)−1.

The integral over angles can be performed to yield expressions quoted in refs [2], [3]. After doing
the angular integrals, one may take q4 → iω − η. In the non-relativistic limit of these expressions,
|µ−m| << m, βm << 1, nF → (eβ(εp−µ

′) + 1)−1, with εp = ~p2/2m and µ′ = µ−m. in this case,
A vanishes and B → δχE reduces to the Lindhard expression for the electric susceptibilty (a factor
of 4π discrepancy is due to our definition of the current in the equation of motion). Clearly, the
Thomas-Fermi limit will emerge as we set ω = 0 and look at the |~q| → 0 limit for that quantity.

The stationary case, ω = 0, leads to δχ̃M = −2A and δχ̃Mjk = (δjk − q̂j q̂k)A. For |~q| = 0, and

T = 0, we obtain a relativistic expression A(0,~0) = −(e2/6π2)Cosh−1(µ/m). From that, the non-

relativistic limit yields A(0,~0) = −(e2/6π2m)
√

2mµ′ = −(e2/6π2m)(pF /m), where pF is the Fermi
momentum. Restoring the units h̄ and c, setting α = e2/(h̄c), and decomposing the magnetic field
into longitudinal and transverse parts, Bi = [q̂iq̂j +(δij− q̂iq̂j)]Bj ,, we find δχ̃ML = (α/3π2)(pF /mc)

and δχ̃MT = (α/6π2)(pF /mc). The latter result is the sum of χPauli = (α/4π2)(pF /mc) and
χLandau = (α/12π2)(pF /mc).

Finally, the limit |~q| → 0, with ω 6= 0, requires expanding the expressions for A and B after the
angular integration. We find A = (e2/π2ω2)[a1(ω)I1+a2(ω)I2]+O(2) and B = (e2/π2ω2)[b1(ω)I1+
b2(ω)I2 + b3(ω)I3]~q

2 +O(4), where a1 = −1, a2 = 2m2 +ω2, b1 = 2/3ω2, b2 = 4(m2−4ω2)/3ω2, b3 =

4ω2. The integrals are given by Ij(u, ω) =
∫∞
µ dε

√
ε2−1

(ω2−4ε2)j with j = 0, 1, 2. with u = µ/m. These

integrals can be obtained exactly for T = 0 and asymptotically ω → 0 for T >> m [3]. As
an example, for T = 0, they yield a Drude type expression for δχ̃E = (e2/π2)g(u)[(ω2

p/ω
2) − 1],

ω2
p = [f(u)/g(u)]m2, and g(u) = (4/3)[ln(u+

√
u2 − 1) +

√
u2 − 1/u] and f(u) = ln(u+

√
u2 − 1)−

(2/3)
√
u2 − 1(u2 − 1/2)/u. In the non-relativistic limit we obtain ωp = m/2. These expressions

will be fully explored in a forthcoming publication [3].
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Abstract- In this paper, metamaterial based multiband antenna is proposed. The antenna consists of 
four units of double split ring resonator (DSRR) and a planar fed straight line monopole. The 
combination of the DSRRs and the monopole enable the resonance frequency at Ultra High 
Frequency (UHF) band which are 0.52 GHz, 0.54 GHz, 0.63 GHz, 0.65 GHz and 0.75 GHz for the 
multiple band operation. Simulation results are presented and discussed. 

 
1. INTRODUCTION 

Rapid growth of the wireless transmission of digital television (TV) does required services that operate at 
different frequencies, which needed a multiband transceivers. It is important for the digital TV as the broadband 
antenna could sense to wideband and narrowband and switch to the operating frequency when needed [1]. 
Metamaterials are manmade material that can be designed to produce unusual electromagnetic properties such as 
simultaneous negative permittivity and permeability or either one [2]. Different types of metamaterial-inspired 
antennas were designed to have multiband properties as they are electrically small, efficient and matched to the 
source [3]. 
2. DESIGN AND SIMULATION 

The proposed antenna is presented in Figure 1 and the dimension of the proposed antenna is shown is Table 1 
in (mm). The antenna is designed at UHF band which is between 0.47 GHz to 0.89 GHz. It is composed by a 
microstrip line that prolongs over the ground plane to form a straight line monopole. Next to the resonating part, 
four double split ring resonators (DSRRs) of different dimensions are likely at each side. The substrate used for 
the simulation is FR-4 which has permittivity of 4.3 and 1.6 mm height and cooper with thickness 0.035 mm. The 
monopole has been designed to resonate at 0.75 GHz and the DSRRs dimension have been selected to produce a 
negative permeability at four different frequency band, 0.52 GHz, 0.54 GHz, 0.63 GHz and 0.65 GHz. The 
effective parameter extraction procedure shown in [4] has been used to regulate the real part of the permeability 
produced by the cell. 

   
(a)                            (b) 

Figure 1: The proposed antenna (a): Front view  (b): Back view 
Table 1: Dimension of the proposed antenna. 

mailto:asniza@fke.utm.my


a b c g gl ml mw sl sw W X Y Z 
3 3 4 10 100 180 3 200 250 46 44 40 38 

 
The frequencies over which the four DSRRs show a negative permeability have been subjectively chosen to 

show that the proposed method can be used to make new opening bands and also to introduce notches. The negative 
permeability of each DSRR produces a magnetic coupling with the monopole that starts to radiate at new frequency 
as shown in Figure 2. 

 
Figure 2: Return loss of the monopole and proposed antenna 

As can be seen from Figure 2, the antenna with DSRRs now exhibits five bands. The lowest band corresponds 
to DSRR (W), the second band corresponds to DSRR (X), the third band corresponds to DSRR (Y), the forth band 
corresponds to DSRR (Z) and the highest band corresponds to the monopole. Introducing the DSRR (W) and (Z) 
create two new bands lower than the monopole band. However, adding DSRR (X) and (Y) do not create a new 
band or widening the monopole bandwidth but create notches inside the monopole and shift it to the higher 
frequency. 

 
3. CONCLUSION 

A metamaterial inspired multiband antenna at UHF band is presented. The antenna is fed by the monopole to 
radiate another four DSRR components and make it to become multiband antenna with five resonance. The size 
of the antenna is 200 x 250 x 1.6 mm3. Simulated return loss shows that the proposed antenna operates at 0.52 
GHz, 0.54 GHz, 0.63 GHz, 0.65 GHz and 0.75 GHz. 
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Abstract-We propose to collect and guide electromagnetic waves in the vertical 

direction of incidence by using the 1D counterpart of meta-surfaces ：

one-dimensional gradient-index structures. For guided modes confined in a 

silicon plate, we find it possible to draw wave energy into the vertical direction 

with nearly 100% efficiency. Through theoretical analysis and numerical 

simulations, we designed the gradient structure and proved the function. Our 

work demonstrates an example of controlling electromagnetic waves in the 

sub-wavelength scale with one-dimensional gradient-index structures. 

 

With the rapid development of electronic technology in the past few decades, this 

significant technology ultimately meets its bottle-neck due to the RC delay in integrated 

electronics. Photons as uncharged particles have been widely believed to be new information 

carriers. Silicon photonics has experienced great development recently by utilizing silicon’s 

excellent optical and thermal properties and taking advantage of mature silicon manufacturing 

[1-3]. Meanwhile, gradient-index meta-materials have been proved to have the fantastic 

power to manipulate electromagnetic waves [4-6].By adopting abrupt phase changes over the 

scale of the wavelength, gradient-index meta-surface has not only shown extraordinary ability 

to control the reflection and refraction of waves [5], but also the ability to change propagating 

waves into surface waves along the surface [6]. Here, we propose to collect and guide 

electromagnetic waves in the vertical direction of incidence by using one-dimensional 

gradient-index structures, as shown in figure1.a. Under the illumination of cylindrical 

electromagnetic waves, a cylinder with axial gradient-index in wavelength scale is capable of 

generating additional axial wavevector to scattered waves, as the cylinder’s parameters decide 

the local scattering phase. When the additional wavevector is greater than wavevector in 

background, the scattered waves will be evanescent in radial direction, but propagate in axial 

direction. To design proper gradient-index structures which can produce desired wavevector, 

we discuss the scattering property of homogeneous cylinder under the same illumination.  

Figure1.b shows the scattering phase of homogeneous cylinder as function of 0/R  and r , 

where r and R indicate the relative permittivity and radius of the cylinder. Finite-element 

method is employed to simulate the electromagnetic field pattern of our designed structure. 

The phenomenon that incident waves are collected and guided by the one-dimensional 

gradient-index cylinder is observed from the simulation results shown in figure1.c and 

http://cmail.suda.edu.cn/coremail/XJS/pab/view.jsp?sid=BAFgilddbbOUPsbwYtddQCYTlKoaflEs&totalCount=1&view_no=0&puid=0&gid=


 

 

figure1.d. To conclude, our work demonstrates an example of controlling electromagnetic 

waves in the sub-wavelength scale with one-dimensional gradient-index structures. 

 

Figure1| Collect and guide electromagnetic waves confined in a silicon plate in 

the vertical direction of incidence by using one-dimensional gradient-index 

structures. a, Schematic of a silicon waveguide connected with a axial 

gradient-index cylinder inlaying in a silicon plate. b, Reflection phase 

distribution for homogeneous cylinder in silicon. c, Simulated yE  field 

distribution for the model in figure1a. d, Normalized z component of the 

averaged Poynting vector field. The black arrows represent the averaged radial 

projection of the Poynting vector.  
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Abstract- In this paper, an 8-bits passive chip-less RFID using modified complementary split ring 

resonator (MCSSR) which is one of type metamaterial structure is introduced which operates from 

3 to 7.5 GHz. The flexible chip-less tag is designed on Polyethyle Terephtalate (PET) substrate with 

overall dimension of 25 mm x 20mm. The 8 bits chipless tag with 4 ring resonators is investigated 

to evaluate the bit performance. 

 

Introduction. Nowadays, chip-less RFID technology has been developed and implemented by researchers 

for RFID application such as item-tagging, human tracking and transport identification. The chip-less RFID 

technology without the presence of Application Specific Integrated Circuit (ASIC) is presented to reduce the 

cost of conventional RFID production. Numerous structure and method are implemented to realize chip-less 

RFID tag such as the use of dipole elements, Artificial Impedance Surfaces and near-field transmission line 

[1].Split Ring Resonator (SRR) is a metamaterial structure which are implemented in many applications such as 

in small self-resonant antenna, reduction of specific absorption rate (SAR) and wave guide band stop band pass 

filter [2]. One of the popular resonant methods to design chip-less RFID is by using SRR. The SRR structure 

consists of two difference half wavelength rings that coupled to each other to resonate at single frequency. The 

equivalent circuit of SRR was proposed by Wang [3], where L and R are equivalent inductance and resistive 

respectively while C1, C2 are two mutual capacitance between slit, and Cs is the capacitance of the split. In this 

paper, 8-bits chip-less RFID using MCSRR is introduced operating between 3.4-7.5 GHz. The chip-less tag is 

designed to encode 255 ID information’s as shown in Fig 2. The tag behavior with 4 ring resonator is 

investigated. The paper introduces a flexible chip less RFID, printed on low cost PET (permittivity=3.0, 

thickness=0.175mm and loss tangent=0.002) for human identification application. 

Design and Discussion. In the proposed chip-less tag, four half wave length SRRs at ground plane are 

connected to the center of 50 Ω micro strip transmission line to designate bit for 8-bits tag ID. Frequency 

shifting technique [4] is introduced for encoding tag ID by allocation frequency for each ring resonator as shown 

in Fig 3a. Each half-wavelength rings structure represents two bits will resonate at certain frequency (1st ring = 

3.4-4.4 GHz, 2nd ring=4.4-5.4 GHz, 3rd ring=5.4-6.4GHz and 4th ring=6.4-7.4GHz).The chip-less tag will encode 

bits 00,01,10 and 11 by varying the split between ring resonators as shown in Fig 2(b). Each bit has the same 

bandwidth allocation of 250 MHz. Fig 3 b) shows the insertion loss against frequency for tag IDs by varying the 

split of 1st ring resonator. The 1st resonance ring is changed between 3.4-4.4 GHz depending on the given code 

condition (00= 3.5 GHz, 01= 3.75GHz, 10= 4 GHz and 11= 4.25 GHz) Figure 3 (c) shows the insertion loss 

against frequency; for tag IDs by varying split of 4th resonance ring.  



a)  b)  

Figure 2 a) Layout of metamaterialsplit ring resonator structure with dimension 25 x 20 mm(front,back). b) Changing slit gap between 

resonator for encoding data, (black=00,red=01,purple=10 and green=11) 

a) b)  

c)  

Fig 3 a) Illustration of frequency shifting technique for data encoding.b) Frequency vs isolation loss for tag 1(00000000), tag 2 

(01000000), tag 3(10000000) and tag 4 (11000000) by changing 1st SRR c) Frequency vs isolation loss for tag 1(000000000), tag 2 

(00000001), tag 3(00000010) and tag 4 (00000011) by changing 4th SRR. 

Conclusion, In this paper, 8 bit chip-less RFID tags based metamaterial structure are proposed. The 

proposed chip less RFID tag will be the effective method to replace barcode as storing ID human information in 

near field region for wearable application. The detail explanation will discussed after the acceptance of abstract 
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Abstract-This paper demonstrate both theoretically and experimentally that a metasurface of 

L-shape metal-insulator-metal antennas is a highly efficient linear polarization converter and 

angularly independent. The nanoantenna geometries are controlled in order to produce a one 

micrometer wide band in the medium infrared region with over 95% of mean polarization 

conversion ratio. This effect is due to two localized resonances in the L-shaped arms of the antenna. 

Further engineering could be demonstrated by combining different antennas inside the period. 

 

The control of the electromagnetic polarization is classically done thanks to dichroic crystals or birefringent 

materials, but can also be achieved with plasmonic diffraction gratings1 or chiral metasurfaces2. Demonstrations 

have been shown in the GHz
3
, and at optical frequencies

4
. Although a wideband linear polarization converter has 

been reported in the THz region5, often these demonstrations have been restricted to narrow spectral ranges. 

In this paper, we show that planar L-shaped antennas can convert the linear polarization of light with a high 

efficiency. The antennas are based on metal-insulator-metal (MIM) resonators with well-known spectral 

tunability6. We demonstrate both theoretically and experimentally the possibility to convert a linear polarized 

incident wave with 80% efficiency over a 1µm-wide spectral band7. Furthermore this reflective structure, as a 

MIM antenna6, presents an angular independence of this mechanism. 

The structure consists in L-shaped MIM antenna (represented in figure 1a.) with a bi-periodic pattern with a 

period D. Each antenna is made of an L-shaped gold patch (width w, length L, and 50nm thick) deposited on a 

300nm SiO2 layer, and an opaque bottom gold layer with a thickness of 200nm. We consider the situation of a 

plane wave incident along the yz-plane at an angle θ with a transverse electric polarisation (i.e. E is along the x 

axis). A polarizer is used to measure the specular reflected intensity R// (along x axis) and R┴
 (along y axis). 

The geometrical parameters of the L-shaped antenna can be used to tune the resonance in the infrared range. 

Whereas an I-shape MIM exhibit only one resonance, the L-shape MIM can exhibit two resonances according to 

the both the length and width of the L. This mechanism can be explained and controlled to create a wide-band 

resonance. We choose to fabricate a structure with L = 930nm, w=430nm and a period D = 1.5µm which shows 

two resonances λ1 = 3.25µm and λ2 =4.25µm. 

We measure the reflectivity of this metallic metasurface with a Fourier Transform Infrared Spectrometer7. 

The R//  reflectivity coefficient shows the intended resonances (see Figure 1b.) with a nearly total extinction 

whereas the cross-polarized reflectivity R┴ is above 75%. The efficiency of the linear polarization conversion 

can be measured by defining a polarization conversion ratio (PCR) as:  

 



 The Figure 1b shows that for this structure the PCR is greater than 95% on this 1µm wide spectral range. 

About 20% of the incident light is dissipated in the metal but this results show a highly efficient conversion 

mechanism. Furthermore the measured PCR (see Figure 1c) stays above 80% up to 45° showing a high angular 

tolerance. Our measurements are in good agreement with computation done with those geometries.  

 

Figure 1: a) Scheme of the L-shaped MIM metasurface; b) Reflectivity spectra of x-polarized plane wave 

impinging at 13° of incidence measured (solid lines) and computed (dashed lines); c) Polar plot of the mean 

PCR on the 1µm band of resonance for measured (dots) and computed values (solid line). 

In conclusion, we have demonstrated both theoretically and experimentally that array of L-shaped antenna 

can convert the linear polarization of light with a nearly total efficiency (PCR > 95%) over a 1µm-wide spectral 

range in the infrared with high angular tolerance. This effect, due to tunable resonances with the geometries of 

the antenna, can be further extended by combining structures inside the period. With pioneer works showing the 

possibility to design optical components with metasurface
8
, results presented here could pave the way to the 

design of efficient planar optical components in the infrared region.  
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Abstract-This paper presents the analysis of wideband polarization insensitive metamaterial absorber with 
perfect dual resonances. The structure is designed using lossy FR4 substrate with copper layers. The resonating 
elements are designed using the combination of circular ring with modified circular structure. The resonating 
elements are printed on the top surface of FR4 substrate, while at the bottom surface is printed with full copper 
ground plane. Parametric study is done to obtain the optimum design using CST software. From the simulation, 
the proposed design achieves nearly perfect absorbance at dual resonant frequency with improved bandwidth 
compared to the general circular ring design. Two peaks absorbance of 98.66% and 99.84% are observed at 9.81 
GHz and 10.41 GHz respectively with absorbance bandwidth of 10.29% at normal incident wave. The structure 
is also simulated for different polarization angles and it is observed that the structure can maintain the 
absorbance characteristic for all polarization angle.  
 
INTRODUCTION 

The research on metamaterial absorbers are increase rapidly since Landy et. al [1] present the first 
experimental result on this topic. The absorption is excellent for normal incident angle but the polarization 
sensitivity is not being observed. Then, many prototypes are developed from microwave up to optical region. In 
real environment, electromagnetic wave may be excited from different excitation angle and polarization state. 
Yan-Lin Lio and Yan Zhao in [2] proposed a multi-layer grating absorber that provides excellent 
electromagnetic absorption for wide incident angle however, the structure is polarization dependent. N. R. Han 
et. al in [3] proposed SRR metamaterial absorber that supports excellent absorption for broad bandwidth but it 
required multiple layer and the polarization behavior is not being observed. 

 
PROPOSED DESIGN, SIMULATION, AND DISCUSSION 

The design starts with a single circular ring structure. Then, the design is extended with the additional of 
circular structure inside the circular ring. After further investigation, the final design is as illustrated in Figure 1. 
The dimension of W, L, Wb, Ws, Wr, Ro, Rc, and ls are 18 mm, 18 mm, 0.24 mm, 0.15 mm, 0.24 mm, 3.25 mm, 
2.4 mm, and 2.15 mm respectively. The absorbing properties of the proposed metamaterial absorber with 
electromagnetic wave are presented in Figure 2 (normal incident angle) and Figure 3 (different polarization 
angles). From Figure 2, since full metal plane is used, the transmittance, T(ω) is reduce to zero for all 
frequencies so the absorbance, A(ω) is determined by reflectance value, R(ω). Two peaks absorbance are 
observed at 9.81 GHz and 10.41 GHz with absorbencies of 98.66% and 99.84% respectively. The full width half 
maximum bandwidth, FWHM is 10.29%, which is wider compared to single band absorbance which is normally 
around 2-4%. The absorbing characteristic for different polarization angle of incident electromagnetic waves is 
presented in Figure 3. It shows that the absorbing characteristics are almost the same for all polarization angle 



which mean the structure is polarization insensitive. 

  
Figure 1: Proposed metamaterial absorber: a unit cell view (left) and detail parameter of an element (right). 
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   Figure 2: Simulated transmittance, reflectance,          Figure 3: Simulated absorbance for different 
                and absorbance.                                  polarization angle.   

 
CONCLUSION 

A wideband polarization insensitive metamaterial absorber has been presented in this paper. The absorbing 
characteristic of this metamaterial absorber has been observed for different polarization states. It shows that the 
structure can maintain the absorbing characteristic for different polarization states. 
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Abstract-Ultrafine asymmetric planar terahertz metamaterial (MM) with Fano resonance consisted 

of double split ring resonators (DSRRs) were studied. They were fabricated by utilizing 

high-resolution electron-beam lithography method on intrinsic Si substrates. They show large 

potentials in biomaterial sensing, switching and surface enhanced Raman scattering. What’s more, 

such research will be important in gaining a better understanding of interactions between nearest 

neighbor SRRs, and will in turn, facilitate the design of novel THz MM devices 

 

The field of metamaterial has attracted tremendous amount of interest in recent years due to their exotic 

properties in electromagnetic radiation and the potential of having plethora of practical applications. However, 

terahertz SRR-based metamaterials typically suffer from fairly low Q factors, which hinder their widespread 

practical implementation. Fano resonances with extremely narrow line-widths (high Q factor) property in 

asymmetric metamaterial structures has provide a good way to solve the problem. Metamaterials with Fano 

resonances have shown wide and significant applications in the areas such as surface enhanced Raman scattering 

(SERS) [1], biological and chemical sensors [2], active plasmonic switch [3] and slow-light devices [4].  

In this work, we report an ultrafine asymmetric planar terahertz metamaterial (MM) with Fano resonance 

consisted of double split ring resonators (DSRRs). The transmission characteristics of DSRRs with different 

distance between inner and outer SRR were investigated. As shown in Fig. 1, by varying the scale of one of the 

SRR with respect to the other, we observe that the electromagnetic properties are significantly modulated by the 

spacing of two SRR constituents. When the inner and outer rings are extremely close to each other in the DSRR, 

as well as the fundamental resonance frequency which is primarily determined by the geometry of the individual 

SRR structures, coupling effects alter the resonant behavior dramatically. When the distance comes to submicron, 

the resonant modes are completely changed. In particular, by breaking the geometrical symmetry of the coupled 

planar metamaterials, the exceptional Fano resonance can be realized, as shown in Fig. 2. Increasing asymmetry 

leads to the evolution of an otherwise inaccessible high quality factor Fano resonance that can be exploited for 

bio-sensing applications in the terahertz region. Such a method provides the additional freedom to manipulate 

the electromagnetic properties beyond the original resonant responses of metamaterials. More details will be 

reported in the paper.  
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Fig. 1 Simulated transmission amplitude as a function of the distanced between inner and outer SRR (by 

increased the unit size of inner SRR). 

 

Fig. 2 Simulated transmission spectra of the symmetric and asymmetric DSRR. 
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Abstract- We demonstrate numerically that superlattices with photonic crystals for both negative 

and positive refraction sections can be designed in order to get zeroth order bandgap in the near 

infrared region and fine tuning can be obtained with the coupling radius between the layers. 

INTRODUCTION:  

Negative index metamaterials (NIMs) are artificial composites having both negative permittivity and 

permeability [1-2]; conditions which allow NIMs to have negative refraction indices. Concurrently it has been 

suggested theoretically that a periodic superlattice of alternating layers of NIMs and positive index materials 

(PIMs) can form an omnidirectional bandgap that remains unaltered to the different wave polarizations, angle of 

incidences, or periods of the structure [3,4]. This gap is termed as a zero-n gap, since it occurs when the volume 

average index is equal to zero. Recently, the zero-n gap has been observed [5, 6] in the near-infrared region based 

on a dielectric 2D photonic crystals (PhC) with negative refraction [7]. Here, we demonstrate numerically that 

these superlattices can be designed with photonic crystals for both negative and positive refraction sections and 

fine tuning can be obtained with the coupling radius between the layers.  

 

Figure 1 a, Schematic representation of the superlattice consisting of the photonic crystal sections for both negatively and 

positively refracting sections. b, Transmission for the individual photonic crystal which has negative refraction at the 

normalized frequencies higher than 0.63 [8]. c, Transmission for the individual photonic crystal which has positive 

refraction at the normalized frequencies lower than 0.69 [8]. By combining these structures, it is possible to obtain zero-n 

bandgap for the normalized frequencies between 0.63 and 0.69. 

RESULTS:  

mailto:skocaman@metu.edu.tr


The hexagonal PhC region (Fig. 1) is designed as air holes etched into a dielectric Si slab (nSi=3.48), with radii r/a 

= 0.28 (negative refraction section) and r/a = 0.34 (positive refraction section), a slab thickness t/a = 0.4, placed on 

top of a silica substrate (nSiO2=1.5). With these parameters, if the structures are fabricated with a lattice constant 

a=420nm, the zero-n bandgap will occur at the telecom wavelength (~ 1550nm) [6]. Figure 2 summarizes the 

transmission spectrum for superlattice structures with varying unit cells. Theoretically, as the unit cell varies, the 

Bragg gaps should shift which indeed happens for the gaps except for the one at normalized frequency 0.65 (0.647) 

in Fig. 2a(b). Therefore, this gap is the zero-n gap which occurs when the averaged index vanishes [5] and here we 

have demonstrated this gap by using positively refracting photonic crystals for the positive index which is quite 

important as it will give the freedom to engineer the band diagram to obtain zero-n gap in a broader spectrum. 

 

Figure 2 | Transmission results. a, Transmission spectrum with unit cells 7 (blue), 9(red) and 11 (black) unit cells for r/a = 

0.28 (negative refraction section) and r/a = 0.34 (positive refraction section), a slab thickness t/a = 0.4 b, Transmission 

spectrum with unit cells 7 (blue), 9(red) and 11 (black) unit cells for r/a = 0.28 (negative refraction section) and r/a = 0.30 

(positive refraction section), a slab thickness t/a = 0.4 

 

Furthermore, we have also demonstrated how we can vary the spectral position of these gaps by varying the 

coupling radius between the negatively and positively refractive sections. As the coupling holes belong the both 

sections, we have observed that the shift is less when the coupling radius is between the values of the both 

sections. 

 

CONCLUSION:  

We have demonstrated numerically that superlattices can be designed with photonic crystals for both negative and 

positive refraction sections and fine tuning can be obtained with the coupling radius between the layers and these 

structures can be used for spatial dispersion (diffraction) compensation. 
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Abstract-We report the numerical and experimental results of transmission property of 

electromagnetic waves (EM waves) incident to a reconfigurable metamaterial based on Moiré 

interference. The Moiré pattern is created by superimposing two transparent layers each of which 

has a periodic metallic pattern. As a result, it is possible to obtain various patterns by changing both 

the size and structural shape of unit cell. The numerical and experimental results show that the 

transmission of electromagnetic wave is modulated up to about 90% at 11 Gigahertz.  

 

Metamaterials (so-called new artificial materials) with a periodic structure have recently gained an 

increasing attention because of their exotic optical properties which do not occur in nature such as negative 

refraction [1], the extreme chirality [2], and perfect absorbing [3] etc. Especially, novel optical properties 

can be achieved through electric and magnetic responses of designed metallic structures in the metamaterial.  

However, existing metamaterial-based the passive devices are limited due to the lack of tunability and 

limited tuning range. To overcome these drawbacks, many researchers have recently studied tunable 

metamaterials through a variety of methods such as phase transition driven metamaterials [4], active 

graphene metamaterials [5], and reconfigurable metamaterials by using Microelectromechanical systems [6] 

etc. Specially, the reconfigurable metamaterials can be exploited to the active control of metamaterial 

characteristics by changing the structural shape of unit cell. However, most researches of reconfigurable 

metamaterials have mainly focused on the change of the structural shape of unit cell. 

Herein, we propose a new type of reconfigurable metamaterial that can change the size and structural 

shape of unit cell by using the Moire interference. As shown in Fig. 1 (a)-(c), we fabricated a reconfigurable 

metamaterial where both periodic metallic patterns of superimposed sheets were identically given by the 

circle shaped unit cell of radius 1.2 mm with lattice constant 3 mm for tuning the transmission characteristics 

operating in the Gigahertz range. The numerical and experimental results show that our tunable metamaterial 

leads to a significant variation in transmission up to approximately 90% at 11 GHz. This wide-range tuning 

capability can be applied as bandpass filters, switches and various tunable modulation devices. 
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Fig. 1. Photographic images of two-layer superposition with periodic structure of metallic circles and 

comparison with numerical simulations and experimental results of the transmission spectra for various rotation 

angles: (a) , (b) ), (c) ) 
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Abstract- We present a facile and potentially general approach to the synthesis of nanocomposite in 

which noble metal nanoparticles (NP) are covalently bonded to a polymer matrix. In this approach, 

the NPs are functionalized with novel aminothioalkil ligands that are capable to bind chemically to 

a wide range of polymers possessing carbonyl groups or hydroxyl groups that can be oxidized into 

carbonyl groups.  

 

This method is illustrated by the incorporation of ex-situ synthesized gold (AuNPs) and silver 

(AgNPs) nanoparticles coated with the aminothioalkil ligands into matrices of various polymers, such as 

polysaccharide derivatives, and synthetic copolymers. It is proven via IR measurements that in the 

obtained nanocomposite the functionalized NPs are covalently linked to the polymer matrix via amide, 

imine, or aminal bonds. We also show that the NPs coated with the new ligands are able to adsorb on the 

surface of silica derivative materials such as ITO through electrostatic interactions. The presented approach 

gives a better control over synthesis of the nanocomposites and allows for the transfer of the unaltered size-

dependent features of the NPs into the nanocomposite property profile. The binding manner of the NPs to the 

matrix has also a significant impact on the properties of the composite material. Strong chemical bonding of 

the NPs is highly advantageous over weak linkage, since it provides means for permanent binding of the NPs, 

which prevents their leaching from the composite. This is important not only because it makes the material far 

more resistant and durable, but also due to the raising concerns about the influence of the NPs on the 

environment, and the health-risks associated with their release. [1] Chemical bonding of the nanoparticles may 

be beneficial due to improved control of release rate from composite materials. In particular, robust bonding 

that prevents the NP leaching is of high importance in some of the new applications of the nanocomposites in 

medicine, like, for example, fabrication of bactericidal materials. [2, 3] Another significant advantage of the 

chemically bound NPs is their lack of tendency toward aggregation in the immobilized state, which may occur 

due to low compatibility between the nanoparticles and the polymer matrix.[4] Aggregation of NPs may have a 

strong influence on the nanocomposite properties [2, 5] and is often undesired because usually it leads to the 

loss of their unique properties associated with the nanoscale, and can impair functionality of the composite.[2, 

4] Covalent linking of the nanofillers maintains their good dispersibility within the matrix. The presented 

method is used to fabricate plasmonic metamaterials in the form of thin cross-linked starch-based films. Gold 

and silver nanoparticles are used in this fabrication process giving metamatierials with tailored properties. The 

obtained free-standing films are semi-transparent making them good candidates for optical applications. 



            

 

Figure 1. The cellulose-AuNPs (a) and PVA-AuNPs (b) nanocomposite free-standing films. 

 

 

Figure 2. A schematic illustration of the fabrication of the nanocomposites by covalent bonding of AuNPs. 
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Abstract— A real-time terahertz modulation system is demonstrated using a metamaterial
terahertz modulator and a continuous-wave (CW) terahertz source based on photo-mixing of two
tunable distributed feedback lasers. Another photo-mixer followed by a lock-in I/Q detection of
the CW spectrometer serves as a complex receiver of amplitude modulation used to determine the
spectral transmitivity of the modulator. A real-time modulation dynamic range of ∼ 37dB was
measured at 448 GHz, making it suitable for real-time imaging and communication application.

Metamaterials have been proved to be very suitable for applications in the terahertz (THz)
frequency regime known as the ’THz Gap’ (0.1-10 THz) [1]. A metamaterial based active modulator
at 448 GHz is implemented using a commercial GaAs process. The metamaterial is designed using
the top metal layer with the geometry based on the electric split-ring resonator (ESRR) and a
pHEMT device is embedded in the split gap every unit cell of the metamaterial (Fig. 1(a)) to
control the resonant frequency by applying a certain gate-to-source voltage (VGS), thus allowing
electronic transmitivity control of THz wave [1]. The metamaterial responds to an incident THz
wave with the electric field (E-field) polarized perpendicular to the split gap. The use of coherent
broadband continuous-wave spectroscopy to measure real-time modulation is demonstrated, which
cannot be measured using frequency-domain systems such as THz-TDS or FTIR.

The CW terahertz spectrometer generates THz frequency from 60 GHz to 1.2 THz using a pair
of tuned lasers (1546 and 1550nm). The temperature controlled beat frequency is fiber-coupled
to a InGaAs photo-diode with a bow-tie antenna (Fig. 1(b)). The emitted wave is collimated and
then focused onto the metamaterial modulator and the detector (InGaAs photo-mixer), using a
pair of off-axis parabolic mirrors. The source bias is modulated (±1.2V at 7.629 kHz) and the
pre-amplified signal is lock-in(600 ms time-constant) detected using a proprietary FPGA module.
The detected photocurrent Iph depends on the amplitude of the terahertz electric field, ETHz, and
on the phase difference ∆φ between the terahertz wave and the laser beat signal at the detector:

Iph ∝ ETHzcos(∆φ) = ETHzcos(2π∆Lν/c) (1)

where ν denotes the terahertz frequency, c is the speed of light and ∆L is the optical path difference
at the detector. Therefore, the detected photocurrent Iph oscillates with the THz frequency, and
the oscillation period is set by the choice of ∆L. The frequency response of a sample is calculated
by measuring the envelope of the oscillating Iph. The oscillating period limits the frequency reso-
lution, which was ≈ 0.35 GHz for our setup.
In order to demonstrate the tunability of the metamaterial, the frequency response for the range
445-460 GHz is plotted (Fig.1(c)) for the two extreme VGS (0V, − 1.8V ). When VGS = -1.8V,
the channel in the pHEMT is completely depleted, resulting in the metamaterial response with
the main resonance at 448 GHz and some parasitic or coupled resonances (452, 454 GHz). When
the channel is formed, VGS = 0V , the resonances shift resulting in amplitude modulation at the
resonance frequency. The difference of the envelope current (∆Iph = Iph(0V ) − Iph(−1.8V )) is
plotted for the THz E-field 90-deg polarized validating the metamaterial response. Fig. 1(d) shows
the real-time modulation of the THz wave (448 GHz) at a 10s period which is limited by the 600
ms integration time of the lock-in amplifier. We measured ∆Iph ≈ 7nA with a dynamic range of
∼ 37dB. The metamaterial response is demonstrated my changing the polarization of the E-field
by 90-deg and the response again is flat.

In conclusion, a real-time terahertz modulation system at 448 GHz is demonstrated using a
metamaterial terahertz modulator and a continuous-wave terahertz source. A real-time modulation
dynamic range of ∼ 37dB was measured at room temperature. The results demonstrate a low-cost



and compact THz modulation system, very advantageous to commercialize THz applications, such
as high-speed THz communication and single-pixel THz imaging systems. In recent years, similar
THz modulation systems have been based on optically controlled silicon [2], electrically controlled
graphene [3] and thermally controlled MEMS [4]. Their high cost, large size and use of esoteric
devices makes them unsuitable for volume production.
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Figure 1: (a)Design and structure detail of the HEMT based metamaterial modulator. (b) CW THz modu-
lation system setup. (c) Frequency response of the modulator for VGS = 0V (green) and VGS = −1.8V (blue).
Differential photocurrent ∆Iph response (red) for 90-deg polarized E-field (d) Real-time modulation response
with orthogonal polarizations.
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Abstract-We demonstrate a highly tunable, three dimensional (3D) metamaterial made of 

superconducting thin film spiral resonators. The radio frequency transmission of a single element of 

the metamaterial shows a fundamental resonance peak at 24.95 MHz that shifts to a 25% smaller 

frequency and becomes degenerate when a 3D array of such elements is created. The metamaterial 

shows an in-situ tunable narrow frequency band in which the real part of the effective permeability 

is negative over a wide range of temperature, which reverts to gradually near-zero and positive 

values as approaching the superconducting critical temperature.  

 

Engineered metamaterials are effective elements in various radio frequency (rf) applications such as wireless 

communication that relies on compact tunable rf antennas. Previous studies showed that the performance and 

directivity of the antennas can be significantly improved when they are incorporated with rf-metamaterials [1] 

possessing negative refractive index or zero refraction features. However when fabricated with conventional 

metals, rf-metamaterials require significantly large dimensions [2] rendering antennas based on them impractical. 

Substituting metals with novel materials such as superconductors not only helps miniaturization of metamaterials 

but also improves the tunability of their response [2, 3]. We demonstrated a three-dimensional rf-metamaterial 

made of superconducting (Niobium) thin film spiral meta-atoms [4]. The sketch of the metamaterial is shown in 

the inset of Fig. 1(a). The fundamental resonant mode in the rf-transmission spectrum of the three-dimensional 

metamaterial shows splitting and emerges at a significantly smaller frequency compared to the spectrum of a 

single spiral as shown in Fig. 1. This implies that the spiral meta-atoms are highly interactive due to the 

electrically small spacing (0/1875) between them [5], 0 is the free space wavelength.  

The created metamaterial shows a narrow frequency band where the real part of the complex effective 

permeability µeff () is negative. We demonstrate a precise and in-situ tuning of this band with temperature until 

the metamaterial is driven into the resistive regime. The narrow µeff () region seen in Fig. 2(a) gradually 

becomes near-zero and finally positive as the superconducting critical temperature is approached. The resonant 

characteristics are reduced in magnitude and smeared (see Fig. 2b) as the temperature increases due to the 

enhanced ohmic losses arising from normal carriers. The work contributes to ongoing research on tunable 

negative and near-zero permeability metamaterials and demonstrates a novel rf-metamaterial where the sensitive 

tunability can be accomplished without use of lumped elements.  
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Figure 1: (a) Comparison of transmission through a single spiral (red curve) and 3D array of the spirals 

formed by stacking four substrates including 2D arrays of spirals (blue curve). The maroon curve shows the data 

taken at the critical temperature of Nb, 9.25 K, for a single spiral, where the resonant peak disappears due to 

enhanced ohmic losses. The inset shows a schematic of the 3D metamaterial sandwiched between two rf-loop 

antennas. (b) Detailed transmission spectra taken from the single spiral and 3D array of the spirals around the 

resonance frequency. 
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Figure 2: Temperature evolution of (a) real and (b) imaginary parts of the retrieved complex permeability 

for the 3D metamaterial. Note that the resonant features shift to smaller frequencies with temperature. 
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Abstract-We explore the coupling of the surface plasmons with modes associated to the defect in 

one-dimensional photonic crystals which are composed by alternating layers of a left hand material 

and a dielectric. This photonic crystal has a defect in the middle of its structure which is obtained 

by varying the dielectric layer thickness. The presence of the defect generates an electric field 

amplification in the left hand material which improves the conditions for propagation of surface 

modes 

 

Since the first evidence of light transmission with extraordinary characteristics [1] the surface modes study 

has been an important issue in the materials optical properties. The surface mode existence at the metal-dielectric 

interface yielded the knowledge for applications in spectroscopy [2], nonlinear optics [3], telecommunications 

and information processing, molecular sensors, and biosensors [4]. The condition for plasmon propagation at the 

interface between two nonmagnetic media is that one medium should exhibit a positive while the other a 

negative dielectric constant. Materials with both negative dielectric permeability and magnetic permeability 

called metamaterials may also support surface or interface plasmon modes. Therefore the dielectric-metamaterial 

interface is suitable for plasmon propagation. A one-dimensional superlattice (photonic crystal) made up of 

alternating layers of a dielectric and a metamaterials may support modes at the interfaces. The condition of 

interface modes existence is that the dielectric material should exhibit a positive dielectric constant and the 

metamaterial should have both negative dielectric permeability and magnetic permittivity. These structures 

display novel properties such as zero energy gaps which are not manifested in metal-dielectric superlattices. 

Recent studies have demonstrated that in the frequency gap the light-plasmon coupling is weak reducing the 

plasmon polariton modes to plasmons of dielectric or magnetic characteristics [5]. 

 

In this work we study surface plasmon propagation at one-dimensional metamaterial-dielectric photonic 

crystals applying the attenuated total reflectivity (ATR) technique [6,7]. In addition we consider the presence of 

defects in inner layers to explore the coupling of the surface plasmons with modes associated to the defect. The 

defect is created by allowing an inner layer to have a different thickness. It is known that the presence of defects 

in one dimensional photonic crystals induce a field amplitude amplification. To study this effect the band 

structure is calculated and plotted to show the frequency region where the surface modes exist and the field 

amplitudes are calculated within the superlattice to show the field enhancement.  

 

The dielectric is a right hand material which has a dielectric function and the permeability functions are 



frequency independent, the metamaterial dielectric function and magnetic susceptibility are described according 

to the Drude model. In this work we study surface plasmon propagation at one-dimensional 

metamaterial-dielectric photonic crystals applying the attenuated total reflectivity technique in both Otto and 

Kretchmann arrangements [6,7].  

 

In the metamaterial, both the dielectric permittivity ε2 and magnetic permeability µ2 are dispersive and 

absorptive with negative real parts [5]. P (TM) or S (TE) polarized light interacts with the layer structure in the 

attenuated total reflectivity geometry ε2 and µ2 are described by the following equations:  
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The method of the transfer matrix is used to calculate the band structure and the reflectivity spectra in the 

attenuated total reflectivity technique. 

 

The effect of amplification of the electric field, as a result of defects in the photonic crystal, is that these are 

amplified inside the metamaterial adjacent to the defect. This amplification allows better coupling with surfaces 

modes in both polarization TE and TM. In this work the conditions of the defect are discussed too. 
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Abstract- Here we report the modeling, fabrication and measurement of a type II Hyperbolic 

Metamaterial (HMM) consisting of 10 pairs Ag/Al2O3 subwavelength layers to demonstrate the 

high pass filter property of type II HMM. The HMM is deposited on the hypotenuse side of a TiO2 

prism and covered with a fluorescent dye doped PMMA layer. The excitation of fluorescent dye is 

observed only with large incident angle throughout the optical frequency and infrared, which is in 

accordance with theoretical calculation.  

 

Hyperbolic Metamaterial (HMM) is a class of metamaterial with highly anisotropic property that one 

component of electric permittivity possessing opposite sign. The unique properties that HMM can support 

unlimited high-k propagation mode and its non-resonant nature enables unprecedented number of application, 

such as subwavelength imaging [1], and PDOS enhancement [2]. It is known that type II HMM can support 

high-k propagation mode and suppress low-k mode. However this high-k mode can only be propagated inside 

the HMM, but decrease exponentially outside the medium, which makes it unsuitable for practical application. In 

this paper, we propose a fluorescent imaging based configuration to couple propagating modes in the HMM to 

far-field radiation, by means of depositing a layer of fluorescent dye on top of the HMM. The excitation 

fluorescent intensity is proportional to the transmission coefficient, which is defined as ratio of electric field 

amplitude between the dye layer and incident wave. The high pass transmission property of HM was 

experimentally demonstrated in wide frequency range from visible to infrared, which is also valid with 

theoretical calculation. 

  

In order to achieve hyperbolic dispersion in optical frequency, we consider a 10 pairs multilayer structure 

consisting of Ag/Al2O3. Silver is chosen here as composite metal materials since it shows low absorption in the 

optical range. The thickness of Ag and Al2O3 are 20 nm and 35 nm respectively. Transmission, as a function of 

transverse wavevector, is calculated for wavelength ranging from 400 nm to 1500 nm, based on an extension of 

Fabry–Perot (FP) formula [3]. As can be seen in Fig. 1(a), above 460 nm, high transmission only occurs in large 

wavevector, which corresponds to large incident angle. Refractive index of incident material TiO2 is indicated by 

red dot line. In Fig. 1(b), transmission as a function of incident angle at wavelength of 632 nm is plotted. It can 

be seen that at the angle of 52.5, 59 and 68 degree, transmission achieve peak value, which is corresponding to 

surface plasmon polaritons (SPPs) coupling. This is slightly different from effective medium theory (EMT) 

calculation due to invalidity of EMT for large wavevectors. 
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Figure 1: (a) Calculated transmission of the magnetic field through the multilayer (F-P). (b) Calculated 

transmission at 632 nm using the multilayer (F-P, blue) and the effective media approach (EMT, red). 

 

As shown in Fig. 2(a), the designed structure was fabricated by sequential deposition on a TiO2 prism by 

electric beam evaporation. A 0.5 nm Cr layer and a 30 nm of SiO2 layer were deposited on top of the structure, 

which prevents Ag from oxidizing and also act as spacer layer. A cross-section SEM image of HMM is shown in 

Fig. 2(b), subwavelength layered structure is clearly resolved. For comparison, another sample was fabricated, 

with HMM layer replaced by bulk Al2O3 with the same thickness. By effective medium theory, the effective 

permittivity of the designed structure is calculated. As can be seen in Fig. 2(c), the designed structure exhibits 

Type II HMM property above 460 nm. A dye-doped PMMA layer of 250 nm was spin coating on the top. 

Several different fluorescent dyes were chosen so the excitation wavelength covers the whole optical frequency. 

Fluorescent emission intensities are currently being measured with various incident angle and will be presented. 
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Figure 2: (a) Schematic of the fabricated structure. (b) Cross-section SEM image of fabricated structure. Scale 

bar is 1 µm (c) Real part of effective permittivity determined by effective media theory. 
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Abstract- The phase and group velocities generally have positive values in a medium and form 

spherical or elliptical surfaces. In this paper, we review the circumstances when these velocities can 

become negative, contra-directional, orthogonal or even attain zero values. Historically, some of 

these behaviors were observed in anisotropic plasmas. With the advent of the metamaterials, 

however, it became possible to fabricate artificial periodic structures with desired dispersion 

characteristics. Therefore, some of the unusual relationships can be observed between phase and 

group velocities of phase in the context of metamaterials. These behaviors usually happen close to 

electro-magnetic resonances. We explain the consequences of negative phase and group velocities 

in a medium and how they can be exploited in devising novel electromagnetic devices. Furthermore, 

we present wave propagation in anisotropic plasmas and artificial periodic structures that are 

inspired by plasmas. We show that the phase and group velocities have highly directive surfaces 

close to resonance. These unusual dispersion properties can be exploited to design electromagnetic 

spatial filtering devices such as diplexers and splitters. (Abstract). 

 

This paper is intended towards the graduate students and researchers who want to pursue their research 

interest in the exciting field of Metamaterials.  Metamaterials can be defined as artificial periodic structures that 

either exhibit electromagnetic phenomena that do not occur in nature or make some of the natural occurring 

phenomena readily available for useful applications. Examples of such phenomena are negative refraction, 

growing evanescent waves and associated sub-diffraction imaging, resonance-cone formation and many others. 

The metamaterial research picked up an explosive growth after the experimental demonstration of the negative 

refraction by Shelby et al. in 2001 [1]. Since then, numerous research papers have been published on 

metamaterials (for example see the books [2],[3] ). The term ‘metamaterial’ covers all the artificially synthesized 

periodic structures that have unusual dispersion characteristics.  

A great deal of metamaterial literature deals with the frequency-dependent dispersion behavior. The 

electromagnetic properties are studied by constructing dispersion surfaces and Brillioun diagrams. Although 

these are useful tools, the time-domain picture is needed to complete the understanding of the dispersion 

behavior. In this paper, the electromagnetic behavior of different metamaterials is explained by means of phase 

and velocity surfaces and time domain wave propagation simulations. The dispersion behavior can also be 

understood by looking at the relation between the phase and group velocities. Four types of relationships can be 

identified which are shown in Fig. 1.  
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Fig. 1: Four types of phase-group velocity relations (a) normal medium with co-directed phase and group velocities (b) 

Negative Refractive index medium with contra-directed negative phase and positive group velocities [1] (c) The anomalous 

dispersive medium with contra-directed positive phase and negative group velocities [4] and  (d) Hyperbolic dispersive 

media having Orthogonal phase and group velocities [5] 
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Abstract- Using planar hyperbolic metamaterials composed of alternating layers of metal (Ag) and 

dielectric (SiO2), we demonstrate a transmission device for nanoparticle sensing that exhibits 

extremely high optical contrast. Due to its high sensitivity to nanoparticles in deep-subwavelength 

proximity to a surface, achieved without the use of cumbersome dark-field optics, this HMM-based 

device hints at promising applications in bio-chemical sensing, particle tracking and contamination 

analysis. 

 

Hyperbolic metamaterials (HMM), a class of artificially engineered materials with a highly anisotropic 

permittivity response originating from opposite signs of the principal components of the electric tensor, have 

attracted significant interest in recent years due to their ability to manipulate the propagation light in exotic 

ways1. Such materials enable distinctive optical phenomena such as negative refraction1, super-resolution 

imaging1, and enhanced spontaneous emission2,3. Here we exploit the hyperbolic iso-frequency characteristic of 

a planar type-II HMM (composed of alternating, 25-nm-thick, sputtered films of Ag and SiO2) to achieve 

high-sensitivity proximity detection of nanoparticles in transmission. The iso-frequency surface is unique in that 

propagation of light inside the HMM over the entire visible-range is allowed only for electromagnetic modes 

having tangential spatial frequencies kx exceeding the free-space wavevector k0 by over a factor of two4,5. 

The nanoparticle detector consists of a 500-nm thick slab of HMM having an input side coated with ≈ 

6-nm-thick Ag nano-islands (to couple light into the HMM) and an exit side consisting of a template-stripped6 

ultra-smooth Ag surface (Fig. 1(a)). As a result of the optical bandgap of HMM, light illuminating the input 

surface at any angle (intensity I0) is effectively blocked from transmitting through the slab; only a vanishingly 

small evanescent-amount (intensity I1) leaks through, corresponding to an optical density OD = log(I1 / I0) ≈ 8 at 

λ0 = 633 nm, as predicted by finite-difference-time-domain (FDTD) simulations. Bringing nanoparticles into 

deep-subwavelength proximity or contact with the pristine exit-surface of the detector opens up efficient 

transmission channels (Fig. 1a), corresponding to out-scattering of high-spatial frequencies into free space 

propagating modes (yielding an intensity 1I  for a given nanoparticle density, and an optical contrast ratio for 

detection defined as 1 1I I  ). FDTD simulations for an HMM structure having a perfectly flat exit-surface 

decorated with spherical gold particles of diameter 100 nm predict values of γ as high as ≈ 890.    

We experimentally demonstrate that this HMM-based structure is capable of revealing in transmission 

spherical Au nanoparticles of diameter ≈ 100 nm deposited on its template-stripped surface (Fig. 1(b)). 

Incoherent light is used to illuminate the Ag nano-islands side of the detector, and a 100  objective lens (NA = 

0.75) is used to collect the light exiting the template-stripped side of the device. The incoherent light is obtained 

by filtering a white-light LED source with a bandpass filter centered at λ0 = 633 nm (bandwidth = 92 nm). The 



 
 Fig. 1. (a) Schematic cross-section illustrating the principle of operation of the proposed HMM-based nanoparticle 

sensor. (b) Gold nanoparticles revealed by measuring the transmitted light through the HMM detector. Inset is the intensity 

cross section of a single Au nanoparticle. Scale bar 5 µm. (c) Gold monomers, dimers, trimers and tetramers identified 

through scanning electron microscope. Scale bar 5 µm.  

 

use of broadband incoherent light, rather than a coherent laser source, minimizes the sizes of speckles created by 

the Ag nano-islands. Effective medium theory (EMT) predicts relatively constant type-II hyperbolic 

iso-frequency characteristic throughout this frequency band. The Au nanoparticles are randomly dispersed onto 

the surface, yielding an average inter-particle distance of ≈ 5 μm, as measured by scanning electron microscopy 

(Fig. 1(c)). The optical transmission images (Fig. 1(b)) clearly indicate the presence of the Au nanoparticles on 

the detector surface, which appear as bright spots. The average contrast ratio γ for single Au nanoparticles is 

measured to be ≈ 22 (increasing to ≈ 31, 32, and 34 for dimers, trimers and tetramers, respectively). This 

detection contrast is presently limited by residual roughness of the template-stripped Ag surface.  

In conclusion, we exploit the hyperbolic iso-frequency characteristic of a planar type-II HMM to achieve 

optical proximity detection of nanoparticles, using a simple transmission scheme not requiring the use of 

dark-field optics. Due to its high sensitivity to nanoparticles in deep-subwavelength proximity to a surface, this 

HMM-based device hints at promising applications in bio-chemical sensing, particle tracking and contamination 

analysis. 
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Abstract-A metasurface based micro-plasma device is proposed taking advantage of the inherent 

resonance of the surface. The structure combines the DC and laser induced discharges and reduces 

both the required DC voltage and laser power to ignite the plasma. 

 

Plasma devices offer several benefits compared to their counterparts using semiconductors as the conducting 

channel. The self-healing property of plasma makes it more resilient to environmental conditions including 

overvoltage and radiation. In addition, gas plasma is potentially faster and capable of handling higher powers. 

Due to the fact that performance of plasma devices is mainly characterized by parameters such as air pressure 

and geometry, they can be flexibly used in a broad range of applications. However, plasmas are susceptible to 

instabilities, in particular arcing. One approach to sustaining stable plasma in atmospheric pressures is confining 

the dimensions to below 1mm cavities to lie within a certain range of pressure-distance product. There has been 

extensive interest in the spatially confined micro-plasma devices; however, there are several challenges 

including ignition and confinement of plasma, and packaging of the devices.  

 

 

(a) 

 

(b) 

 

(c) 

(d)  

Figure 1. Proposed structure: a) unit-cell, b) unit-cell top view, air gap width, air gap length, finger width, and finger length are 100, 125, 300, and 500 nm, 

c) periodic array, d) periodic array side view, air gap height, top metal layer height, and bottom metal layer height are 200, 200, 100 nm. 

The proposed metasurface based micro-plasma device integrates the benefits of micro-plasma with the 

combination of DC and laser induced discharges using the electromagnetic resonance. The key element of the 

metasurface based device is the enhancement of electric field due to the resonance which increases the 

interaction of the wave with matter. A similar phenomenon occurs in surface-enhanced Raman scattering where 

the fissures in the rough surface act as high Q optical cavities. The inherent resonance frequency of the designed 

periodic structure depends on the geometry. The metasurface is DC biased at a much lower voltage than 

Finger Width 

Finger Length 

Air Gap Width 

Air Gap Length 

Top Metal Layer Height 

Air Gap Height 
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conventional micro-plasma devices and excited by a low-power optical field corresponding to the resonance 

frequency of the surface. The combination of the laser-induced and DC breakdown, reduces both the required 

voltage and laser power to ignite the plasma. Furthermore, due to the coupling between the unit-cells sharing the 

same gas, the plasma may spread over the surface making the device scalable to higher powers.  

Figure 1(a) shows a unit-cell of the proposed structure. The surface consists of metallic air-bridges, 

supported by anchors on the sides, on a thin layer of air. The substrate below the periodic bridges is isolated 

from the top layer by a thin metallic plane covering the area between the anchors across the whole array. Figure 

1(d) shows the side view of different layers in a 10x6 array. The geometry is designed such that the maximum 

field enhancement due to resonance at a certain frequency occurs in the air gap between fingers on two adjacent 

bridges as shown in figure 2. There are various options available for controlling the plasma-surface interaction 

by using different field profiles associated with different resonances. 

 

(a) 

 

(b) 

 
(c) 

Figure 2. Field profiles at resonance frequencies: a) 343.5 THz, b) 355.25 THz, c) Reflection phase VS. frequency, resonances at 343.5 and 355.2 THz. 

Fabrication of air-bridges is done using multiple dose electron-beam lithography. The exposure is done in a 

single step using the same acceleration voltage and applying different dosages on the bridge span and feet areas. 

The process can be done using multiple-layer resists in order to facilitate lift-off. The desired air-bridge profile is 

obtained by setting the beam voltage such that the penetration depth is smaller than the resist thickness, and 

controlling the height of the air-gap underneath the bridge by applying a lower electron dosage in the span area 

than the anchors. An adhesion layer of Ti and the top Au layer are then evaporated on the developed sample.  

The resonance behavior is measured using reflection spectroscopy. Average reflections from uniform silicon 

and gold surfaces are used to normalize the reflections measured from the fabricated metasurface. The 

measurement setup consists of a fiber coupled broadband light source connected to a parabolic reflector 

collimator, a polarized beam splitter, an objective lens (NA=0.55), a camera with its lens system, and a 

spectrometer. The final version of the metasurface to be measured is still in the fabrication process. 
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Abstract-Hyperbolic metamaterials (HMMs) based on ultrathin metal-dielectric multilayers have 

been studied by considering the nonlocal response of electrons in metal. We show that nonlocality 

will induce topological transitions of the iso-frequency surfaces and intrinsically limit the 

wavenumber as well as photon local density of states for both type I and type II HMMs. 

 

An ideal hyperbolic metamaterial (HMM), which has a perfect hyperbolic dispersion curve, theoretically can 

support modes with indefinite wavenumbers, leading to large photon local density of states (LDOS) and many 

applications such as enhancing light-matter interactions, spontaneous emission and thermal radiation[1,2]. In 

practice, however the loss of the materials and the finite thickness of the unit cell will set limits to the 

wavenumber as well as the LDOS. If these factors are the only limitations, some novel materials like ultrathin 

films with low loss and atomically-thin 2-D materials (e.g. graphene), could dramatically improve the 

performance of the HMMs. All those expectations are based on the local description of electron response in the 

metal, but in the reality, the induced charge densities are not perfectly localized at the surface but spread over a 

thickness described by the Tomas-Fermi screening length as shown in Fig. 1(a). This effect requires a nonlocal 

treatment of the electron response, and has significant influence on the systems with near-atomic length scale 

such as blue-shifting of the plasmonic resonance, limiting light concentration and plasmonic enhancement [3].  

 

Motivated by these facts, based on the hydrodynamic model [3] of the nonlocal response and a 

transfer-matrix method considering both transverse and longitudinal modes, we investigate the effect of 

nonlocality on the performance (such as dispersion relation, ray refraction, LDOS and spontaneous emission) of 

HMMs based on ultrathin metal-dielectric multilayers when gradually approaching the ultrathin limit of the unit 

cell. In our calculation, HMMs based on Au/SiO2 bilayers with metallic filling ratio 0.5 are used to test the 

influence of nonlocal effect as shown in Fig. 1(a). 

 

According to our calculation results, we show clearly that nonlocality will induce topological transitions of 

the iso-frequency surfaces and limit the wavenumber as well as LDOS for both type I and type II HMMs. Under 

nonlocal treatment, the iso-frequency surface of type II HMM transforms from a hyperbola to a bullet shape, 

while for type I HMM, the surface splits into two branches: a cylindrical-like branch at high k region and an 

elliptical branch at the low k region (Fig. 1(b) and Fig. 1(c)). A further study of the evolution process of the 

iso-frequency curves of a type I HMM from thicker unit cells to ultrathin limit shows more details of this 

transition (Fig. 2 (b)). And as a result, the refraction phenomena at the Air/HMM interface are very different (Fig. 

2(c) and Fig. 2(d)) due to the different directions of group velocities. In the high k region, the nonlocality set a 



cut-off k for the allowed wavenumbers in both type I and type II HMMs and have been verified from the field 

transmission coefficient of the high k modes (Fig. 2(f)). This cut-off k which is defined by the electron Fermi 

velocity of the metal intrinsically limits the LDOS and light-matter interactions. These results indicate that in the 

aim of achieving high performance HMMs, merely thinning the constituent films according to the local theories 

is no longer valid. More details about the LDOS and spontaneous emission will be discussed at the conference. 

 

Figure 1: (a) Sketch of the HMM based on 1:1 Au/SiO2 bilayers. For a local response, the induced charge 

density reduces to a Dirac delta function at the metal surface. For nonlocal response, the induced charge density 

spreads out in the bulk region of the metal. Iso-frequency surfaces of type I (b) and type II (c) HMMs under the 

ultra-thin limit of the unit cell. 

 

Figure 2: (a and b) Evolution of the iso-frequency curves of a type I HMM from thicker unit cells to 

ultrathin limit under (a) local and (b) nonlocal considerations. (c and d) Gaussian beam refraction at Air/HMM 

interface with type I HMM under ultrathin limit with (c) local and (d) nonlocal theory. The beam incidents at 30o. 

(e and f) Calculated magnitude (logarithmic scale) of the electromagnetic field transmission coefficient |t|, for a 

free-standing HMM stack composed of 6 bilayers of Au (0.1 nm) and SiO2 (0.1 nm), for (e) local (f) nonlocal 

case with TM mode. 
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Abstract- Here, we present a novel application of metamaterials for remote generation of plasma, 
the fourth state of matter. One of the most interesting property of the metamaterials, the 
sub-wavelength localization of incident electromagnetic wave energy, is employed for the 
generation of high electric field to ignite and sustain microwave plasmas. The two-dimensional 
array of microplasma is generated using metamaterials. Frequency selective generation of 
microplasma in a large array is made possible by employing metamaterial units each with different 
resonance frequencies. 

 
A novel application of metamaterials for remote generation of microplasma at microwave frequency is 
demonstrated. Microwaves have been used to generate non-thermal or cold plasmas [1]. Microplasma is defined 
as plasma when one or more of its dimensions are less than a millimeter in size. Metamaterials provides a 
advantage of sub-wavelength localization of incident microwave energy, which has the potential to generate high 
electric field that can be used to ignite and sustain microplasmas in the surrounding gas medium. An array of 
resonators in a metamaterial can generate a two-dimensional array of microplasmas. Microwave energy can be 
coupled wirelessly and remotely to the metamaterials (see Fig. 1). This can be done using a patch antenna for 
transmitting microwave power wirelessly to the metamaterial array. The frequency selective nature of 
metamaterial unit cells makes it possible to couple microwave energy only to unit cells at resonance, in order to 
generate spatially localized microplasma using multiple resonators with different resonance frequencies. A dual 
frequency metamaterials is implemented with resonance frequencies at 2.1 GHz and 2.45 GHz to demonstrate 
such frequency selectivity. As shown in Fig. 2, higher electric field appears in larger resonators when 
metamaterial is excited with 2.1 GHz, and similarly in a smaller resonator when excited with 2.45 GHz. Figure 3 
shows measured and simulated resonance frequency of metamaterials. Plasma generation experiment is carried 
out in argon environment at pressure of 40 Torr. As shown in Fig. 4, the microplasma is generated in a gap of 
larger resonators when excited with 2.1 GHz microwave as expected. Similarly, microplasma is generated in 
smaller resonators when excited with 2.45 GHz. In conclusion, we have shown that metamaterials can be utilized 
for frequency selective spatially patterned generation of microplasmas. Also, microplasma can be generated 
remotely and wirelessly over large area. The electron density in the microplasma is in the range of 1012-1014 cm-3 
at atmospheric pressures. Such microplasma arrays exhibit nonlinear behavior [2]. They provide a fundamentally 
new material system for future investigations in novel applications, e.g. nonlinear metamaterials. Moreover the 
high electron density plasma provides a unique electronic material system with possibly novel functions. 
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Fig.	   4.	   Remote	   generation	   of	   microplasma	   array	   at	  
2.1	  GHz	  in	  dual	  frequency	  metamaterials. 

	  
Fig.	   5.	   Remote	   generation	   of	   microplasma	   array	   at	  
2.45	  GHz	  in	  dual	  frequency	  metamaterials. 

	  
Fig.	   3.	   Simulated	   (dotted	   line)	   and	   measured	  
S-‐parameter	   response	   of	   dual	   frequency	  
metamaterials.	  
 

	  
Fig.	   2.	   Dual	   frequency	   metamaterials	   for	   the	  
frequency	   selective	   generation	   of	   the	   microplasma	  
array,	  one	  at	  2.1	  GHz	  and	  other	  at	  2.45GHz. 

	  
Fig.	   1.	   Metamaterials	   for	   remote	   generation	   of	  
microplasma	   array.	   Patch	   antenna	   couples	  
microwave	  energy	  to	  metamaterial	  array.	  
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Abstract— A new type of negative index metamaterial composed of metal framed crosses
is proposed. The new metamaterial design leads to a relatively-wide band of simultaneously-
negative permittivity and permeability within the microwave range.

1. INTRODUCTION

Perhaps, the mostly-studied metamaterials are the artificial metal-dielectric periodic structures,
having both negative permittivity and permeability in certain frequency region and, consequently,
possessing negative index of refraction. In the past few years, many forms of metallic inclusions for
negative index metamaterials have been proposed (see, for example, [1, 2] and references therein).
However, the design of metamaterials exhibiting negative refraction in a wide frequency interval is
still of great interest.

To calculate the effective parameters of the artificial metal-dielectric periodic structures, the
parameter retrieval method is commonly used [3]. Another very useful homogenization theory for
metal-dielectric photonic crystals was proposed in Ref. [1], which provides explicit expressions for
all the tensors of the effective bianisotropic response of metal-dielectric photonic crystals. According
to this theory, the macroscopic magnetic field and electric displacement vector are redefined such
that nonmagnetic inclusions in metal-dielectric periodic arrays can give rise not only to magnetic
effects, but also to chiral ones.

In the present work, we will study the metamaterial behavior of a metal-dielectric structure
by using the explicit expressions for the tensors of the effective bianisotropic response, given in
the work [1], and applying the form-factor division approach [2]. The proposed negative index
metamaterial is constructed by using metal framed crosses in air. The frequency dependences of
the components of the effective tensors, and of the refractive index are analyzed.

2. NEGATIVE INDEX METAMATERIAL

We study a 3D periodic structure composed of metal framed crosses with arms lying on the x-y
plane as is shown in Fig. 1. The metal inclusions are arranged in a square lattice with period
a = 5mm. The arms are aligned to the x and y axes and the sides of the structure have a length
equal to (11/11.2)a. Hence, there is a small gap between the framed crosses in adjacent cells. We
also consider that the arms have square cross-section with side length l = a/11.2. The layer of
framed crosses is repeated along the z-direction with the period a. In order to apply the form-factor
division approach [2], we have divided the framed crosses into cubes with an edge length equal to
l. Here, we consider electromagnetic modes, having a wave vector k parallel to the z-axis. Such
modes can be excited in a finite photonic crystal when the light is normally incident on its (001)
surface. According to the geometry of the system, the calculated permittivity and permeability
tensors have the form

↔
ε=

(
εxx 0 0
0 εyy 0
0 0 εzz

)
,

↔
µ=

(
µxx 0 0
0 µyy 0
0 0 µzz

)
, (1)

where εxx = εyy = ε, µxx = µyy = µ. The frequency dependence of such components are shown in
Fig. 1. According to our results, because of the gap between adjacent framed crosses, the system
behaves as a dielectric at low frequencies. At higher frequencies, there are strong resonances in both
the permittivity ε and the permeability µ. A very interesting feature of the frequency dependences
ε(ω) and µ(ω) is the wide interval where both the permittivity and the permeability are negative.



Consequently, in such an interval the index of refraction n =
√
εµ turns out to be negative too

(see Fig. 1). Comparing with other double-negative metamaterials, the proposed here design has
a broadband of negative refraction.
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Figure 1: Unit cell and effective parameters for a metamaterial composed of Cu framed crosses.
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Abstract-This paper presents the analysis of dual resonant polarization-independent metamaterial absorber with 
wide operating angle in X-band frequency. The structure is constructed on dual layer FR4 substrate with 0.035 
mm thick copper layers. The resonating elements are designed using the two circular rings structure with 
different radius. The resonating elements are printed on the top and bottom surface of FR4 substrate, while at the 
middle layer; a full copper layer is placed. The performance of the designed structure is observed using CST 
software. From the simulation, the proposed structure achieves high absorbance, which is 96.41% and 93.61% at 
9 GHz and 11 GHz respectively for normal incident wave. Then, the structure is also simulated for oblique 
incident angles. It is observed that the operating angle of the proposed metamaterial absorber is 70o for TE 
modes and 67o for TM modes. 
 
INTRODUCTION 

Metamaterials are artificial structure, having unique properties that can be applied in many electromagnetic 
devices such as antennas, filters, and lens. One of the interesting topics for investigation is metamaterial absorber. 
Basically, some matematerial is used as an efficient electromagnetic reflector [1]. However, by engineering the 
dielectric material with metal intact, high electromagnetic absorber can be developed. J. F. Wang et. al in [2] has 
proposed three-dimensional metamaterial absorber that achieves high absorption for multi-directional surface. 
However, the operating angle of the absorber is not being observed. Landy et. al in [3] proposed perfect 
metamaterial absorber but the structure is only working in single direction. Furthermore, having cut wire at the 
back of the structure made the analysis more difficult since the magnitudes of both reflectance and transmittance 
need to be controlled together to maximize the absorbance magnitude. 

 
PROPOSED DESIGN, SIMULATION, AND DISCUSSION 

The proposed metamaterial absorber is illustrated in Figure 1. The dimension of h, W, L, A1, A2, R1, and R2 
are 1.67 mm, 9 mm, 9 mm, 0.28 mm, 0.245 mm, 2.52 mm, and 2.9725 mm respectively. The resonating 
elements are printed at both surfaces of metamaterial absorber to operate at both directions. The absorbing 
properties of the proposed metamaterial absorber with electromagnetic wave are presented in Figure 2 (normal 
incident angle), Figure 3 (TE mode), and Figure 4 (TM mode). From Figure 2, since full metal plane is placed 
between to dielectric substrate, the transmittance, T(ω) is reduce to zero for all frequencies so the absorbance, 
A(ω) is determined by reflectance value, R(ω). Two peaks absorbance are observed at 9 GHz and 11 GHz with 
absorbencies of 96.41% and 93.61% respectively. The absorbing characteristic for different oblique angle of 
incident electromagnetic waves is shown in Figure 3 and Figure 4. It shows that the operating angle for TE mode 
(Figure 3) is 70o and TM mode (Figure 4) is 67o. The operating angle for TE mode and TM mode is almost the 
same due to the symmetrical properties of the circular ring structure. 



  
Figure 1: A unit cell of proposed metamaterial absorber: perspective view (left) and top view (right). 
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   Figure 2: Simulated transmittance,  Figure 3: Simulated absorbance  Figure 4: Simulated absorbance 
      reflectance and absorbance.           for TE mode.                 For TM mode. 

 
CONCLUSION 

A dual band polarization-independent and wide operating angle metamaterial absorber in X-band has been 
presented. The nature of circular ring structure that is very symmetry made the metamaterial absorber 
polarization-independent. The dual layer design in such arrangement enables the structure to absorb 
electromagnetic waves coming from both directions. 
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Abstract— We present the proof of principle of the enhancement of the responsivity of a
quantum dot infrared photodetector (QDIP) by means of complementary split ring resonator(c-
SRR) nanoantennae. The nanantennae, coupled to the QDs in the detector, yield an enhancement
of the responsivity of almost one order of magnitude.

1. DESCRIPTION OF THE STRUCTURE

The device which was studied ad characterized (fig.1(a)) is based on a structure already used for the
realization of a photovoltaic QDIP [1]. It consists of a highly asymmetric structure grown on GaAs.
The active region, consisting of a plane of InAs/GaAs QDs coupled via a GaAs/AlGaAs/GaAs
multi-barrier to an InGaAs QW, is shown in fig.1(b). The QW, filled with the electrons from a top
n+ −GaAs layer, acts as reservoir and injector of electrons to fill the QD levels. The QD plane is
separated by 500nm of GaAs from a bottom n+−GaAs layer. As it is shwon in fig.1 the electrons
in the QD can be excited by means of mid-infrared optical radiation toward the continuum giving
rise to an electrical current. After the photo-ionization process, the QDs can be refilled with the
electrons from the QW.

(a) (b)

Figure 1: In (a) a sketch of the QDIP is shown. In (b) the photogeneration and refilling process within the
QDIP active region are shown.

2. ANTENNA COUPLED QDIP

The structure described above presents a plane of QDs placed at a distance of only 37nm from the
top n+−GaAs contact. This configuration makes the structure very suitable for near-field coupling
processes. Moreover a QD, differently form a QW, can be excited by means of radiation polarized
orthogonally to the growth direction. These two important features could be exploited to enhance
the responsivity of the QDIP by means of an array of nanoantennae fabricated by patterning the
top Ti/Au contact of the device. The antenna design is based on the well known complementary
split ring resonator (c-SRR) metamaterials [2] which are very flexible for spectral tunablity. In
particular we extended the design already exploited in the spectral region from 0.5THz−1THz [3]
to the mid-infrared (mid-IR) region within which our QDIP is working. We re-scaled the existing
designs resonating in the Terahertz region. The effective capacitance (C) and inductance (L), when
changing the size of the resonators, were rescaled such that the frequency associated with the LC



mode ωLC ∝ 1/
√

(LC) was matching the peak of the photoresponse of our QDIP. The resonance of
the LC mode is shown in fig.3(a) and it is peaked at νLC ' 44THz (corresponding to λ = 6.8µm);
the Q factor of the LC resonator is Q = 5.4. An example of c-SRR fabricated on the top contact
of our device is shown in 2(b). For the c-SRR the LC mode is polarized orthogonally to the

capacitive gap. In fig.2(a) the distribution of the in−plane electric field Etang =
√
|Ex|2 + |Ey|2 is

shown. The photocurrent (PC) spectra of two QDIPs with (red curve) and without (black curve)
the resonators, excited at normal incidence (incidence direction ‖ to the growth direction) and
measured with 0V olt applied bias, at a temperature T = 10K, are shown in fig.3(b). The results
are avery promising: the c-SRR nanoantennae yielded an enhancement of the responsivity of a
factor of ∼ 8.2.

(a) (b)

Figure 2: In (a) the c-SRR design is shown, together with the corresponding in− plane field Etang. In (b)
a SEM picture of a c-SRR obtained by patterning the top Ti/Au contact of the QDIP is shown.
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Figure 3: In (a) the PC spectum (black) is compared with the spectrum of the transmission of the c-SRRs
(green). In (b) a comparison between the PC spectra of a QDIP with (red) and a QDIP w/o (black) c-SRRs
is shown. The spectra were measured at temperature T = 10K, at 0V applied bias and for unpolarized
incident light.
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Abstract- This paper proposes a voltage control oscillator (VCO) at high frequency consists of 

nonlinear composite right/left-handed transmission line (CRLH-TL) loaded with Resonant 

Tunneling Diode (RTD). The system has equals input and output resistance. In this work, we used 

OrCAD and ADS software to analyze the proposed circuit. The VCO capable of generating 

oscillation at frequency equals 14.4 GHz. 

 

Voltage controlled oscillator (VCO) has several applications in communications and sensing network. It 

plays an important role in converting DC values that detected from thermometer, pH sensor, or pressure sensor 

into frequencies. In this work, we proposed a compact voltage controlled oscillator (VCO) based on hybrid 

composite right/ left metamaterials transmission lines (CRLMTL) loaded with resonant tunneling diode (RTD). 

RTD has interesting applications referring to its high switching speed where it can reach up to 2.2 THz and to its 

I-V characteristic that often exhibits negative differential resistance regions [1]. The RTD is placed parallel with 

shunt inductor of CRLH-TL hybrid approach as shown in Fig. 1. The hybrid resonant unit cell consists of a 

microstrip line with a series gap and two shunt stubs etched in the strip and a complementary split-rings 

resonators (CSRR) printed in the ground plane[2]. The desired system has been achieved by loading the unit by 

input and output impedances that have equal value. In this work, we take it equals 50 Ω. We used OrCAD and 

ADS softwares to analyze the proposed circuit. The output of the oscillator is measured at different values of the 

biasing voltage of the RTD. The biasing is used to ensure that RTD operates in the negative differential region. 

Fig.2 displays the lumped circuit equivalent to the proposed VCO. The DC biasing is tuned until the desired 

design is achieved. Fig. 3 exhibits the output voltage of the proposed structure in both time and frequency 

domain. We do the calculations at two different biasing voltages. In both cases, we found that the oscillator 

works at 14.4GHz. Our results show that our proposed model operates as VCO. Where, the VCO operates at 

14.4 GHz that achieved at different biasing voltages mainly 0.9V and 1.1 V. 
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Fig. 1: RTD at shunt with grounded 

stubs of the hybrid CRLMTL cell.  

 

Fig. 2: VCO Equivalent circuit consists of the 

CLRTL unit cell loaded with RTD (Fig. 1) 

surrounded by two 50 Ω load resistances at the 

beginning and the end of the cell. 

Fig. 3: The output voltage of our simulation measured in time domain and in frequency domain at 

two different values of Vbias. (a, b) Vbias equals 0.9V (c, d) Vbias equals 1.1V. 

f two is recommended. 
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Abstract-The development of flat, low profile, and light weight metamaterial lens for microwave  

allows for small phase error, a wide frequency band of operation, wide angle scanning, and 

true-time delay beam forming.  This lens design is promising for applications in remote sensing, 

THz imaging, and adaptive antennas in microwave regime. In this work, the comparison between 

the beam shaping of metamaterial lenses and the diffraction limited optical systems in extended 

bandwidth is provided both analytically and numerically. 

 

Recent accomplishments in the field of metamaterials research, have developed novel metallic featured 

structures that allow for local control of the phase of an optical beam while it is transmitted through metasurfaces 

and metamaterials. These manmade subwavelength-sized materials, with their intricately designed structures, 

bend electromagnetic waves in ways that are impossible for naturally-occurring materials. The unusual features 

of metamaterial lenses can be described by using the concept of generalized Snell’s law [5]. 

  

The basic geometry of the proposed lens consists of two distinctive interfaces: a dielectric substrate and a 

front metalized metasurface. Unlike the bulk dielectric material, the front metasurface is composed of 

sub-wavelength size resonating structures as depicted in figure 1(a), which are capable of introducing specific 

phase shifts at the boundary between the air and bulk materials which can be expressed by the generalized 

Snell’s law [5]. The refraction on the back interface between air and dielectric substrates follows the well-known 

form of Snell’s law. 

  

The focusing property of this lens can be expressed: 

 

 

                         (1) 

where (x) is the phase shift gradient of metasurface , x is the position of the unit cell along the diameter of the 

lens, f is the focal length, and  is the wavelength of incident radiation. This expression has the same functional 

form as a concave graded refracted index (GRIN) lens. 

 

Thus by introducing a series of phase shifts in the metasurface of this form, lens focusing can be achieved. 

To account for diffractive effects from this structure, a series of numerical simulations were performed using 

HFSS to determine the expected performance properties of the metamaterial lens in microwave spectral region. 

To achieve the locally controlled phase shift, a 2D lattice consisting of 5 layers of coaxial rings were used. 



The inner radius of the ring was adjusted to tune the phase shift at a particular unit cell. Figure 1(a) shows the 

geometry of the unit cell that provides the local phase shift at the interface between the air and bulk materials. 

Because one unit cell does not have the necessary dynamic range to span across a 2 phase shift, five layers are 

cascaded to form a unit column that achieves an overall 2 range of phase shift. After each unit column were 

designed, they were assembled into a 2D array as depicted in figure 1(b) to establish the required phase profile 

governed by equation (1) and shown in figure 1(c). Figure 1(c) also represented the intensity profile of light after 

transmitted through the metamaterials lens. 

 

(a) 

 

          (b)          (c) 
 

Figure 1: Unit cell with 5 layers of coaxial rings unit cells stacked together (a); 5 layer structure of metamaterial 

lens for microwave (b); Phase and intensity profiles of the transmitted light through the metamaterilas lens (c). 

 

In the further study, we have compared the beam-shaping performance of metamaterial lens under extended 

bandwidth and off-axis deployment operations to the near-diffraction limited optics, and these results show 

excellent agreement between analytical and numerical approaches. 
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Abstract— The concept of a universe-wide gravity crystal that combines Heisenbergś Lattice
World and Wheelerś Quantum Foam is described. It is assumed that space is a crystal with a
lattice constant equal to the Planck length and a basis of a Planck mass. Inertial anomalies are
calculated that include a parameter that connects the external gravitational field and gravita-
tional flux. Similar to the electric permittivity and magnetic permeability of metamaterials, this
parameter can take on positive, zero and negative values.

In order to provide a solution to the self-energy of the electron, Werner Heisenberg in 1930
introduced the concept of space being discretized in cells of volume r3o , with ro = ~/cMproton [1].
In correspondence with Niels Bohr, Heisenberg also states that he believes that the discreteness
of space underlies the quantum mechanical uncertainty relations [2]. However, he rather quickly
sets aside this concept because of its obvious and inherent problems - one being the breaking of
continuous rotational and translational symmetries of space. Another problem pointed out by Bohr
was that an absolute “minimum” possible length in one frame of reference is length-contracted to
a smaller value in a different frame of reference, leading to a contradiction. However the concept
did not disappear - being further discussed by Hiesenberg, Wolfgang Pauli, Gleb Wataghin, and
recently by a whole host of physicist in the field of quantum gravity [3].

From Heisenberg in the 1930’s, one jumps ahead in time to 1957, when John Wheeler introduced
the concept of quantum foam as part of a theory emerging at this time called quantum geometro-
dynamics (QG), or quantum gravity as it is more widely known by today [4]. His objective for the
paper was to introduce the theory of QG and show that all of classical physics is purely geometrical
and based throughout on the most firmly established principles of electromagnetism and general
relativity [4]. Using concepts within the field of quantum electrodynamics, Wheeler argued that
for a possible history to contribute to the transition probability, the phase of the exponent, which
is dependent on the metric g, should be small (∼ 1 rad) to avoid destructive interference [4]. This
limits fluctuations in g (i.e., ∆g) that can occur over a volume of space L3 to be on the order of
∆g ∼ Lp/L, where Lp is the Planck length (Lp = 1.61x10−35 m). The fluctuations in the metric
∆g remains small relative to g until L approaches Lp, at which point, ∆g ∼ g and “the character
of the space undergoes an essential change... and multiple connectedness develops” [4] that re-
sults in an array of “wormholes” in the topology of space with a lattice constant of approximately
Lp; he calls this wormhole array a ”quantum foam”. These wormholes have an electric charge of
qfluct = 12e that produces an intense electromagnetic field energy E that has associated with it a

mass of mp = c−2E =
√

hc
G = 2.17 × 10−5g.

In this paper, the spatial order of Heisenberg’s lattice world is imposed upon the quantum foam
such that it forms a gravity crystal (GC) throughout all of space. It is assumed that the “local
compensation” of electromagnetic energy and gravitational energy discussed by Wheeler either does
not occur or is incomplete. It is also assumed that the particles either are stable, and do not come
into and out of existence as Wheeler describes, or that they are present over most of a time period
given by the Planck time tp = 5.39x10−44 s and only fleeting into and out of existence every tp step
in time so as to satisfy Heisenberg’s Uncertainty Principle. With these assumptions, the emperical
pseudopotential method (EPM) [5] and tight binding method (TBM)[6] are used to calculate the
dispersion curves of non-relativistic and relativistic particles within the GC, as well as the particles’
effective mass as a function of momentum and gravitational mass. It is shown that particles in this
crystal can appear to violate Einstein’s Equivalence Principle equating inertial and gravitational
masses, but only because the the system includes not only the particle, but the crystal as well.
The inertial mass (mi) can diverge from the gravitational mass (mg) as the particle’s momentum
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Figure 1: Left : The gravity crystal as the fine structure of space. The basis is assumed to be particle of mass
mp that produces the spherically symmetric periodic Coulombic potential. The crystal is cubic with a lattice
constant of Lp. The dispersion curve (Top Right) and effective mass (Bottom Right) of a non-relativistic
point particle of mass mp within the crystal calculated using EPM. The TBM yields similar results but is
most accurate for heavier particles. It is seen that the effective inertial mass is not constant and is dependent
on the crystal momentum of the particle. At low velocities, it is equal to the gravitational mass (blue dashed
line), but at high velocities it can be large and positive, near zero or negative.

increases and can assume effective values either much larger or smaller than the gravitational mass,
be near zero, or even be negative. Inertial anomalies of black holes and galaxies are then discussed.

Once the effective inertial mass is calculated, the concept of the GC is connected to the field
of metamaterials. This is done by introducing a constitutive relation between the gravitational
field and gravitational flux (similar to electric and magnetic fluxes in materials) with a constant of
proportionality (a gravitational permeability µg) that can unexpectedly take on values other than
those normally encountered (unity in the case of gravity and for optical metamaterials anything
other than double negative materials (i.e., ε < 0 and µ < 0)). Thus, the inclusion of the crystaĺs
effects is done via µg while keeping the inertial mass and gravitational masses equal to each other.
Values for µg can vary from large and positive, to near-zero, to negative values. However if this
concept proves to be true, then this new metamaterial is not meta at all - it is not beyond nature,
but the fabric of nature itself.

In conclusion, this paper revisits two historical concepts introduced by Werner Heisenberg and
John Wheeler concerning the discretization of space in the form of a universe-wide gravity crystal.
The calculation of the dispersion curves is performed, as well as the effective masses of particles
within this crystal. The inertial anomalies that the crystal produces and its connection to the field
of metamaterials are discussed.
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Abstract: We design a dual-band absorber formed by combining two cross-shaped metallic resonators 

of different sizes in a unit cell. Simulations indicate that absorption efficiencies greater than 98% can 

be achieved for both resonant frequencies with near perfect polarization-independence at normal 

incidence. We employ a design scheme that allows independent tuning of individual resonance by 

electrostatically changing the Fermi energy of graphene layer. The absorption remains >90% for a wide 

angle of incident up to 50 degrees for both resonances. 

 

Recently, there have been some efforts investigating tunable metamaterial absorber based on 

graphene
 [1-3]

. Graphene, consisting of one monolayer of carbon atoms arranged in a honeycomb lattice, 

offers unique properties, such as high optical transparency, flexibility, high electron mobility
[4,5]

, and 

tunable conductivity 
[6,7]

. In particular, the ability of controlling conductivity via gate voltage makes 

graphene a promising candidate for designing tunable metamaterial at the far-infrared and near-infrared 

frequencies
 [8,9]

. Most of these works have demonstrated single or multiband absorbers where all 

absorption bands are tuned simultaneously in the same manner. However, some particular application 

such as frequency selective sensing may require the tuning of a specific resonance while keeping the 

other resonances fixed. However, there is still no investigation reported on dual-band absorbers based 

on graphene that can independently tune absorption bands. 

Here, we design a novel dual-band absorber containing a supercell of two cross-shaped metallic 

resonators. Our simulated results indicate that such simple and easy to fabricate design offers 

polarization independent high absorption for wide angle of incidence. More importantly, our structure 

exhibits tunable dual-band property and the two bands can be tuned independently by electrically 

tuning the conductivity of the graphene layer. Nearly 90% absorption peaks are obtained at the 

resonance frequencies with the device demonstrating nearly perfect polarization-independence at 

mailto:hyzhang1974@gmail.com
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normal incidence, and high absorptivity is still obtained at large incident angle up to 55 degrees for 

both of the two resonance peaks. With its excellent performance, our design can be applicable in many 

fields such as tunable sensors and selective thermal emitters. 
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Fig.1. Dual-band absorption spectrum tuned by Fermi level of graphene under the larger cross-shape 
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Abstract 

A graphene based ultrasensitive terahertz sensing with dynamically tunable high-Q 

double Fano resonances is proposed and demonstrated numerically. Numerical 

calculation results show that a high sensitivity of 933GHz/refractive index unit (RIU) 

and figure of merit (FOM) of 2.48 can be reached. The introduction of graphene in 

this sensor can make the sensing range actively tunable. These findings can be 

conveniently used for the design of ultrasensitive real time chemical and biomolecular 

sensors in the fingerprint region of the terahertz regime.  

 

  Fano resonance which shows an asymmetric line shape originates from the 

coherent coupling and interference between discrete state and continuous state, 

produces large electromagnetic field congregation[1,2]. Since Fedotov et al. first 

observed FRs in MMs composed of asymmetrically split ring arrays[3], the Fano 

resonance characteristics in metallic plasmonic nanostructures has attracted great 

attention of many researchers in recent years[4-5].  

     In this paper, we have performed a highly tunable sensor with double Fano 

resonances which utilizes a periodic array of unit cell constructed using a circular 

graphene patch located at the center of a circular gold frame. High-Q double Fano 

resonances are excited by the destructive interference between the dipolar SPPs 

generated on the graphene patch and the gold frame. Compared with previous works 

as mentioned, the double Fano resonances we proposed are possible to be actively 

manipulated by adjusting the gate voltage to the graphene. What’s more, under some 

particular conditions the Q-factor can reach a high value of 60.5. In addition, the 
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double Fano resonances in our designed resonator exhibit high sensing sensitivity of 

frequency (650GHz/RIU for mode A and 933GHz/RIU for mode B) and figure of 

merit (FOM) (2.48 for mode A and 0.85 for mode B) when the analyte thickness is set 

to 0.06μm, which can be used to fabricate double-wavelength high-sensitive sensors 

in the terahertz region.  

 

Fig. 1 Transmission spectra of  both the gold frameand the graphene patch with the Fermi level is fixed to 1.5eV. 
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Abstract-The concept of electromagnetic energy harvesting and wireless power transfer had been 

proposed more than half a century ago. In all published works related to electromagnetic energy 

collection, classical antennas have been used while the focus shifted to the rectification circuitry. 

Recent works showed that the weakest link in the traditional energy harvesting chain is the antenna 

itself. Here, we show that metasurfaces provide a viable alternative to classical antennas yielding 

efficiencies approaching unity. This presentation will be confined to the microwaves frequency 

regime. 

 

Far-field wireless power transfer (WPT) is a relatively old concept where antennas are used to transfer 

power between two distant points. WPT perhaps dates back to Tesla but it was Brown in the 1950s that 

demonstrated its viability [1].  In recent years, WPT has been reconsidered as practical means to transfer power 

from outer space where satellites collect solar power with high efficiency using photovoltaic technology and 

then convert the power to microwaves for beaming to antenna farms at specific locations on earth. This would 

facilitate availability of plenty of power everyday throughout the year. 

 

Conventional antennas have been the traditional microwaves transducers used for WPT applications. 

Conventional antenna types include log-periodic, patch, dipole or any of the varieties of antennas that were 

conceived in the past 100 years.  Almost all antennas that were considered for WPT applications were designed 

in the first place for communication applications where traditional parameters such as gain, directivity and 

efficiency were considered the most critical.  For WPT applications, at the transmission stage, the gain, 

directivity and efficiency play an important role in the design. At the receiving stage, however, the primary 

concern is to collect as much power as possible per footprint and based on specific polarization and incident 

angle. In applications of classical communication antennas, the real estate or footprint of the antenna has partial 

relevance. For instance, a patch printed antenna occupies some space on copper but its antenna parameters 

assume the antenna is present in a larger empty sphere.  In other words, its functional space extends beyond its 

size.   

 

Metamaterials are made of a three-dimensional ensemble of electrically-small resonators. Metasurfaces 

are considered as a two-dimensional version of metamaterials. The interesting and desired properties of 

metamaterials or metasurfaces are achieved when all elements of the ensemble operate at their resonance 

frequency (for simplicity, we assume all elements are identical).  The resonance of each particle of a 

metamaterial or metasurface is fundamentally indicative of its ability to store energy.  Metamaterials, therefore, 

can be effective energy collectors. This does not come as a surprise since metamaterials have been shown to be 

highly effective absorbers. However, in the case of absorption, the absorbed energy is mostly dissipated in the 

dielectric host. For the effective use of metamaterial as energy harvesters or collectors, not only the energy 



absorption is of high importance but also channeling the absorbed energy into energy collection channels is 

critical.  

 

In this paper we demonstrate that metasurfaces can indeed be effective electromagnetic energy 

harvesters and can provide energy harvesting efficiency appreciably higher than what classical antennas can 

achieve.  The effectiveness of the metasurface for energy harvesting arises from the close proximity between 

the electrically-small resonators that constitute the metasurface. While the spacing between electrically-small 

resonators is critical to achieve homogenization for classical metamaterial applications, in energy harvesting as 

the case in our work, the spacing between elements allow for careful input impedance tuning of all elements, 

thus enabling highly efficient energy transduction [2].  

 

In this talk, we present metasurfaces composed of different types of resonators including split-ring 

resonators, electric-inductive-capacitive resonators, complementary split-ring resonators and dielectric 

resonators. We show that it is possible to achieve energy absorption with approximately 100% efficiency. In fact, 

using the concept of stacking of metasurfaces (which does not necessarily lead to metamaterials), it is possible to 

achieve efficiencies significantly higher than 100% as based on the efficiency definition provided in [3-4].  

Simulation and experimental results will be provided to fully validate the feasibility and practicality of 

electromagnetic energy harvesting using metasurfaces. 
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Abstract  Along with other frequency selective structures (circles and squares), triangular splitring 
resonators (TSRRs) only allow frequencies near the center resonant frequency to propagate. Further, 
TSRRs are attractive due to their small surface area, comparatively, and large quality (Q) factors. 
Beyond frequency selection, TSRRs are capable of lefthandedness and negative permittivities. Here 
we examine the effects of varying the apex angle on the resonant frequency and the Q factor within the 
GHz frequency regime. 
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Abstract: We have designed a polarization-independent left-handed metamaterial, and describe its 
electromagnetic properties. A 3D crossed design based on a meandering wire structure is 
demonstrated as a polarization insensitive metamaterial with negative effective index. 
OCIS codes: (160.3918) Metamaterials; (350.3618) Left-handed materials; (260.2065) Effective medium theory; 
(260.5430) Polarization; (260.5740) Resonance; (230.4110) Modulators 

 

 
1. Introduction 

We have designed and tested a 3D metamaterial which has a polarization-independent transmission spectra. 

 

 
Figure 1. (a) Unit cell design of mirrored S-resonator metamaterials. (b) Transmission spectrum for different angles of linearly polarized normal 

incident wave (propagation in z) for the case where g=1.5mm. (c) Extracted refractive index of normal incident for polarization along y. 

 

The design is based on S-shaped resonator whose properties have been studied before [1–3].  The starting point is 
achieving negative effective parameters using a S-shaped resonators as shown in Figure 1(a). The S-features are 
embedded in a dielectric, for example with ɛ=2.25. We use S-shaped resonators with dimensions of dz=4.48 mm, 
dy=4.18 mm, and g=1.5 mm; its trace width is 0.34 mm for side arms and 0.64mm for elsewhere, and it has 
thickness of 0.04mm. The transmission spectrum of metamaterial constructed with this unit-cell meta-atom is shown 
in Figure 1(b); a strong magnetic resonance is observed at frequency 5.7 GHz for p-polarization of normal incident 
excitation propagating along z direction, and it vanishes gradually by tilting the polarization from y to x direction. 
This metamaterial is strongly birefringent and only has left-handed properties for a TM wave.  

 

2. Polarization Independence 
 

A crossed pair of mirrored S-resonators will couple into orthogonal polarizations and hence all of their 
superpositions. We simulated a series numerical experiments using this element with different lateral periodicity, Ʌx. 
and retrieved effective parameters [4]. The optimum lateral periodicity was found that gave a negative index over 
7.3-8 GHz. Figure 2 shows the design and as can be seen in in figure 2(b), by increasing lateral periodicity of the 
structure, a blueshift occurs in its strong magnetic resonance which is seen  at 7.3 GHz. 

 



 
Figure 2. (a) Optimum design with lateral periodicity of Ʌx=8.3 mm. (b) Transmission spectrum for different angle of linearly polarized normal 

incident wave. (c) Extracted refractive index of normal incident for polarization along y. 

 

Figure 3(a) shows the cubic unit cell embedded in a dielectric host.  Its, transmission spectrum is unchanged for any 
linearly polarized normal incident wave, Figure 3(b) and its index is shown in Figure 3(c). 

 
 

   
Figure 3. (a) Unit cell design of polarization insensitive metamaterial. (b) Transmission spectrum for any angle of linearly polarized normal 

incident wave. (c) Extracted refractive index of normal incident for any linear polarization. 

 

3.  Conclusion 

 

A new polarization-insensitive left-handed metamaterial is presented based on S-shaped resonators. Numerical 
results demonstrate polarization properties and effective refractive indices. These structures can be fabricated for 
microwave use using 3D printing techniques and experimental results will be presented.  
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Abstract— Metamaterials have been found experimentally and theoretically to yield negative
imaginary permittivity or permeability. This conclusion was deemed impossible or non-physical
by many researchers based on fundamental entropy concepts. In this work, we show that basic
”intuitive” assumptions about the positiveness of the imaginary part of passive metamaterial can-
not be guaranteed by the Poynting Theorem. In fact, we show that passivity does not necessarily
imply negative imaginary parts while maintain consistency with entropy principles.

Through explicit mathematical analysis, it is possible to develop a set of constraints on the
imaginary parts of the constitutive parameters of linear homogeneous media. As an outcome, we
show that for a lossy dissipative media, ε′′ or µ′′ can indeed be negative over a specific frequency
range. However, our analysis revealed that both ε′′ and µ′′ cannot be negative simultaneously.
The analysis is based on the power dissipation term in the Poynting theorem expression which is
reproduced here

Pd =
1

2
ω

∫
v

(
ε′′|E|2 + µ′′|H|2

)
d3x. (1)

For a passive medium, this term needs to be positive in order to have consistency with the entire
theory of electromagnetics as constructed based on Maxwell equations. For a medium that admits
a one-way wave function, having a negative imaginary part of either ε or µ does not violate the
Poynting theorem which is commonly understood to reflect the principle of conservation of energy
in an electromagnetic system. We stress here the admissibility of the one-way plane wave solution
is different from having a specific solution that would depend on sources and boundary conditions.
If the medium is passive and multiple waves exist, the integrand function, ε′′|E|2+µ′′|H|2 in Eq. (1)
can be zero or even negative at a numerable number of points, lines or surfaces (as long at these
singularities are integrable), yet the integral of this function remains positive over a finite volume.

While the possibility of having negative imaginary parts for ε or µ was suggested in earlier
works such as [1, 2, 3, 5, 6, 7, 4, 8] (however, without mathematical analysis,) it was vigorously
contested by others including [9], and [10]. The arguments against the possibility of having ε′′ or
µ′′ negative were based on conjectures at best. In fact, in [9, 10, 11, 12], the basic guiding premise
is the assumption that ε′′ and µ′′ have to be both positive over the entire frequency spectrum.
For instance, in [10], a counter argument was presented to the earlier suggestion by Koschny et al.
in [5] that it is possible for ε′′ or µ′′ to be negative. The problem with the analysis in [10] is failure
to realize that for a capacitor, passivity can still hold since for time-harmonic driving force, the
magnetic field can be made small inside the capacitor but never zero; nevertheless, a high electric
field to magnetic field ratio exists in the quasi-static regime over a particular range of the frequency
spectrum that cannot be foreseen to include the resonance of the material where the alleged ε′′ and
µ′′ anomalies take place. Of course, the argument in [9] failed to realize that having multiple waves
(as in the case of waveguiding structures) cannot be used to provide any meaningful conclusion
due to the dependence of the total fields ratio |E|/|H| on spatial variables. Additionally, the local
negativity of the loss density at some nodal points of the field pattern (i.e., |E| = 0 or |H| = 0)
does not violate the second law of thermodynamics and the law of increase of entropy of the whole
system as discussed earlier.

Nevertheless, the fundamental premise used in [9, 10, 12] and most likely many other works is
that the passivity condition is satisfied only if both ε′′ and µ′′ are positive due to the second law of
thermodynamics as discussed in [13]. The problem here is that the discussion in [13] provides the



meaningful and correct conclusion that to satisfy the passivity (dissipation) condition, the integral

U =
1

8π

∫ +∞

ω=−∞
ω
(
ε′′|E|2 + µ′′|H|2

)
dω, (2)

must be positive. While we certainly agree with this conclusion based on the fundamental axiom
of passivity (i.e., dissipation has to occur as heat), the subsequent conclusion reached in Eq. (80.7)
of [13], that both ε′′ and µ′′ have to be positive to satisfy passivity, is incorrect. Notice that the
integration in Eq. (2) is over the entire range of frequency. Certainly, the possibility of having
negative ε′′ or µ′′ over finite frequency ranges does not exclude a positive integral. Interestingly,
for U to be positive in Eq. (2) does not even exclude the possibility of having both ε′′ and µ′′

negative over part of the spectrum. This possibility, however, is excluded based on the analysis we
presented in this work. A similar argument applies to the sign of the slope of the real part of the
constitutive parameters (i.e., d(ωε′)/dω and d(ωµ′)/dω). The mean value of the electromagnetic
internal energy density U is defined (see Eq. (80.12) of [13]) as

U =
1

8π

(
d(ωε′)

dω
|E|2 +

d(ωµ′)

dω
|H|2

)
. (3)

According to the law of increase of entropy, the mean value of the electromagnetic part of the
internal energy density for a passive medium must be positive (U > 0). The positiveness of U ,
however, does not exclude the possibility of either of d(ωε′)/dω or d(ωµ′)/dω being negative, but
not both, over all or part of the frequency spectrum. This is contrary to the conclusions reached
in [13].
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12. A. Alù,“Restoring the physical meaning of metamaterial constitutive parameters,” Phys. Rev.
B 83, 081102(R) (2011).

13. L. D. Landau, E. M. Lifshitz, and L. P. Pitaevskii, Electrodynamics of continuous media, 2nd
ed. (Butterworth Heinemann, 1984).

14. V.A. Markel,“Can the imaginary part of permeability be negative?,” Phys. Rev. E 78, 026608-
1-5 (2008).



            

Low-profile metamaterial-based L-band antennas 

 

S. N. Burokur1,2*, A.-C. Lepage3, S. Varault3, X. Begaud3, G.-P. Piau4, and A. de Lustrac1,2 
1IEF, Univ. Paris-Sud, CNRS, UMR 8622, 91405 Orsay cedex, France 

2Univ. Paris-Ouest, 92410 Ville d’Avray, France 
3Institut Mines Telecom, Telecom ParisTech-LTCI CNRS UMR 5141, Paris, France 

4Airbus Group Innovations, 92150 Suresnes, France 
*corresponding author: shah-nawaz.burokur@u-psud.fr 

 

Abstract-The aim of the present contribution is to show that metasurfaces like Reactive Impedance 

Surfaces (RIS) and Artificial Magnetic Conductors (AMC) can be efficiently used in the design of 

low-profile circularly-polarized L-band antennas. We present the design, simulation and 

characterization of the compact and low-profile antennas. In order to prove the benefit of these two 

solutions, they will be compared to a circularly-polarized microstrip patch antenna using the same 

materials. The engineered metasurfaces allow reducing the separation between the radiating 

element and the ground plane and the overall antenna size. 

 

Periodically arranged metal-dielectric structures have extensively been investigated in antenna applications 

for surface wave suppression, thickness reduction, high directivity and beam steering [1-3]. More recently, the 

concept of Reactive Impedance Surface (RIS) has also been proposed for antenna miniaturization and bandwidth 

enlargement [4]. In this study, we propose to design circularly polarized antennas operating in the [1.164 GHz – 

1.365 GHz] and the [1.545 GHz – 1.591 GHz] frequency bands using two design approaches: a substrate 

incorporating either RIS or an AMC. These LC resonant composite metasurfaces are inductive at frequencies 

below resonance, open circuit at resonance, thus behaving as a perfect magnetic conductor surface and 

capacitive above the resonant frequency. At frequencies much lower than the resonant frequency, the surface 

impedance approaches zero and the structure behaves as a PEC surface. The proposed antenna offers advantages 

of being compact and low profile.  

Two dual-fed dual-band CP antennas are designed; the first one utilizes a single metasurface and the second 

one incorporates two metasurfaces.  

A. Dual-fed CP antenna based on the use of a single-layer metasurface 

The antenna consists of a dual-fed microstrip patch antenna comprising two short-circuit vias printed on a 

0.508 mm thick RT/duroid® 6002 substrate (r = 2.94) associated with a single metasurface, as illustrated in Fig. 

1a. The metasurface is composed of square patches printed on a 6.4 mm thick RT/duroid® 6010 substrate (r = 

10.2). The AMC is composed of two different arrays (Fig. 1a): a peripheral AMC without resistors and a central 

wideband AMC with resistors (175 Ω). A perspex spacer (r = 2.67) of thickness 6.4 mm is placed between the 

metasurface and the radiating source.  The final design is matched (better than -10dB) in the [1.153 GHz – 1.36 

GHz] GHz and [1.48 GHz – 1.63 GHz] frequency bands. Realized gain varies from 3.4 dB to 4.3 dB between 

1.164 GHz and 1.364 GHz and from 2.4 dB to 3.1 dB between 1.545 GHz and 1.591 GHz.   

 

B. Dual-fed CP antenna based on the use of a double-layer metasurface 

The structure of the antenna consists of two microstrip patches, each printed on a 3.048 mm thick 



RT/duroid® 6002 substrate (r = 2.94) associated with 2 metasurfaces (Fig. 1b). Regarding the radiating element, 

only one patch is excited by two orthogonal linear polarizations with a 90° phase shift so as to produce the 

circular polarization. Each metasurface operates within one of the frequency bands defined in the requirements. 

The reactive impedance metasurface consists of a double layer of periodic array of resonant cells. Each layer is 

printed on the face of a 3.18 mm thick Arlon AD1000 dielectric substrate (r = 10.2). The low frequency band 

metasurface is composed of an array of 8 x 8 cells with lattice period pLF = 12 mm and length lLF = 11.1 mm. The 

high frequency band metasurface consists of 10 x10 cells with lattice period pHF = 10 mm and length lHF = 9.6 

mm. The final design is matched (better than -10dB) in the 1.18 GHz - 1.354 GHz and the 1.548 GHz - 1.6 GHz 

frequency bands, with a realized gain of 5.6 dB and 2.9 dB at respectively 1.265 GHz and 1.568 GHz. 

In the final paper, these two solutions will be detailed and compared to a circularly-polarized microstrip 

patch antenna using the same materials. 

 

(a) 

 

(b) 

Figure 1: Schematics of the dual-fed CP antennas based on the use of: (a) a single-layer metasurface, (b) a 

double-layer metasurface.  
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Abstract- Emitters embedded inside HMM have been shown to experience enhanced radiative 

decay rate. In this work a patterned hyperbolic metamaterial embedded with an active layer of 

quantum dots forms an array of nano-resonators which exhibit enhanced radiative decay rate and 

out-coupling.   

 

Hyperbolic metamaterials (HMMs) so known for possessing a hyperboloid shaped iso-frequency contour 

(IFC) have been extensively investigated in the last ten years [refs]. The unique shape of the IFC supports high 

momentum states which are responsible which are responsible for a large Purcell enhancement experienced by 

dipoles in the vicinity of hyperbolic media.  

Broadband Purcell enhancement of dipole emitters such as dyes, quantum dots (QDs) and NV centers has 

been achieved with HMMs composed of metal-dielectric superstrates such as the one shown in the inset of Fig. 

1 [1–3]. Most work on the subject was executed with an active dipoles layer or a single emitter placed on top a 

HMM however by embedding the active layer inside the HMM a broadband enhancement by more than an order 

of magnitude can be achieved [4,5]. The strong local excitation of high-momentum states (also known as high-k 

modes) can be out-coupled to free space by nano-patterning as shown by our previous work [5] and others  [1,6]. 

The ability to massively enhance and control light in subwavelength confinement is a step towards photonic 

applications including efficient second harmonic generation, low-threshold subwavelength lasers and photonic 

nanoscale circuits.  

Our HMM is composed of seven alternating periods of aluminum-oxide (Al2O3 ~ 16nm) and silver (Ag 

~9nm). Fig. 1a shows the effective permittivity components parallel (εpar) and perpendicular to the layers (εper). 

The hyperbolic region extends from λ=440nm where εpar crosses zero and the components have opposite signs. 

Fig. 1b graphs the Purcell factor as a function of wavelength.  

The issue of light out-coupling for embedded dipoles or top placed dipole must still be addressed since the 

effective indices of type II HMMs dictate that light is very strongly confined in the vertical plane and only 

minute amount can be scattered into the far-field [5,7]. However High-k modes in the type II hyperbolic medium 

are plasmonic in nature and propagate parallel to the layer structure therefore side-coupling is relatively simple 

to achieve by cleaving the structure. Nano-patterning can be better applied to assist scattering the modes in the 

upwards direction.  

We have fabricated the active HMM described above using electron beam evaporation and embedded 

CdSe/ZnS QDs with a center wavelength of 635nm as the active layer inside the 5th dielectric layer. The HMM 



was patterned with focused ion beam (See Fig. 1b). The radius of the nano-pillars is ~350nm on the top and the 

hexagonal lattice constant is ~500nm. Investigating the effect of patterning on the active HMM we find that the 

nano-patterned HMM provided a 10 fold increase in radiation scattered into the far-field compared to 

un-patterned HMM. Furthermore the decay rate was found to increase in the nano-patterned HMM by a factor of 

2 in comparison to un-patterned regions. The lifetime in a reference sample of QDs in homogenous Al2O3 layer 

was 25ns versus 1.9ns in un-patterned HMM, and ~1ns in the nano-patterned region. 

 

Figure 1. (a) Effective permittivity components of the HMM. Inset: schematic of active HMM. (b) Scanning Electron 

Microscope image of the nano-pillars in the HMM. The layers inside each pillar are visible. (c) Fluorescence-lifetime image 

of the nano-pillars array taken with a scanning confocal microscope. The hexagon in the center is the patterned region, the 

dark surrounding ring is etched all the way to the glass substrate, the region around the dark ring is un-patterned HMM. 

In conclusion, enhancement in light extraction and radiative decay rate has been demonstrated in a patterned 

active HMM. The effect of the nano-pillars dimension and periodicity on the properties of the HMM is currently 

under investigation.  
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Abstract- On the basis of the spherical vector wave functions in source-free uniaxial anisotropic 

medium, the electromagnetic fields in a uniaxial sphere with single-negative can be obtained. And 
incident wave and scattering wave in isotropic medium(free space) can be expression in terms of 
spherical vector wave functions in isotropic medium. Applying the continuity in boundary conditions 
on the surface of uniaxial anisotropic sphere with single-negative and the orthogonality of spherical 
vector wave function in the surface of the uniaxial sphere with single-negative, the equations of the 
expansion coefficients of electromagnetic fields in the uniaxial medium with single-negative and 
scattering fields in free space can obtained and calculated. The EM scattering by a uniaxial sphere 
with single-negative can be characterized. Numerical results between this paper and Mie theory are 
obtained, it is a good agreement as we expected, some new numerical results of scattering by a 
uniaxial sphere with single-negative are illustrated. 
Key Words—Uniaxial sphere with single-negative, Mie scattering, Spherical vector wave functions 
. 
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Compact and tunable MNM by figure of eight resonator
and its application to microwave isolator
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Abstract— Magnet-less non-reciprocal metamaterial (MNM) provides magnetic material free
magnetic gyrotropy at microwave and higher frequency range, nevertheless its requirement of
active unilateral components in each resonator particle is still a drawback compared to natural
magnetic material. A new MNM structure by a varactor inserted figure of eight resonator is
introduced, which enables reduction of active components by half and even smaller footprint to
the original simple ring resonator structure in addition to frequency tunability keeping better
frequency response to the original.

The proposed structure is shown in Fig. 1(a), consisting of varactor inserted figure of eight
resonator, where two rings are connected with two level crossing and sharing one unilateral com-
ponent. The total electrical length over the resonator is designed to λ/2 considering π-phase shift
at common-source FET circuit. Each of ring area (half of total 8-resonator) corresponds to λ/4
length, leading to half footprint compared to the original MNM [1]. Therefore the size reduction is
realised as well as active component number reduction, providing reduction of consumption power,
fabrication cost, and footprint. FET and varactor diode are biased through meander and RF choke.
Port #1 and #2 are connected by tapered microstrip line over the resonator.

Figure 1(b) shows the measured frequency response of the prototype illustrated in (a). The
tuning range of 200 MHz by 18 V tuning voltage variation is realized with clear non-reciprocity. It
should be noted that, the isolation (14.6 dB) is far better than the two ring original MNM isolator
(5.2 dB [1]), which is due to the fact that half of 8-resonator are out-of-phase for λ/2 resonance. This
phase relation provides more complete closed magnetic field line below main microstrip structure,
those are fundamental requirement to obtain isolator operation[1].
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Figure 1: Tunable microwave isolator using figure of eight resonator. (a) Structure of the prototype isolator,
consisting of varactor inserted figure of eight resonator over two layers. (b) Measured frequency response
exhibiting clear frequency tuning over 200 MHz keeping 14 dB isolation.
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Abstract-Metacomposites have been fabricated by embedding Fe-based and hybrid Fe-based and 

Co-based microwires into aerospace-grade E-glass epoxy prepregs using a conventional lay-up 

technique for engineering composites manufacture. Double negative characteristics have been 

realized owing to the natural ferromagnetic resonance of Fe-based microwire and the plasmonic 

behaviour of the parallel wires. Field-tuneable DNG , dual-band DNG and DNG/band-stop features 

are successfully realized in the metacomposites containing both Co and Fe-based wires. 

 

Metamaterials possess peculiar electromagnetic (EM) properties unavailable in nature. Conventional 

metamaterials, however, are practically ‘meta-structures’ and demand high fabrication costs, which issues hinder 

large scale industrial application. In this study, a new category of metacomposites is proposed and its definition 

lies twofold: a) a metacomposite is a ‘true’ composite material featured by negative indices of dielectric 

permittivity  and/or magnetic permeability ; b) the ultimate EM properties are dependent on properties of 

functional fillers in addition to their constituted mesostructure. We have proved that ferromagnetic microwires 

are feasible to construct metamaterials due to their fine size and high sensitivity to electromagnetic fields.
 
A 

strategy to design such metacomposites is to carefully arrange wire topology and select wires with different 

chemical compositions. Herein we will discuss single or dual band metamaterial features as evidenced by 

transmission windows and the negative  dispersion, which are realized in the composite samples fabricated by 

conventional lay-up technique. 

Experimentally, Fe-based amorphous microwires with nominal composition Fe77Si10B10C3 and 

Fe4Co68.7Ni1B13Si11Mo2.3 were incorporated into aerospace-grade E-glass epoxy pregregs in a parallel and 

orthogonal fashion, followed by a usual curing cycle to yield a wire-composite. The microwave behaviour was 

characterised by a free-space technique in the 0.9-17 GHz frequency band in the presence of magnetic bias from 

zero to 3kOe. The S-parameters were thereby extracted and transformed into frequency dependencies of 

constitutive parameters, i.e., / spectra.  

In the metacomposite containing parallel Fe-based wires, a transmission window has been induced in the 

1-7 GHz with wire spacing decreased to 3 mm, suggesting double negative index (DNG) features.
1
 This is 

attributed to the natural ferromagnetic resonance (NFMR) of the Fe-based at 2.3 GHz, above which negative  is 

obtained, and the plasmonic behaviour of the parallel wires, which gives negative  below plasma frequency of 

16GHz. For the case of Fe-based wires in orthogonal structure, the transmission window is enhanced with less 



wire amount added.
2
 This is due to the dynamic EM interactions between vertical and horizontal wires, thus 

improving the impedance match. Three remarkable features are identified in the composites containing Co and 

Fe-based wires with magnetic bias increased up to 3kOe, namely, field-tuneable DNG (Figure a), dual-band 

DNG and DNG/band-stop features (Figure b). The first two features can be explained by the magnetic exchange 

interaction resonance between Fe-Co wire pairs whereas the band-stop feature can be ascribed to the 

non-plasmonic nature of the used short-cut Co-based wire arrays. The displayed results demonstrated strong 

potential of implementing such metacomposites for microwave cloaking of large-scale components. 

 

Figure: (a) Transmission spectra of metacomposites containing parallelly arranged continuous Fe-based and 

shortcut Co-based microwires; (b) transmission spectra of metacomposites containing orthogonally arranged 

continuous Fe-based and/or shortcut Co-based microwires. 
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Abstract – As the basic object of investigation have been used the glass with 

22,5К2О22,5Al2O355B2O3 structure (mol. %), which contains Fe2O3 in the form of 

additives from 0,1 to 3.0 mass. % over 100 %.  The obtained experimental data are 

explained well enough on the basis of the development of the phenomenological theory 

of the radiative-induced processes at the thermal and thermoradiating treatments. 

 

Potash alumoboron  (PAB) glasses containing (Fe
2+

,
 
Fe

3+
) ions  in the form of the nanostructured 

magnetic inclusions show unusual magnetic properties, for example magnetic phase transition and valent 

transition. Prospects of their application as magnetooptical metamaterial can be opened by 

thermoradiation modification of structure and properties. Under the influence of the ionizing radiation at 

high temperatures in volume and on surface of these glasses containing 1-2-3 valent cations the 

paramagnetic and optical centers are formed the same of cluster-like and radical-like nanoparticles the 

sizes, forms and structure of which can be changed. 

The purpose of this work is investigation of optical transmission and magnetization in the three-

component glass with magnetic nanoinclusions subjected to thermoradiation processing. 

As the basic object of investigation we used the glass with 22,5К2О22,5Al2O355B2O3 structure (mol. 

%), which contains Fe2O3 in the form of additives from 0.1 to 3.0 mass.% over 100 %. Temperature of 

thermal treatment 1603±5 K. Samples of 1 cm
2
 had thickness of 8 mm. Additional heat treatment was 

carried out to source γ- field 
60

Co 26 Gr/c, INP AS RUZ at 673±2 K. Then samples again irradiated, but 

at the smaller power of 3 Gr/c consecutive doses of 10
3
 - 10

6
 Gr, and at once measured optical spectra. 

The spectrums of transmission were removed on the one-beam SF-56 spectrophotometer in area from 190 

to 1100 nm with  margin error by ±3%. 

 In initial samples edge of absorption was at 400 nm for 1% Fe and 575 nm for 2%, and in sample 

with 3% Fe - outside an interval of wave lengths of the device. As the initial matrix of PAB-glass has 

edge of absorption 350 nm, observed red shift of edge is caused by inclusions of oxide of the iron having 

the narrow forbidden zone compare with fused silica. In figures the spectrums of transmission of samples 

removed in 10-20 minutes after gamma irradiation by dose of 10
5
 Gr are shown. The spectrum 2 shows 

considerable red shift of edge of absorption (T=0) in case of  2% of Fe, and also emergence of sites with 

the negative transmission. In the right figure for the sample with 3% Fe it is visible that the negative 

transmission increased and extended on all measured range.This anomaly testifies to strong interaction of 

the magnetic and optical centers in nanodimensional scale. The results of experiences specify that 

apparently the TRO-material having negative coefficient of transmission in wide spectral area from 190 to 

1100 nm. 

The obtained experimental data are explained well enough on the basis of the development of the 

phenomenological theory of the radiative-induced processes at the thermal and thermoradiating 

treatments. 
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Abstract 

In this paper, a new negative refractive index metamaterial 

unit cell is presented that has been designed on FR-4 

substrate material. The finite-difference time-domain 

method was adopted for the S-parameters evaluation of the 

unit cell. In this design, a composite ‘Hollow-H-shaped’ unit 

cell structure was constructed. The unit cell displays 

negative refractive index property with negative permittivity 

and permeability simultaneously in the C- and X-band of 

microwave frequency range. The proposed design also 

displays negative refractive index property in the same 

frequency bands with wider bandwidth, when the Rogers RT 

3010 substrate material was employed instead of FR-4 

substrate material.  

1. Introduction 

Materials having negative refractive index (NRI) has been a 

great concern in the scientific research community earlier in 

twenties. After the first idea was proposed by Victor 

Veselago [1] in 1967, exploration of such material of 

negative permittivity (ε) and negative permeability (μ) for 

negative refractive index was started. For the time being, the 

research on such topic was postponed due to lack of such 

natural materials until the material named ‘metamaterial’ 

was perfectly revealed by D. R. Smith and his colleagues in 

2000 [2]. Metamaterial is an artificially produced 

extraordinary material where negative permittivity and 

negative permeability are tailored to have negative refractive 

index property in some certain frequencies. The negative 

refractive index property usually occurs where the 

permittivity and permeability is found negative. D. R. Smith 

and his colleagues constructed such composite material by 

utilizing repeated metallic wires and split ring resonators to 

have negative permittivity and permeability. They claimed 

that negative permittivity can be achieved by repeated 

metallic wire inclusion and negative permeability can be 

obtained by numerous magnetic structures like π-shape, S-

shape, Z-shape and other interesting shapes [3-6]. It is well 

known that, metamaterials are formed by small unit cells 

those are arrange in a periodic form and the characteristics 

of each individual unit cell is very important for the overall 

material’s performance. However, recently in some specific 

applications like, antenna design or filter design, utilization 

of single metamaterial unit cell is one of the promising 

approaches instead of bulk metamaterial or array of unit 

cells [7-9]. Beside this, it is being applied in specific 

absorption rate (SAR) reduction in human head, cloaking an 

object electromagnetically, designing polarizer or absorber 

and many other interesting applications [10-12]. According 

to the applications, different types of alphabetic 

metamaterial unit cells with NRI property were proposed in 

the literature but not all of these designs show negative 

refractive index property in the C-and X-band ranges with 

wide bandwidth. For example, Chang-Chun et al. in [3] 

demonstrated a π-shaped negative refractive index 

metamaterial but it works in the X-band only. Hayet 

Benosman et al. in [4], presented an ‘S’ shaped NRI 

metamaterial that operates in the Ku-band only. Abdullah 

Dhouibi et al. proposed a ‘Z’ shaped metamaterial for C-

band only in [5] but it was not showing NRI property.  

In this paper, a new hollow-H-shaped metamaterial unit 

cell is proposed that has been designed on FR-4 substrate 

material. The material shows double negative property in the 

C- and X-band in conjunction with the negative refractive 

index property in those frequency bands. The material also 

exhibits negative refractive index property for the Rogers 

RT 3010 substrate material in the same frequency bands (C- 

and X-band).  

2. Design and Methodology of the Unit Cell 

 

In Fig. 1a, the proposed metamaterial unit cell is displayed. 

The proposed ‘Hollow-H-shaped’ metamaterial unit cell was 

designed on a 20×20mm
2
 FR-4 substrate material of 

thickness 1.60 mm that had dielectric constant of 4.3 and 

loss tangent of 0.025. The finite difference time domain 

method based ‘CST Microwave studio’ simulation software 

was utilized for the design and respective analysis of the unit 

cell.  

The structure was designed with two complementary split 

square resonators of copper layer with thickness of 

0.035mm. According to the Fig.1a, the parameters of the 

proposed metamaterials are as follows: a=6, b=4.77, 

c=2.77, d=2.50, s=0.2, g=0.66, l=10 all in mm scale. The 

gap between the inner and outer resonators is 0.2 mm and 

they were added two form a complementary hollow-H-shape 

(i.e., empty H-shape) by a 1mm wide copper line in between 

them. The split between the two outer resonators were kept 

1mm. The length of each arm is responsible for generating 

inductive effect whereas each split in resonator is the means 
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of generating capacitive effect. The mutual coupling 

capacitance originates between the gap of inner and outer 

resonator. By varying the coupling capacitance, the 

absorbing capacity of the material can be improved.  

To calculate the S-parameter, the simulation was performed 

for the frequency range of 1-12 GHz. The transverse 

electromagnetic (TEM) wave was propagated through z-axis 

of the unit cell using two wave-guide ports. The simulation 

geometry is being displayed in the Fig. 1b.  For the 

simulation purpose, the frequency domain solver was 

utilized after setting the normalized impedance at 50 ohm. 

The effective medium parameters permeability (μ) and 

permittivity (ε) were extracted from the simulated complex 

S21 (transmission co-efficient) and S11 (reflection co-

efficient) parameters using Nicolson-Ross-Weir method 

[12].  

The open space method was adopted for the measurement of 

the metamaterial. This method was chosen to see the 

practical effect of the material. A prototype of 180×200 

mm
2
 was built for the measurement purpose that contains 

9×10 unit cells. The fabricated prototype is seen in the Fig. 

1c. The fabricated prototype was placed between two horn 

antennas, which were working as transmitting and receiving 

antenna. These antennas were connected to an Agilent 

E8363D vector network analyzer to determine the S- 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

parameters. To avoid the near field effect, 35cm distance 

was maintained from each antenna to the prototype. For the 

perfection of the test, with metamaterial and without 

metamaterial measurement were performed as well.  

For further investigations, the FR-4 substrate was replaced 

by a Rogers RT 3010 substrate material of same size with 

thickness of 1.27 mm, dielectric constant of 11.2 and loss 

tangent of 0.0023 and the same numerical methodology was 

followed to see the impact of the change.  

 

3. Results and Discussion 

 
The Fig. 2a shows the magnitude of S-parameters for the 

proposed unit cell on FR-4 substrate material. The 

transmittance (S21) resonances are seen at the frequency of 

4.29 GHz and 9.93 GHz.  The Fig. 2b displays the current 

distribution at the frequency of 7 GHz on FR-4 material. 

Unlike the split ring resonator, the current flows two 

opposite directions at the two sides of the unit cell. The 

major current is seen at the border of inner resonator near 

the gap between inner and outer resonators that has occurred 

due to the effect of strong coupling capacitance. The Fig. 2c 

shows the measured magnitude of transmission parameter 

(S21) that clearly demonstrates good conformity with the  

    
                 (a) 

 

    
                  (b)                                                         (c) 
 

Figure. 1 a The schematic view of the proposed unit cell b simulation geometry of the unit cell c fabricated 

prototype for measurement 
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simulated results. However, bit distorted and extended 

magnitude is seen in the measured resonance that most 

likely occurs due to open space measurement process or due  

to increased impendence for the array arrangement of 

measurement prototype.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The real magnitudes of permittivity (ε) and permeability (μ) 

are expressed in the Fig. 3a and Fig. 3b respectively. In the 

Fig. 3a it is seen that the permittivity curve shows negative 

magnitude from the frequency of 3.85 GHz to 4.41GHz, 

5.42 GHz to 9.26 GHz and 10.61 GHz to 12 GHz. It 

contains two resonances at the frequency of 3.85 GHz and  

      
         (a)                (b)                (c) 

 

Figure. 2 a Transmission coefficient (S21) for the proposed unit cell b current distribution at 7 GHz for the unit cell 

c measured transmittance (S21) for the proposed unit cell 
 

   
(a)           (b) 

Figure. 3 a Real magnitude of permittivity (ε) vs. frequency b Real magnitude of permeability (μ) vs. frequency   
 

      
Figure. 4 Magnitude of refractive index (η) vs. frequency for the unit cell on FR-4 material 
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5.46 GHz. Similarly, the real curve of permeability in Fig. 

3b displays negative peak from the frequency of 7 GHz to 

12 GHz and only one sharp negative resonance at the 

frequency of 7.13 GHz. However, it is remarkable that, there 

is a wide negative bandwidth of 5 GHz in the permeability 

curve is rarely found and the curve trends to continue so on. 

Usually, in the varying magnetic field a charge is produced 

between the gap of inner and outer resonator and at the split 

in the middle line. At low frequency, the current remain in 

phase with the applied field but at the higher frequencies, the 

current cannot cope with the applied field and starts lagging 

which cause negative peak in the permeability curve.  

The Fig. 4 reveals the magnitudes of refractive index curve 

against the frequency for the unit cell designed on FR-4 

substrate material. It is evident that, the curve shows 

negative real peak from the frequency of 6.51 GHz to 9.72 

GHz and from 10.61 GHz to exact 12 GHz. The imaginary 

peak for the curve is found reverse of the real in most of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

positions. However, it is noticeable that, the negative peak 

of the refractive index curve contains wide bandwidth of 

more than 3 GHz from C-band to some portion of X-band 

(6.51 GHz to 9.72 GHz). Another, wide bandwidth of more 

than 1 GHz (10.61GHz to 12 GHz) portion is found in the 

X-band. Therefore, the material can be characterized as a 

NRI material in these respective frequencies of negative 

peak region of refractive index. However, according to the 

Fig. 3a and Fig. 3b, the permittivity and the permeability 

curve also displays negative peak simultaneously with the 

negative peak portion the refractive index curve. So, the 

material can be categorized as double negative (DNG) 

metamaterial in these respective frequencies as well.   

The further study was done after replacing the Rogers RT 

3010 substrate material instead of FR-4 substrate material. 

The same methodology was followed. For Rogers RT 3010 

substrate material it is seen in Fig. 5a, the material exhibits 

transmittance (S21) at the frequency of 3.19GHz, 7.66 GHz, 

10.33 GHz, 11.22 GHz and 11.92 GHz.  

    
(a)          (b) 

 

Figure. 5 a Transmission coefficient (S21) for the proposed unit cell on Rogers RT 3010 substrate material b Real 

magnitude of permittivity (ε) vs. frequency for Rogers RT 3010 substrate material 

 

    
(a)         (b) 

 

Figure. 6 a Real magnitude of permeability (μ) vs. frequency for the proposed unit cell on Rogers RT 3010 

substrate material b magnitude of refractive index(η) vs. frequency for Rogers RT 3010 substrate material 
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The Fig. 5b reveals the real magnitude of permittivity 

against frequency for the unit cell on Rogers RT 3010 

substrate material. The permittivity curve shows two sharp 

negative resonances at the frequency of 3 GHz and 4.31 

GHz and displays negative peaks from 2.97 GHz to 

3.31GHz, 4.31 GHz to 7.66 GHz and 8.47 GHz to 10.12 

GHz.  
Equally, the Fig. 6a displays the real magnitude of 

permeability that has one sharp negative resonance at the 

frequency of 7.50 GHz. It has negative magnitude from the 

frequency of 7.37 GHz to over 12 GHz that covers more 

than 5 GHz wide bandwidth. The magnitude of refractive 

index against frequency is seen in the Fig. 6b. The refractive 

index curve exhibits two negative resonances at the 

frequency of 7.37 GHz in the C-band and 8.47 GHz in the 

X-band of microwave spectra. It also contains real negative 

magnitude from the frequency of 7.37GHz to 7.66 GHz, 

8.47 GHz to 10.12 GHz, 10.39 GHz to 10.57 GHz and 11.26 

GHz to 11.33 GHz. The imaginary peak shows nearly the 

opposite behavior.  Moreover, the permittivity and 

permeability curve also displays negative magnitude in these 

negative real value regions of refractive index curve. 

Another mentionable point is, more than 1 GHz wide 

bandwidth (8.47 GHz to 10.12 GHz) of negative peak region 

is present in the X-band in conjunction with one or two 

smaller negative peak portions. Therefore, the material can 

be characterized as NRI or DNG material in these respective 

frequency ranges. 

 

4. Conclusion 

 
In this paper, a new hollow-H-shape negative refractive 

index (NRI) metamaterial unit cell has been introduced that 

was designed initially on FR-4 substrate material. The 

material shows NRI property in the C-and X-band with more 

than 3 GHz wide bandwidth. The material exhibits NRI 

property in the same bands for Rogers RT 3010 substrate 

material as well. Moreover, one mentionable point is, for 

both of the substrate materials the permeability curve shows 

more than 5 GHz bandwidth of negative peak that is rarely 

found. C-band is widely used for long distance radio 

communications and X-band is popular for satellite 

applications. Therefore, the proposed unit cell can be 

utilized in the C-and X-band antenna for superior 

performance besides other applications in the proposed 

frequency regions.  
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Abstract: We discuss a structure consisting of two parallel copper plates bisected by subwave-

length slits, which exhibits long-lived Fabry-Perot-like resonances bound to the slits at THz fre-

quencies. Using THz time-domain spectroscopy (THz-TDS), we measured the transmission of a 

focused pulse through the slotted plates. Results show good agreement with simulations. The scala-

bility, tunability, and high quality factors of the resonances make the slotted plates a promising 

candidate for narrowband filtering and spectroscopic applications.  

 

Electromagnetic modes bound to sub-wavelength apertures allow for enhanced transmission of radiation at 

frequencies near those of the localized modes.
1
 Here, we present a slotted waveguide structure which holds 

promise for applications as a compact, tunable narrowband filter and THz spectrometer. We have previously de-

scribed this structure theoretically
1 
and reported experiments at microwave frequencies

2
. As shown in Fig. 1, our 

device consists of two 5mm  7mm copper plates of thickness d = 1µm, each with a single, bisecting ~ 40 µm 

slit parallel to the short edge, deposited on top of 2-mm-thick TPX polymer substrates. Incident TE-polarized 

radiation, cylindrically focused on one of the slits, excites localized Fabry-Perot-like resonances which occur at 

frequencies just below the cut-off frequencies of the waveguide, at mc/2d; c is the speed of light and m is a posi-

tive integer. The transmission is equal to unity in the absence of 

losses. Unlike TE polarization, TM resonances are not localized, with 

transmission and quality factors that are much smaller than those of 

the TE resonances
1,3

. The inherently high Qs of the TE resonances 

make them promising for spectrometer and filtering applications for 

which narrow-band transmission is required.  

We used the software COMSOL Multiphysics to calculate 

transmission spectra. Two-dimensional simulations sweeping the 

frequency of a monochromatic Gaussian beam were performed on a 

cross-section of our structure for both TE and TM polarizations. To 

estimate the losses associated with the two-dimensionally focused 

beam used in our experiments, we performed three dimensional sim-

ulations for a slotted waveguide modelled as a perfect electric con-

ductor. The simulated spectra in Fig. 2 were obtained by multiplying 

the 2D spectra by the loss factors from the 3D simulations.  

Figure 1: Terahertz slotted wave-

guide structure and definition of TE 

and TM excitation. 



We used terahertz time-domain spectroscopy (THz-TDS) in the transmission geometry to measure the TE 

and TM resonances of the slotted waveguide for different plate separations. Satellite pulses present in the refer-

ence THz-TDS trace, measured in the absence of the plates, reduce the usable delay range to ~ 15.5 ps after the 

arrival of the pulses at the sample. In order to properly compare our frequency-domain simulations to the 

THz-TDS data, we took the spectra in Fig. 2a and fit each TE resonance to a single Lorentzian function and each 

TM resonance to a sum of two Lorentzian functions. We then used the parameters from the fits to generate the 

sum of decaying sinusoidal functions for each polarization and plate separation. Each decaying sinusoid was 

then convolved with the reference THz-TDS pulse. The resulting simulated time-domain traces are compared 

with the THz-TDS data in Figs. 2b and 2c. 

The experimental results exhibit very good agreement with the simulated time domain traces. Discrepancies 

can be attributed to errors in the estimation of the slit width, which affect primarily the experimental amplitudes 

and decay rates, and deviations from perfect parallel alignment of the Cu plates, which we found to be critical 

for the observation of the high-Q TE resonances.  

In summary, we observed narrow TE resonances bound to the slits in a slotted waveguide structure. Our re-

sults hold promise for the development of a compact, wavelength-sized spectrometer and tunable filter that can 

be integrated with other THz components.  
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Abstract 

In this paper, a negative index metamaterial structure 

integrated with the microstrip patch antenna is proposed as 

a frequency reconfigurable antenna. The ground plane of 

the proposed microstrip patch antenna is modified with the 

proposed metamaterial to obtain reconfigurable 

characteristics. The metamaterial structure consists of two 

square splits rings, which exhibits negative index 

characteristics over a certain frequency band. The 

incorporation of proposed metamaterial with antenna makes 

it single band antenna. The metamaterial characteristics of 

proposed structure can effectively deactivated by closing 

the splits of rings using switches and hence the dual band 

characteristics of the antenna are recovered. The finite 

integration technique (FIT) of computer simulation 

technology (CST) microwave studio is used throughout the 

investigation. The measurement of antenna performances 

are performed in an anechoic chamber. The measured and 

simulated performances of proposed reconfigurable antenna 

show very good agreement.    

 

1. Introduction 

Nowadays, interest on reconfigurable antenna is increasing 

due to the rapid development in wireless communication 

technology. Different methods have been proposed in the 

recent years to design frequency reconfigurable antenna. 

The frequency reconfigurable antenna is usually designed 

using an embedded micro-electromechanical system [1]. It 

is also designed using solid-state device (commonly a 

varactor diode) incorporate with antenna [2, 3]. Another 

way is to integrate switching P-I-N diodes in designing 

frequency reconfigurable antenna [4, 5]. The P-I-N diode is 

used to manipulate the antenna radiator or the current route 

on the antenna. The metamaterial based on negative-

refractive-index transmission lines have inspired the design 

of the antennas that offer good opportunities for 

reconfigurability [6, 7].  

However, the use of metamaterials and frequency selective 

surface (FSS) or electromagnetic band gap (EBG) structure 

in antenna engineering are bring popular day by day [8]. 

Because, those artificial structure exhibit extraordinary 

electromagnetic (EM) properties over certain frequency 

bands [9]. The metamaterial can be used in designing 

electrically small antenna [10], enhancing antenna 

performances [11], and reducing the EM absorption in the 

human head [12].  It also can be used in designing 

reconfigurable antenna. In [13], a compact coplanar wave 

guide (CPW) feed tri-band microstrip antenna loaded with 

single-cell metamaterial. The results indicated that the 

frequency reconfigurable properties can be achieved by 

using metamaterial. A wideband to narrowband 

reconfigurable antenna using tunable electromagnetic band-

gap (EBG) structure was presented in [14]. In [15], a 

frequency reconfigurable antenna based on metamaterial 

technique was proposed. The results indicated frequency 

shift (from 2 GHz to 2.25 GHz) for metamaterial 

incorporation. In [16], a frequency reconfigurable 

metamaterial antenna was proposed. The results reported 

that the metamaterial structure can significantly affect the 

antenna characteristics.    

    In this paper, a new way of designing a frequency 

reconfigurable antenna using a negative index metamaterial 

structure is proposed. Only one metamaterial unit-cell is 

used along with the ground plane of the antenna and the 

effects of metamaterial structure are altered by closing and 

opening the splits using switches. At a specific frequency, 

metamaterial structure suppresses the electromagnetic wave 

from propagating and hence the metamaterial structure 

performs as a band-stop filter operation.    

 

2. Metamaterial Structure 

Figure 1(a) indicates the geometry of the metamaterial unit - 

cell. The metamaterial design consists of two connected 

square split ring resonator. The dimensions of the 

metamaterial unit - cell are chosen to fit with the ground 

plane of proposed antenna. The black portion of following 

figure is the copper layer (thickness 0.035 mm) and yellow 

color portion is for substrate. A 0.8 mm FR-4 material with 

4.6 relative permittivity is used as the substrate. The 

proposed metamaterial structure is designed in CST 

Microwave studio [17] and the scattering parameters are 

mailto:ipk_eee@yahoo.com
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evaluated using frequency domain solver. Figure 2 indicates 

the S-parameters (S11 and S21) of proposed metamaterial 

unit-cell. The metamaterial unit-cell is placed between two 

waveguide ports and wave propagation is set to the z-

direction as shown in Figure 1(b). In x- and y-directions, 

perfect electric and perfect magnetic boundaries are 

considered respectively [18].     

 

 
 

(a) 

 

 
 

(b) 

 

Figure 1: (a) Metamaterial unit-cell geometry and (b) 

simulation setup.   

 

 
 

Figure 2: Reflection and transmission parameters (S-

parameters) of proposed metamaterial.  

 

The effective constitutive parameters of a metamaterial are 

extracted using an algorithm described in [19] from the 

effective thickness (d) and the complex S-parameters of 

slab.  Equation (1) express the complex wave impedance in 

terms of S-parameters.   
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The complex effective refractive index, 

)()()(  effeffeff iknN  can be expressed by 

following equations (2)-(4) following above mentioned 

method.  Here, neff denotes the refractive index and keff is 

extinction coefficient.     

 

)]}Re[ln(2){Im[ln(
1

00

0

dkiNdkiN

eff
effeff eime

dk
N    (2) 

 

}2){Im[ln(
1

0

0

me
dk

n
dkiN

eff
eff                             (3) 

 

)]Re[ln(
1

0

0

dkiN

eff
effe

dk
k                                         (4) 

 

where, k0 is the free space wave number, m is integer 

indicating branch index  and ω is the angular frequency.    

 

The effective permittivity (ɛef) and effective permeability 

(μeff) of medium [20] can be determined by using equations 

(5) and (6) respectively.  
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Figure 3 indicates the both real and imaginary parts of the 

effective parameters of the proposed metamaterial structure. 

The real part of effective permittivity exhibits negative 

value from 2.36 GHz to 4 GHz and from 4.7 GHz to 8.97 

GHz as indicated in Figure 3(a). On the other hand, the 

imaginary part of effective permittivity shows negative 

value from 1.9 GHz to 2.35 GHz and from 4.7 GHz to 5.4 

GHz. Figure 3 (b) indicates negative values of the real part 

of effective permeability from 4.7 GHz to the end of the 

frequency range. The imaginary part of effective 

permeability also exhibits negative values in multiple 

frequencies over frequency range. So, the proposed 

metamaterial structure exhibits simultaneously negative 

values of effective permittivity and permeability from 4.7 

GHz to 8.97 GHz considering real parts. As expected, the 

proposed metamaterial exhibits negative real part of the 



3 

 

refractive index from 4.7 GHz to the end of the frequency 

range. The imaginary part of the effective refractive index 

also shows negative value from 4.7 GHz to 5.5 GHz and 

small positive values for the rest of the frequency range. 

However, the proposed metamaterial unit-cell exhibits 

strongly negative refractive index characteristics at the 

lower frequencies around 4.7 GHz and poor negative 

characteristics at the higher frequencies.  

 

 
 

(a) 

 
 

(b) 

 
 

(c) 
 

Figure 3: Effective parameters of metamaterial: (a) effective 

permittivity, (b) effective permeability, and (c) effective 

refractive index.  

3. Reconfigurable Antenna 

In this paper, a new way of designing a reconfigurable 

antenna using metamaterial structure is introduced. The 

metamaterial structure is incorporated in the ground plane 

of circular patch microstrip-fed antenna. Two switches are 

used in the ground plane of antenna to control the effects of 

metamaterial.  

3.1. Antenna Design 

Figure 4 indicates the geometry of proposed metamaterial 

based reconfigurable antenna. First of all, a circular patch 

microstrip-fed antenna with dimensions 100 mm × 80 mm × 

1.6 mm is considered. The diameter of circular patch is 41 

mm, which is made of 0.035 mm thicken copper layer. The 

dimensions of microstrip-fed line are 55 mm × 8 mm × 

0.035 mm. In the ground plane of the antenna, proposed 

metamaterial structure is incorporated.   

 

 

(a) 

 

 

 

(b) 

 

Figure 4: (a) Proposed antenna geometry and (b) fabricated 

prototype.    

 

Figure 5: Geometry of metamaterial structure with switches.  



4 

 

 

A 1.6 mm thicken sheet of FR-4 material with 4.6 relative 

permittivity is utilized as the substrate of the antenna.  A 50 

Ω SMA connector is used between the ground plane and 

microstrip line to provide excitation to the antenna. A 

fabricated prototype of proposed antenna (as indicated in 

Figure 4(b)) using printed circuit technique is utilized for 

the measurement purpose. To design reconfigurable 

antenna, two switches (S-1 and S-2) are placed on 

metamaterial structure in between the ends of splits as 

indicated in Figure 5. By closing the switches, the effects of 

splits of metamaterial structure can be ignored. Depending 

on the states of switches, three different configurations (F-1, 

F-2, and F-3) are considered. The 0 and 1 state of switch are 

used for open and close conditions of switch respectively. 

As described in Table 1, configuration F-1 consists of both 

switches (S-1 and S-2) open, which indicates the antenna 

with metamaterial effects. The F-2 configuration consists of 

switch S-1 open and switch S-2 close states. The F-3 

configuration consists of both switches close. The 

configurations F-2 and F-3 are investigated to achieve 

reconfigurable antenna to disable metamaterial 

characteristics by closing splits of rings.     

 

Table 1: States of Switches for different configuration.  

Configuration State of Switch 

S-1 S-2 

F-1 0 0 

F-2 0 1 

F-3 1 1 

 

3.2. Results and Discussion  

Three different configurations (F-1, F-2, and F-3) as 

described above are investigated in this paper. The antenna 

performances are evaluated comprising reflection 

coefficient (S11), radiation efficiency, bandwidth, gain, and 

radiation pattern. Figure 6 exhibits the reflection parameter 

of proposed antenna. The S-parameter characteristics of F-1 

configuration shows only one operating frequency band 

from 7.2 GHz to 7.7 GHz (bandwidth 512 MHz). As 

mentioned above, the F-1 configuration indicates antenna 

with metamaterial effects. Configuration F-2 and F-3 are 

investigated to get re-configurability of antenna by making 

disable of metamaterial effects. The reflection coefficient 

curve of F-2 shows identical bandwidth at the upper 

frequency band and significant improvement at the lower 

frequency band as compared to configuration F-1. F-2 

configuration exhibits 174.08 MHz (from 3.45 GHz to 3.62 

GHz) impedance bandwidth. This is happening due to the 

fact that one split of the ring is closed by switch S-2, which 

leads to disable metamaterial effects partially. 

Consequently, configuration F-3 exhibits sufficient 

bandwidth (from 3.6 GHz to 4.2 GHz) at the lower and 

upper frequency bands.  

 

 
 

Figure 6: Simulated reflection coefficient of proposed 

antenna. 

  

 
 

Figure 7: Measured reflection coefficient of proposed 

antenna.  

 

Compared to F-2, F-3 indicates identical bandwidth at the 

upper frequency band and significantly improved 

bandwidth at the lower frequency band. This is due to the 

closing of both splits of metamaterial structure using both 

switches (S-1 and S-2). The reflection parameter 

characteristics of F-3 configuration are found quite similar 

to the antenna without metamaterial structure. Basically, the 

proposed metamaterial structure has strong negative 

characteristics at the lower frequency band of the antenna 

and hence the use of metamaterial remove the lower band of 

the antenna creating stop band. 

Moreover, the upper frequency band of the antenna is not 

affected by the metamaterial structure, because the negative 

characteristics of metamaterial are very weak at the upper 

frequency band. On the other hand, the metamaterial 

characteristics of metamaterial can be effectively disable by 

closing the splits and hence the antenna dual band 

characteristics recover successfully. The measurement of 

reflection parameters of proposed antenna is performed in 

an anechoic chamber and the data are collected using a 

vector network analyzer. The measured S11 result (as 

indicated in Figure 7) indicates very good agreement with 

the simulated data. Compared to simulated data, a little bit 

shift of the resonance point at the lower frequency band is 

observed in measurement due to the connector issue.  In 
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addition, the radiation efficiency, gain, and radiation pattern 

of proposed antenna are measured in a near-field 

measurement lab (Satimo Star Lab). Table 2 indicates the 

radiation efficiency and gain and Figure 8 shows the gain 

radiation pattern of proposed antenna at 7.5 GHz. The 

antenna radiation efficiency varies from 66% to 77% for 

different configurations. The measured radiation pattern of 

proposed antenna is nearly omnidirectional and the antenna 

gain varies from 2.87 dB to 4.11 dB for different 

configurations.   

 

H-plane E-plane 

  
(a) 

 

  
(b) 

 

  
(c) 

 

Figure 8: Measured gain radiation pattern of proposed 

antenna at 7.5 GHz: (a) F-1, (b) F-2, and (c) F-3.  

 

Table 2: Measured gain and radiation efficiency of 

proposed antenna at 7.5 GHz.  

Configuration Radiation 

Efficiency (%) 

Gain (dB) 

F-1 64 2.87 

F-2 64 3.44 

F-3 77 4.11 

 

4. Conclusions 

In this paper, a new reconfigurable antenna using negative 

index metamaterial is proposed. Only one metamaterial 

unit-cell is used along with the ground plane of the antenna 

and the effects of metamaterial structure are altered by 

closing and opening the splits using switches. The results 

indicates that the strong negative region of metamaterial 

structure suppresses the electromagnetic wave from 

propagation as like a band-stop filter at the lower frequency 

band. This effects of metamaterial can easily deactivated 

using two switches. Moreover, the controlling metamaterial 

characteristics of proposed design creates a new way of 

designing reconfigurable antenna.    
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Abstract 

This paper presents the design of a 2 x 4 multiple input 

multiple output antenna array  fabricated on a 

nanocomposite polymer substrate. Iron oxide (Fe3O4) 

nanoparticles  and polydimethylsiloxane (PDMS) are used 

to form this polymer magneto-dielectric substrate layer. The 

results of the proposed antennas showed up to 40.5 % 

enhancement in terms of bandwidth,  9.95 dB gain and 57% 

efficiency which indicating its suitability for RF/microwave 

applications. 

1. Introduction 

Recently, the interest in exploring a different substrate 

materials for antennas and other RF/microwave devices is 

significantly increased due to the requirement of the new 

technologies such size miniaturization, flexibility, light-

weight, conformal, integrations, and improvement in their 

performance. Most of the existing antennas still printed on 

rigid substrates such as FR-4, Rogers, Taconic and many 

others. However, the limitations of most of these 

conventional substrates are unconformable, high losses and 

high cost, making them inconvenient to manufacture and, 

thus, not desirable for conformal, flexibly, small, and light-

weight applications. Further, the recent technological 

advancement in wireless communications systems calls for 

integration of antennas with multi-module of 

communication system makes use of such substrates very 

desirable since they promise for system level 

miniaturization, enhancement and integration. Polymer-

based substrate materials are rapidly becoming important 

candidates among materials for RF/microwave and other 

electronic devices either used in pure form or composite 

with other materials [1-2]. They feature attractive 

mechanical and electrical properties such as flexibility, 

thermally stable, low permittivity, low loss, and easy to 

control their properties by loading them with different 

materials [3]. Among the polymer substrates that are widely 

used in RF/microwave applications, polydimethylsyloxane 

(PDMS) which is a silicone based elastomer with desirable 

electrical features [4]. It shows significant RF and 

mechanical properties such as a low permittivity, modifiable 

dielectric properties, flexible, easy to composite with various 

concentrations, and easy fabrication process [3]. There are 

several types of flexible polymer antennas presented in [5-

7]. However, the limitations of these antennas are narrow 

bandwidth, complex structure, and the investigations haven't 

explored much on antenna array and MIMOs performances. 

More recently, the new fabrication technologies have made 

it a conceivable to design polymer-based magneto-dielectric 

composite substrates for antennas. There are various types of 

polymer materials composite with different substances such 

as nickel, ferrite, etc [8-9] to form polymer composite 

substrates with favorable RF properties. There are many 

benefits for using magneto-dielectric substrate with a 

relative permeability more than unity (μr>1) which mainly 

reduces antenna size [10].  Besides that, such material 

substrates promise a great enhancement in antenna’s 

bandwidth with remaining good efficiency and gain [11] 

instead the use of high permittivity materials that tradeoff 

between antenna miniaturization and reduction in gain, 

bandwidth,   and efficiency [12]. In this paper, the design of 

2 x 4 multiple input multiple output antenna array using 

multilayer polymer nanocomposite magneto-dielectric 

substrate is presented. The magnetite (Fe3O4) nanoparticles 

(10nm) are composite with a 70% of polydimethylsiloxane 

(PDMS) to form the magneto-dielectric layer PDMS-Fe3O4, 

while the others layer makes of pure PDMS. The proposed 

antenna consists of 2 x 4 radiating elements with two 50 Ω 

coaxial ports. It’s designed using CST MWS software and 

the prototype is measured using Agilent Technologies 

E8051C ENA Network Analyzer and 2D Anechoic 

Chamber. This work studies the effect of the polymeric 

magneto-dielectric nanocomposite substrate on the diversity 

gain, mutual coupling, correlation coefficient, and efficiency 

of the MIMO antenna array where haven’t yet discussed in 

previous work. Furthermore, it demonstrates the behavior of 

the new polymer nanocomposite magneto-dielectric 

substrate in antenna’s performance and its characteristics. 

The simulated and measured results indicated performance 

enhancement in terms of gain, efficiency, bandwidth and 

impedance matching. 

2. Antenna Design Geometry 

The proposed antenna is designed and fabricated using a 30-

70 ratio of iron oxide (Fe3O4) nanoparticles and 

polydimethylsiloxane (PDMS), formed using the polymer 



 

2 

 

matrix composite technique. The proposed 2 x 4 MIMO 

antenna array fed by two 50 Ω coaxial ports. Figure 1 (a), 

(b) and (c) demonstrate the simulated geometry of the 

proposed antenna. The radiating elements and ground plane 

are fixed inside the substrate to provide the dust resistant 

feature to the proposed antenna. This antenna uses a 

composition of PDMS with  dielectric permittivity of εr = 

2.6 and magnetic nanoparticles (10 nm) of iron oxide 

(Fe3O4) with permeability of μr = 1.5. Figure 1(d) shows the 

design geometry structure of the layers of the proposed 

antenna. It consist of seven layers; bottom PDMS layer with 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

thickness of h1 = 0.40 mm, a ground plane made of copper 

with a thickness of h2 = 0. 035 mm, a PDMS substrate with 

a thickness of h3 = 1.25 mm, nanocomposite magneto-

dielectric layer with a thickness of h4= 0.5mm, PDMS 

layer with thickness of h5= 1.25 mm. The copper radiating 

elements are h6= 0.035 mm thick and they are covered by a 

thin PDMS layer with thickness of h7= 0.40 mm.  

 

Table I presents all the proposed antenna dimensions and 

parameters, including distance (λ1) between port1 and port 

2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1: Simulated geometry of the proposed antenna, (a) front View, (b) side view, (c) back view, (d) structure of 

the layers and their thickness (h). 
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Table 1: Dimensions of the proposed antenna. 

Parameter 
Dimension 

(mm)  
Parameter 

Dimension 

(mm) 

W 130.5  w1 3.0  

L 70.5   l1 28.0  

wp 16.0  w2 32.0  

lp 12.6  f1 2.5  

λ1 70.5    

 

To ensure accuracy, the electrical properties of the proposed 

material are measured using Agilent 85070E Dielectric 

Probe Kit and E8051C ENA Network Analyzer. Figure 2 

demonstrations the measured permittivity and loss tangent 

of PDMS and PDMS-Fe3O4. The measured relative 

permittivity (εr) and loss tangent (tanδ) of the PDMS at 5.8 

GHz is 2.58 and 0.014 respectively, and they are slightly 

increased to 2.8 and 0.047 when PDMS filled with 35% of 

magnetite nanoparticles (Fe3O4). The permeability of the 

PDMS-Fe3O4 layer   is μr = 1.5.  It has been determined by 

equations and methods given in [13]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: The measured permittivity and loss tangent of 

PDMS and PDMS-Fe3O4 using Agilent 85070E Dielectric 

Probe Kit. 

 

Figure 3 shows the resulting MIMO array prototype, which 

is flexible and semi-transparent. The radiating elements and 

ground plane are fully immersed inside PDMS layers, thus 

protect  the proposed antenna from dust, and corrosion. 

 

 

 

 

 

 

 

 

 

 

     

    (a)                  (b) 

 

 

 

 

 

 

 

 

 

 

           (c)                                              (d) 

Figure 3: The fabricated prototype of 2 x 4 MIMO antenna 

array, (a) front view, (b) back side with bending view, (c) 

rear view, (d) front side view with bending view. 

 

3. Results and Discussion  

Figure 4 illustrates the simulated and measured S-parameters 

of the proposed polymer magneto-dielectric MIMO antenna 

array. The proposed antenna is operating at 5.8 GHz, and 

based on its measurement, indicating an antenna impedance 

bandwidth of  40.5% (2.35 GHz), and reflection coefficient 

(S11)  of –16 dB, while the simulated reflection coefficient 

and impedance bandwidth  is -27.2 dB and 41.37% (2.4 

GHz) respectively.  In MIMO antenna, the forward (S21) 

and reverse transmission (S12) are representing the mutual 

coupling effect of the antenna, particularly in MIMO 

antenna design [14]. In Figure 4, the simulated and 

measured mutual coupling (S21)  is -40.7 dB and -41.3 dB, 

which is comparable and indicating low mutual coupling 

thus increase the channel capacity and hence improved 

radiation efficiency and gain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Simulated and measured S-parameters of the 

proposed antenna. 

 

The diversity gain (Gapp) and the correlation coefficient (ρ) 

are very important to evaluate the performance of MIMO 

antenna arrays. The diversity gain and correlation 

coefficient of the proposed antenna is calculated by the 

equation given in [15]. Figure 5 shows the simulated and 

measured diversity gain and correlation coefficient of the 

proposed MIMO antennas at 5.8 GHz. It shows a 



 

4 

 

comparable diversity gain for simulated and measured cases 

which are 10 and 9.9 respectively.  Meanwhile, the 

correlation coefficient of 0.00041 and 0.0134 are stated for 

simulated and measured results. As a result, the correlation 

coefficient and diversity gain of the presented antenna can 

be stated as good results.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Diversity gain (Gapp) and correlation coefficient (ρ) 

of the proposed MIMO antennas. 

 

Figure 6 shows the simulated and measured H-plane and E-

plane of co-polarization and cross-polarization radiation 

patterns of the proposed antenna at 5.8 GHz. It is observed 

that the simulated and measured radiation patterns of the 

proposed antenna are in good agreement. All measurements 

were done using the E8051C Network Analyzer and 

Anechoic Chamber. 
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    (b) 

Figure 6: The simulated and measured H-plane and E-plane 

of co-polarization and cross-polarization radiation patterns 

of the proposed antennas. (a) H-plane, (b) E-plane. 

4. Conclusion 

A 2 x 4 multiple input multiple output (MIMO) antenna 

array operating at 5.8 GHz and fabricated on magneto-

dielectric nanocomposite (PDMS-Fe3O4) polymer substrate 

is presented. The simulated and measured results of the 

proposed antenna have shown a great enhancement in the 

bandwidth up to 40.5% when magneto-dielectric 

nanocomposite (PDMS-Fe3O4) layer is used. Furthermore, 

simulated and measured results have shown a low 

correlation coefficient (ρ) of 0.0134 and about 9.9 MIMO 

diversity gain (Gapp). From the improved performance, it can 

be concluded that these materials are highly suitable to 

function as antenna substrates due to their favorable 

properties in the RF/microwave frequencies. 
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Abstract 

A new antenna substrate made from Polydimethylsiloxane 

(PDMS) and magneto-dielectric (PDMS-Fe3O4) polymeric 

nanocomposite is presented. This substrate enhances 

antenna performance in term of lower reflection coefficient, 

wider bandwidth and size compactness. The 4x2 antenna 

array operating at 2.6 GHz is water resistant as the radiating 

structure is fully embedded inside the substrate. Simulated 

S11 and radiation pattern show good results, while a 

bandwidth increment of 242.25% is observed relative to a 

similar FR4’s substrate antenna.  

Index Terms—Polydimethylsiloxane (PDMS), Nanocomposite 

Polymeric Magneto-dielectric, Array Antenna. 

 

 

1. Introduction 

Planar array antennas are widely used in satellite 

communications [1], mobile communications [2], and base 

stations [3] due to its advantages: low profile, compact 

shape and simple structure. There are a number of 

techniques to enhance bandwidth such as air-stacked 

antenna [4], parasitic patch and multilayer elements [5].  

However, these broad-banding techniques tend to result 

in enlarged antenna size and increased complexity. In order 

to overcome those problems, researchers tend to design a 

flexible, light and harsh antenna. The good characteristic of 

Polydimethylsiloxane (PDMS) which is thermally stable, 

good in RF and easy to fabricate [6] made the PDMS as a 

good dielectric substrate. 

In addition, the present of magneto dielectric is produced 

to miniaturize antenna and wider the bandwidth. The paper 

in [7] elaborated about miniaturisation antenna based on 

magneto dielectric. The characteristic factors of magneto 

dielectric which are strong magnetic response, low losses 

characteristics and natural magnetic inclusions provide a 

great output once combine with PDMS substrate. Thus, a 

new substrate using Nanocomposite materials of magneto 

(Fe3O4) with a Polydimethylsiloxane (PDMS) substrate is 

proposed. 

 

 

 

 

This paper is organized as follows: In Section 2.0,   the 

antenna design of 4x2 antenna array and the flexibility of 

proposed antenna is shown. The results on the proposed 

antenna are discussed in Section 3.0. Lastly, a conclusion is 

drawn in Section 4.0 followed by acknowledgment and 

references. 

 

2. Antenna Design 

PDMS is an electrical medium with low epsilon of 2.7 

and loss tangent of 0.022. The addition of 30% of Fe3O4 (in 

brown) showed in Fig. 1 enabled magnetization of the 

proposed substrate, miniaturizing the antenna size and 

enhancing bandwidth.  

 

 

 

 

 

 

Figure 1: Sample substrate for 4x2 antenna array included of 

three layers which are PDMS, PDMS-Fe3O4, and PDMS. 

 
 

A flexible 4x2 antenna array, sized at 176 x 156 mm
2
 

(width x length) was then designed to operate at 2.6 GHz. 

The fabricated prototype is presented in Fig. 2(a) and 2(b).  

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Prototype of 4x2 antenna array. (a) Front view and (b) 

back view. 
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To design the array antenna, the transmission line 

technique is used to ensure efficient power is delivered to 

each patch for efficient radiation. An SMA coaxial feed is 

located beneath the antenna. Fig. 3 illustrates the radiating 

patch, and full ground inside the substrate. This antenna also 

features good mechanical properties in terms of flexibility 

and bending.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The copper clad sealed by P-PDMS and P-PDMS 

Fe3O4 substrates. 

 

3. Discussion 

 

The new combination substrates of PDMS and PDMS-

Fe3O4 are explored. In designing an antenna, a lower 

dielectric permittivity offers high radiation efficiency [8]. 

Moreover, the existing of magneto dielectric (ferrite) 

substrate gives an extra advantages for proposed array 

antenna where it permeability is more than one could 

declined the quality factor and enhanced the bandwidth of 

antenna [9].  

The simulated on S11 can be observed in Fig. 4. The 

simulated value of -23.85 dB is obtained and the bandwidth 

is 136.9 MHz. The result shows 242.25 % of bandwidth 

improvement compared to a typical FR4 planar array 

antenna [10]. The polar radiation patterns at 2.6 GHz are 

shown in Fig. 5. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. The simulation results of reflection coefficient for 

proposed antenna.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 
 

 
Figure 5. The polar radiation pattern for the proposed antenna.(a) 

E-co plane and (b) H-co plane. 

 

4. Conclusion 

This research investigated a new antenna substrate of 

two materials which are PDMS and magneto-dielectric 

(PDMS-Fe3O4) polymeric nanocomposite. The combination 

of PDMS and PDMS-Fe3O4 created an attractive output in 

terms of broad bandwidth, miniaturized antenna size, and 

efficiency. The 4x2 antenna array is proposed with a 

compact size besides water resistant antenna where the 

radiating element is fully wrapped up inside the substrates. 

The simulation results show a good performance in term of 

reflection coefficient, gain and radiation pattern. Therefore, 

a combination of PDMS and PDMS-Fe3O4 substrates are 

potentially commercials able for various other applications. 

One of them is the 5
th
 Generation Wireless Systems (5G) 

which requires a wideband and small in size 

 

(a) 
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Abstract 

The main goal of this work is to design metamaterial based 

microwave devices. For this purpose we conceive a printed circuit 

based metamaterial layer (2 D layer). The body metamaterial layer 

behaves as an effective medium with a near to zero refractive 

index (n1). On this body metamaterial layer we can specify 

different zones, with arbitrary shape size, and position, behaving 

as an effective medium with a refractive index greater than unity 

(n2). By stacking several metamaterial layers, we obtain an 

artificial 3 D metamaterial bulk inside which we can define a 3D 

shape to behave like a passive microwave devices such as 

waveguides (circular, rectangular, …), horn antennas (conical or 

pyramidal, …) with different size. 

1. Introduction 

Metamaterial unprecedented physical properties and functionality 

unattainable from naturally existing materials has attracted and 

motivated researchers around the world. Metamaterials are good 

candidates to find innovative applications such as super lens  [1], 

cloaking  [2], ultra refraction and wave squeezing [3] A 

metamaterial layer (2D layer) consists of a periodic arrangement 

of unit cells and behaves as homogeneous effective medium. 

In this work we use two types of printed circuit based 

metamaterials. The first one behaves as an effective medium with 

a near zero refractive index (n1≈0), based on a  connected cross 

type unit–cell (Fig. 1 (a)), and the second one behaves as an 

effective medium with refractive index greater or close to unity 

(n2≥1), based on a disconnected cross type unit–cell (Figure 1. 

(b)). Using these two metamaterial types we can obtain a 

metamaterial layer on which we can define different sections each 

with a different refraction index (n1 or n2). By stacking several of 

these 2D metamaterial layers we obtain a 3D mletamaterial slab 

with refraction index n1 in which it is possible to define a 3D 

shape with a refraction index n2. With this 3D metamaterial slab 

we can ‘emulate’ different passive microwave components or 

devices, such as waveguides, horn antennas, etc. In the literature 

the verb ‘emulate’ is the synonym of imitate or mimic. So 

‘emulating’ a microwave device means, we make the metamaterial 

slab behaving like the designated microwave device or component.  

The emulated microwave device can be used as a rescue device in 

situations when the conventional microwave devices are 

unavailable. 

2. Metamaterial unit cell characterization 

Our metamaterial layer is a periodic arrangement of cross type unit 

cells, the cross type unit cell has two equal periods a in the x and y 

directions as shown in Figure 1. (a). The cross type unit cell is 

made of dielectric substrate of thickness d on which a metallic 

cross like conductor is printed. This cross like conductor has a 

length L such as L ≤  a, a width w and a thickness t as shown in 

Fig. 1 (a). The metamaterial cross type unit cell has two 

configurations: the first one consists of a connected cross 

characterized by: L = a, and the second one represents a 

disconnected cross where a gap g is produced outside the 

conductor cross as shown in Fig.1 (a). The connected cross 

obtained by introducing a gap g at the ends of the cross type 

conductor as shown in Fig. 1 (b). The connected cross type 

metamaterial behaves as an effective medium with near zero 

refractive index (n≈0) and the disconnected cross type 

metamaterial behaves as an effective medium with refractive index 

(n≥1) as shown in Fig.1 (c). 
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Figure 1: Metamterial cross type unit cell a = 0.711 mm, 

d = 1.27 mm, w = 0.35 mm, g = 0.02 mm and a substrate 

permittivity εr = 2.2.: (a) connected cross, (b) disconnected 

cross and (c) Refractive index contrast. 

The conducting strip width w, the metallization thickness t, 

the substrate permittivity εr and thickness d of the unit cell, 

directly govern the metamaterial electromagnetic properties 

and are used as design parameters to tune the metamaterial 

behavior.A parametric study is used to obtain the 

dimensions of the metamaterial unit cell. 
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. The constitutive parameters (εeff and μeff) and the refractive index 

of the metamaterial, shown in Fig 3 and. 4, are obtained with the 

Fresnel inversion method using the scattering parameters Sij of the 

metamaterial structure  [1],  [5] and  [6]. The Sij parameters, shown 

in Fig. 2, are obtained by a frequency domain finite element 

method based commercial simulation code using a unit cell with 

appropriate periodic boundary conditions. 
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Figure 2: Scattering parameters of the metamaterial unit-cell. 

The connected cross type metamterial exhibits a plasmonic-type 

permittivity frequency function (Drude model for metals)  [7] 

and  [8]. The metamaterial permittivity has a plasma frequency 

equal or a little less than 40 GHz and a very low real part (close to 

zero), up to 50 GHz, which corresponds to the desired profile. 

Also, the effective permeability presents a low real part denoting 

that the metamaterial has a low magnetic activity. The constitutive 

parameters (εeff and μeff) have positive and close to zero imaginary 

parts which attests to the low-loss nature of the effective medium 

(Fig. 3). 
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Figure 3: Effective permittivity and permeability of the 

connected cross type metamaterial 

The disconnected cross type metamterial permittivity, represented 

in Fig. 4, is described by the Lorentz theoretical model for 

dielectrics  [9]. The effective permittivity and permeability real 

parts have positive values with close to zero imaginary parts. 
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Figure: 4 Effective permittivity and permeability of the 

disconnected cross type metamaterial. 

3. Emulation of passive microwave devices 

Passive microwave devices, such as waveguides (circular or 

rectangular) or horn antennas (pyramidal or conical), consist of a 

metallic walls filled by a dielectric medium which is generally air. 

The metamaterial slab is used to emulate such passive microwave 

devices. The metamaterial with refraction index n1 close to zero is 

used to mimic the metallic walls of the microwave device and the 

metamaterial with refractive index n2 greater than unity is used to 

mimic the filling medium. Using these two metamaterial types we 

can define different 3D shapes with different size inside the 3 D 

metamaterial slab, obtained by stacking several metamaterial 

layers. 

Waveguides (rectangular or circular) are obtained by subdividing 

every metamaterial layer into two different zones, the first one 

constitutes the waveguide inner section and the second one 

constitutes the waveguide outer section as shown in Fig.5. (a), (b), 

(c) and (d). The waveguide inner sections (with rectangular or 

circular form) are positioned in the center of the metamaterial 

layer, and are made of the disconnected cross type  metamaterial 

with refractive index n1 ≈ 1.95. The waveguide outer regions, 

formed by the remaining area of the metamaterial layers are made 

of the connected cross type metamaterial with a refractive index 

close to zero (n2≈ 0). All the layers forming the metamaterial slab 

are identical to the first one as illustrated in Fig.5. (a) and (b). The 

horn antennas are obtained by gradually increasing the inner 

waveguide section (rectangular or circular), through the passage 

from a layer to another. The horn antenna inner sections are also 

filled with the disconnected cross type metamaterial (n1 ≈ 1.95) 

and the outer sections with the connected cross type metamaterial 

(n2 ≈ 0) as shown in Fig5. (c) and (d).  

In this paper the passive microwave devices are numerically 

simulated by a finite difference based commercial code.  In these 

numerical simulations design, the used metamaterial structures are 

replaced by an equivalent homogeneous medium with constitutive 

parameters (εeff, μeff and n) obtained in section 2. This leads to fast 

numerical simulation and a substantial computing time reduction. 
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Figure 4: Metamaterial microwave devices emulation: (a) 

rectangular waveguide, (b) circular waveguide. (c) Pyramidal 

antenna and (d) conical antenna. 

4. Results and discussion 

4.1. Emulation of rectangular waveguides 

To emulate a rectangular waveguide, every metamaterial layer is 

divided into two different zones: the waveguide inner and outer 

sections. The first one, formed by 8 4 unit cells, has a 

rectangular form and is placed in the center of the metamaterial 

layer. It is made of the disconnected cross type metamaterial with 

1Re( 1.95)n   The second one, formed by the remaining area of 

the metamaterial layer, is made of the connected cross type 

metamaterial with 1Re( 0)n  The cutoff frequencies of a metallic 

rectangular waveguide modes are given by: 

0

2 2

2
c

c m n
f

a b

   
    

   
  (1) 

Where: 

c is the speed of light, a and b are the length and the width of the 

standard metallic waveguide. 

m and n are the mode numbers. 

We chose to emulate the standard metallic waveguide R400 which 

has a transverse section (a = 5.69 mm)× (b = 2.845 mm) and a 

cutoff frequency of f c0=26.36 GHz. 

From Fig. 5. It can be seen from that the metamaterial slab really 

emulates the waveguide behavior, even if the cutoff frequencies 

are not the same. The metallic and metamaterial waveguides are 

not filled by the same material. The propagation constant (β) in the 

emulated waveguide is greater than that of the conventional 

metallic waveguide. This is due to the fact the emulated 

waveguide is filled by a: 

 

0

2 2
1 2

MTM

c
c

f
f

n n



   (2) 

Where: 

1n  is the refractive index of the metamaterial medium constituting 

the metamaterial rectangular waveguide outer walls, 

2n  is the refractive index of the medium filling the metamaterial 

rectangular waveguide. 

 

Figure 5: Dispersion diagram of the first seven modes of 

the emulated rectangular waveguide. 

Table.1: Theoretical and simulated cutoff frequencies of the 

emulated rectangular waveguide. 

Mode (GHz) 
MTMcf ( GHz) 

(Theoretical) 

MTMcf  (GHz) 

 (simulated) 

TE10 26.36 13.52 13.1 

TE20 52.72 27.03 27.1 

TE01 52.72 27.03 27.1 

TE11 58.98 30.25 30.1 

TM11 58.98 30.25 30.1 

TE21 74.63 38.27 38.1 

TM21 74.63 38.27 38.1 

The standard metallic waveguide has only one mode (the 

fundamental one) in the [0-50 GHz] frequency band, while the 

emulated metamaterial rectangular waveguide, with the same 

section, presents seven modes which are identified as: TE Modes 

(TE10, TE20, TE01, TE11 and TE21) and TM modes (TM11 and 

TM21). As shown in Fig. 5. 

Tab.1, presents the cutoff frequencies of the seven first modes, 

shown in Figure, of the metallic and emulated metamaterial 

waveguides with n1 =0 and n2 =1.95. A good agreement between 

the theoretical and simulated cutoff frequencies is observed. 
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If we substitute in equation (2) 
mncf  by equation (1) we obtain 

   

2 2

2 2 2 2
1 2 1 2

2MMc

c m n
f

a n n b n n

   
   

    
       
   

 (3) 

Let 2 2
1 2A a n n   and 2 2

1 2B b n n  . 

2 2

2MMc

c m n
f

A B

   
    

   
  (4) 
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Figure 6: Dispersion diagram comparison between the 

R400 metallic and metamaterial rectangular waveguide. 

From equation (4), if we want the metamaterial waveguide 

to have the same cutoff frequencies as the standard metallic 

one, we must divide the section metamaterial waveguide 

dimensions by A and B by 2 2
1 2n n . With n1 = 1.95 and 

n2 = 0, we obtain (A =2.844 mm and B = 1.422 mm). Then, 

the R400 metallic rectangular waveguide behavior is really 

emulated by the metamaterial one as shown in Fig. 6. We 

observe a cutoff frequency of 27.1 GHz compared to 

26.1 GHz of the conventional metallic R400. The emulated 

R400 waveguide propagation constant   is greater than that 

of the conventional metallic R400, and has high attenuation 

constant . 

4.2. Emulation of circular waveguides 

Like for the rectangular waveguide emulation, the circular 

metamaterial waveguide is obtained in same manner as the 

rectangular one. The complex propagation constant j     of 

the dominant mode TE11 of both the standard metallic circular 

waveguide C255 (R = 4.165 mm) and the emulated one are shown 

in Fig. 7. We observe also that the metamaterial slab behaves like 

a circular waveguide. There is more than one mode in the 0-

50 GHz frequency band for the emulated circular waveguide, as 

shown in Fig. 7, which are identified as: TE11, TE21, TE01, TM01 

and TM11. 

 

 

 

Figure 7: Dispersion diagram of the first seven modes of 

the emulated circular waveguide. 

The cutoff frequency of the metamaterial slab depends on the 

radius of the circular zone and the refractive values of the inner 

and outer zones ( 1n  and 2n ). The cutoff frequencies of the 

standard circular waveguide are given by: 

For the TEmn mode: 

0

'

,
2

mn
c mn

r r

Xc
f

R  
   (5) 

For the TMpq mode: 

0 ,
2

pq
c pq

r r

Xc
f

R  
   (6) 

Where '
mnX  and pqX  are the zeroes of the derivatives 

' '( ) 0mnJ X   and ( ) 0pqJ X   of Bessel function and R is the 

circle radius. 

We chose to emulate the standard metallic waveguide C255 with 

R = 4.165 mm and a cutoff frequency 
0cf  = 21.1 GHz.  

Table.2: Theoretical and simulated cutoff frequencies of the 

metallic and emulated metamaterial circular waveguide. 

Mode 
(GHz) MTMcf

(GHz) 

(theoretical) 
MTMcf (GHz) 

(simulated) 

TE11 21.1 10.82 11.1 

TM01 27.58 14.14 14.1 

TE21 35.03 17.96 18.1 

TE01 43.95 22.54 23.1 

TM11 43.95 22.54 23.1 

In Tab. 2, are compared the theoretical and simulated cutoff 

frequencies of five first modes of the metallic and emulated 

metamaterial circular waveguides, plotted in Fig. 7. 
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The cutoff frequency of the emulated circular waveguide can also 

be written as: 

For the TEmn mode: 

' '

' 2 2
1 2

2 2MTM

mn mn
c

X Xc c
f

R R n n 
 



  (7) 

For the TMpq mode: 

' 2 2
1 2

2 2MTM

pq pq
c

X Xc c
f

R R n n 
 



  (8) 

From equations (7) and (8) we derive the radius of the 

metamaterial waveguide emulating the conventional metallic 

C255. It is given by 2 2
1 2/R n n . 
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Figure 8: Dispersion diagram comparison between the 

C255 metallic and metamaterial circular waveguide. 

The propagation constant of TE11 mode of the metamaterial 

emulated and metallic C255 is presented in Fig. 8. The 

cutoff frequencies match very well. 

4.3. Emulation of pyramidal horn antennas 

For the emulation of pyramidal horn antenna we proceed as for 

waveguides. We start by constituting a rectangular waveguide and 

then, the pyramidal horn is obtained by gradually increasing the 

inner rectangular waveguide section. The emulated pyramidal horn 

antenna outer section is made of connected cross type 

metamaterial having a refraction index real part ( ). 

In Fig. 9 are compared the metallic pyramidal and the 

metamaterial emulated horn antennas return loss S11. We 

observe that the presence of metamaterial in the emulated 

pyramidal antenna affects slightly the matching properties of 

the antenna. Nevertheless, the return loss stays below the 

reference value of -10 dB over the frequency operating band 

. 
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Figure 9: S11(dB) Comparison between the metallic and the 

emulated from metamaterial bulk pyramidal horn antennas. 
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 (b) 

Figure 10: Comparison between the metallic and the 

emulated from metamaterial bulk pyramidal horn antennas: 

(a) E Plane gain radiation pattern, and (b) H Plane gain 

radiation pattern. 
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Fig. 10 shows a comparison between radiation patterns of the 

conventional metallic pyramidal horn antenna and the emulated 

metamaterial one. The radiation patterns are very comparable. We 

observe that the metamaterial slab really mimic the behavior of the 

metallic pyramidal horn antenna and is clearly demonstrated that it 

emulates it’s functioning. The metamaterial horn antenna presents 

a wider radiation pattern beam-widths and higher side lobes, 

compared to that of the metallic one, due to losses from the lateral 

walls of the metamaterial slab. 

4.4 Emulation of conical horn antennas 

The same results are obtained for the circular horn antenna which 

is well emulated by the metamaterial antenna slab. The return loss 

and radiation patterns are compared in Fig. 12. 
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Figure 13: Comparison between the metallic and the 

emulated from metamaterial bulk conical horn antennas: 

(a) E Plane gain radiation pattern and (b) H Plane gain 

radiation pattern. 
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Figure 12: S11(dB) comparison between the metallic and the 

emulated from metamaterial bulk conical horn antennas. 

5. Conclusions 

We have designed a metamaterial slab obtained by stacking 

several layers of 2D metamaterial based on printed circuit 

connected and disconnected unit-cells. By shaping different 3D 

forms with different size in the 3D metamaterial slab, we have 

emulated the functioning of waveguides (circular and rectangular) 

and horn antennas (pyramidal and conical). In this paper we have 

clearly demonstrated that the metamaterial slab can really mimic 

the behavior of several passive microwave devices.  
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Abstract 

We present a theoretical study of the emission rate 

enhancement of the dipole emitter embedded in the metal-

dielectric stratified metamaterial, characterized by the 

hyperbolic isofrequency surface. We find out a limited 

enhancement of the Purcell factor in the layered 

metamaterial. We demonstrate that the radiative decay rate 

is strongly depends on a ratio of the thickness of layers and 

is affected by the level of losses in metal. 

1. Introduction 

Metamaterials constructed from periodic metal-dielectric 

layers are widely known as a simple realization of the so-

called hyperbolic metamaterial media (HMM) [1]. Such 

media derive name from their unusual hyperbolic shape of 

the isofrequency surface, when the longitudinal and 

transverse principal components of the permittivity tensor 

of the diagonal form being of the opposite signs [2]: 

 휀𝑒𝑓𝑓 = (

휀⊥ 0 0
0 휀⊥ 0
0 0 휀||

)  , (1) 

 휀⊥ =
𝑑𝑚𝜀𝑚+𝑑𝑑𝜀𝑑

𝑑𝑑+𝑑𝑚
 ,   휀|| =

(𝑑𝑚+𝑑𝑑)𝜀𝑑𝜀𝑚

𝑑𝑚𝜀𝑑+𝑑𝑑𝜀𝑚
., (2) 

We note that hyperbolic-like dispersion relation: 

 
kx

2+ky
2

𝜀||
 +

kz
2

𝜀⊥
=  (

ω

c
)

2
, (3) 

for eigenmodes of such structures depends strongly on 

frequencies, and can be obtained only for a certain ratio of 

the layer thicknesses. Hyperbolic metamaterials recently 

have attracted tremendous interest as an application for 

engineering the spontaneous emission. And the problem of 

electric dipole radiation in the HMM recently has been 

addressed in detail both theoretically and experimentally. 

The radiative decay enhancement in a cavity first 

demonstrated by Purcell [3] and is known as the Purcell 

effect. This effect is described by the Purcell factor, which 

in the broad sense is defined by the ratio: 

 Fp = τbulk/τcav   , (4) 

between lifetimes of spontaneous emission of a dipole 

source in the infinite homogeneous medium to that inserted 

into a resonant cavity. The Fermi golden rule defines the 

radiativedecayrate1/τinahomogeneous lossless medium:  

 
1

𝜏
=

2𝜋

ℎ
 ∑ |〈 𝑓 |𝐻𝑖𝑛𝑡(𝒌, 𝜎)|𝑖〉|2 𝛿(ℎ 𝜔𝒌,𝜎   – ℎ𝜔)

𝒌,𝜎
, (5) 

where |𝑖〉 is the initial state and |𝑓〉 is the final state, 
〈𝑓 |𝐻𝑖𝑛𝑡(𝒌, 𝜎)|𝑖〉 is the matrix of the transition from the initial 

to the final state with the transition energy ℎ𝜔 and with the 

emission of the photon (𝒌, 𝜎) , described with the wave 

vector 𝒌 and polarization 𝜎.  

The density of photonic states in HMM diverges [4], due 

to the unusual hyperbolic shape of the isofrequency surface 

with infinite area. Therefore HMM can afford an 

opportunity for enhancement of the spontaneous emission 

[5] at any frequency for which the isofrequency surface is 

hyperbolic. The Purcell effect provides a means to tune the 

emission properties of the light source, potentially useful for 

a variety of applications. Ultra-high values of the Purcell 

factor for a point dipole embedded in the so-called 

hyperbolic medium has been predicted theoretically [6]. 

Therefore, it is interesting to study how the enhancement of 

the Purcell factor depends on the thickness of layers. In 

addition, structures with metallic layers are also 

characterized by losses, which should be accurately taken 

into account. Therefore, we need to clarify how losses affect 

the electromagnetic properties of the multilayered HMM and 

the Purcell factor. 

2. Results and discussion 

We study a metamaterial media shown schematically in 

figure 1, formed by a periodic metal-dielectric layered 

structure. We chose silver metal which permittivity is 

described by the Drude model: 휀𝑚 = 휀∞ −
𝜔𝑝

2

𝜔(𝜔+𝑖𝛾)
, with the 

following parameters:   휀∞ ≈ 4.96, the plasma frequency 

𝜔𝑝 ≈  8.98  eV, and the damping rate γ=0.018 eV, these 

parameters were obtained by fitting data results presented 

by Johnson and Christy [7]. The dielectric constant 휀𝑑 was 

set to unity, the structure period 𝐷 = 𝑑𝑚 + 𝑑𝑑=60 nm, and 

the ratio   𝜂 =
𝑑𝑚

𝑑𝑑
  of the thickness of silver and dielectric 

layers is varied. 
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Figure 1. A schematic illustration of the stratified metal-

dielectric metamaterial, with a dipole source centred in the 

central dielectric layer. 

 

We study the Purcell factor for a point dipole emitter 

embedded in the central dielectric layer of the metal-

dielectric stratified media. Assuming  that the dipole emitter 

is located in the central dielectric layer and is surrounded by 

two identical mirrors, formed by semi-infinite metal-

dielectric periodical structures. Therefore the system under 

consideration can be treated as a cavity, and to calculate the 

Purcell factor we can apply an approach based on the 

quantum theory of the spontaneous emission (SpE) from an 

active microcavity [8], which is given with emphasis on 

mirror separations of the order of the optical wavelength. 

Reflectivity and transmittance through layered media were 

calculated by applying the transfer matrix approach [9]. 

Figure 2 shows the Purcell factor calculated for a dipole 

embedded in the center of a finite-size periodic metal-

dielectric structure constructed from 200 layers with equal 

thickness of silver and dielectric layers 𝑑𝑚 = 𝑑𝑑 = 30 𝑛𝑚. 

The most interesting feature is the increase in molecular 

decay rates for frequencies from the corresponding region 

of negative refraction. Varying the level of losses in metal 

layers we have observed that the most attractive property of 

the hyperbolic metamaterials - high values of the Purcell 

factor are slightly affected by the level of losses. In 

addition, we note that varying the ratio of the layer 

thicknesses, the Purcell factor high peaks related to odd and 

even coupled surface plasmon polariton (SPP) modes [10] 

move to lower or higher frequencies. 

 

3. Conclusions 

In summary, we have calculated the spontaneous emission 

rate of the dipole emitter embedded in the stratified metal-

dielectric structure. We have observed the increase of the 

molecular decay rates at the frequencies for which the 

isofrequency surface is hyperbolic, and which are related to 

both odd and even coupled SPP modes. We have observed 

that the Purcell factor is slightly affected by the level of 

losses in metal, and significantly depend on the ratio of the 

thickness of the layers. 

 

 
Figure 2. Purcell factor for a finite-size periodic metal-

dielectric structure with 200 layers: the thickness of silver 

and dielectric layers are 𝑑𝑚 = 𝑑𝑑 = 30  nm and the level of 

losses is varied. 
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Abstract 

This paper presents a double-negative metamaterial inspired 

printed mobile wireless antenna that can support most 

mobile applications such as GSM 1800, 1900, UMTS 2100, 

Bluetooth 2400 and WLAN frequency bands. The antenna 

consists of a semi-circular patch, a 50Ω microstrip feed line, 

and metamaterial ground plane. The antenna occupies a 

very small space of 37×47×0.508 mm3, making it suitable 

for mobile wireless application. The perceptible novelty 

shown in this proposed antenna is that reduction of Specific 

absorption rate using the metamaterial ground plane. The 

proposed antenna reduced 72.11% and 75.53% of specific 

absorption rate at 1.8 GHz and 2.4 GHz, respectively 

1. Introduction 

Nowadays extensive research effort is exerted on human 

heal risk due to electromagnetic radiation from wireless 

devices. The EM waves that are emitted from the wireless 

devices may raise heat, which increase the temperature of 

the human body. The increase of temperature may have 

many long and short term effects on the human body. The 

specific absorption rate (SAR) is the parameter used to 

evaluate power absorption in the human body. There are 

some recognized international bodies [1, 2] to develop the 

guideline for limiting expose electromagnetic radiation on 

human health. The limit specified in IEEE C95.1:2005 is 

1.6 W/kg in a 1 g averaging mass and 2 W/kg in a 10 g 

averaging mass of tissue [1], which is similar to the limit 

stated in the International Commission on Non-Ionizing 

Radiation Protection (ICNIRP) guideline [2]. 

 Through the last years, several techniques were studied to 

reduce specific absorption rate. Several techniques have 

been investigated to reduce SAR towards the human body. 

The use of Ferrite sheet is one of them. Kitra et al. proposed 

a ferrite sheet embedded antenna for SAR reduction 

towards human head [3]. Though, ferrite sheet attachment 

reduced the SAR values, but the use of ferrite increases the 

manufacturing cost. Tay et al. proposed another technique 

to reduce SAR values [4]. They used a reflector with dipole 

to reduce the electromagnetic radiation toward the human 

body. But there are some disadvantages to use an additional 

reflector with antenna like, increasing manufacturing cost 

and device dimension.  Moreover, Zhan et al. combined 

PIFA and IFA structure of the antenna, which reduced 30% 

of the SAR value than conventional PIFA antenna [5]. 

Though, this method reduced the SAR value, but a large 

space is required to mount with wireless devices. The 

electromagnetic band-gap (EBG) has been used to EM 

waves that travel toward the human body [6, 7].  Sang et al. 

proposed a multilayer PIFA antenna with the EBG structure 

[7], which reduced the SAR values of 36.27 % and 34.9 % 

at 1.85 GHz and 1.91 GHz, respectively. Sultan et al. 

proposed a printed monopole with embedding EBG 

structure has been proposed and reduced SAR values of 

61.56 % at 1.8 GHz and 50.39% at 2.1 GHz [6]. Rashed et 

al. was proposed a double negative metamaterial structure, 

which was attached to the PCB to reduce the EM absorption 

[8]. The major drawback of this technique is that the 

metamaterial structure needs additional space to mount with 

PCB.  

In this letter, a new internal antenna consisting of a semi-

circular patch with microstrip feed line and metamaterial 

embedded on ground plane to reduce SAR is proposed. The 

antenna covers most of the mobile applications with WLAN 

services. The antenna fulfils three challenging requirements: 

the compact size, the multiband operation, and the low SAR 

radiation. 

 

2. Antenna Design 

The proposed antenna and metamaterial unit cell have been 

designed and investigated using the commercially available 

CST Microwave Studio software. The unit cell and antenna 

have been fabricated on Rogers 4350B substrate material. 

The properties of the substrate material are: thickness 0.508 

mm, dielectric constant 3.48, dissipation factor 0.0037. 

Initially, the proposed antenna was a planar printed antenna 

before applying the metamaterial structure, shown in Figure 

1(a). Then 4×4 metamaterial unit cell array is replaced on 

L1× L3 rectangular ground plane, shown in Figure 1(b). 

The antenna without metamaterial is named as antenna 1 

and the antenna with metamaterial is named as antenna 2. 

The proposed antenna geometric structure specifications are 

listed in Table 1. 
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Table 1: Antenna Specifications 

 

Parameter 

Name 

Value 

(mm) 

Parameter 

Name 

Value 

(mm) 

L 45 L3 17 

W 35 L4 13 

Lf 17 L5 32 

Wf 1.25 L5 28 

L1 30 a 8 

L2 15 g 0.8 

 

W

L4

L

Wf

Lf
L2

L1

L3

R

Bottom Top

 

(a) Antenna 1 

W

L4

L

Wf

Lf
L2

L1

L3

R

g
g

a

a

Unit Cell

Bottom Top
 

(b). Antenna 2 

Figure 1: Schematic diagram of the antennas (a) antenna 1: 

without metamaterial (b) antenna 2: with metamaterial 

(proposed). 

3. Results and discussion 

 

3.1. Metamaterial characterizations 

The metamaterial characteristics of the unit cell array have 

been investigated using a finite-difference time-domain 

(FDTD) based Computer Simulation Technology (CST) 

Microwave Studio software. The 4×4 unit cell array 

structure has been placed between positive and negative 

waveguide ports. The waveguide ports have been applied 

along x-axis, shown in Figure 2. The perfect electric 

conductor and the perfect magnetic conductor boundary 

have been assigned to the y and z axis, respectively. The 

effective medium parameters permittivity and permeability 

have been calculated using the method mentioned in [9] and 

presented in Figure 3. It is observed from Figure 3 that, the 

two resonance points at 1.75 GHz and 4.12 GHz, where the 

DNG characteristics of the metamaterial have been found. 

The metamaterial characteristics of the proposed is 

presented in Figure 3. 

 

Port 1

Port 2

 
Figure 2: simulation arrangement of unit cell array for 

metamaterial characteristics. 

  

(a) 

 

(b) 
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(c) 

Figure 3: Metamaterial characteristics of 4×4 unit cell 

array- (a) permittivity, (b) permeability, and (c) refractive 

index.  

3.2. Antenna performance analysis 

The prototype of the antennas have been fabricated using 

LPKF Laser and Electronics machine. The fabricated 

proposed antenna is illustrated in Figure 4. The reflection 

coefficient of the proposed antenna has been measured 

using a PNA network analyzer, presented in Figure 5. The 

proposed antenna achieved measured impedance bandwidth 

of 1.34 GHz (1.66 GHz to 3.0 GHz) and 1.44 GHz (4.4 

GHz to 5.84 GHz), which can operate in the frequency 

bands of GSM (1800, 1900, 2100), Bluetooth (2.4 GHz) 

and WLAN. It is seen from Figure 5 that a little 

disagreement is found between measured and simulated 

reflection coefficient. The main reasons of the disagreement 

between two results are fabrication tolerance and deficient 

soldering effects of the SMA connector.  

  

(a). Top view 

 

(b).Bottom view 

Figure 4: Proposed antenna prototype. 

 

Figure 5: Simulated and measured reflection coefficient of 

the proposed antenna. 

 

Figure 6: Measured radiation efficiency and realized gain of 

the proposed antenna. 

Moreover, the antenna radiation efficiency and realized gain 

of the proposed antenna has been analyzed using Satimo 

nearfield measurement system (Satimo Starlab), shown in 

Figure 6. It is seen from Figure 6 that the antenna shows 

88.72% of maximum radiation efficiency at 1.67 GHz and 

minimum radiation efficiency of 50.78 % at 2.83 GHz.  In 

addition, the maximum gain of the proposed antenna is 3.15 

dBi at 5 GHz.  
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Moreover, the 2D farfield radiation pattern of the proposed 

antenna has been measured. The measured radiation pattern 

at 1.8, 2.4, and 5.5 GHz is demonstrated in Fig. 7. 

 

 

(a). 1.8 GHz  

 

 (b). 2.4 GHz 

Figure 7: Measured 2D farfield radiation pattern of the 

proposed antenna. 

 

3.3. Specific absorption rate analysis 

The specific absorption rate of the proposed antenna 1 and 

antenna 2 has been investigated using a SAM head 

phantom, provided by the CST microwave studio. The 

simulated 10g SAR at 1.8 GHz and 2.4 GHz of the 

proposed antenna are presented in Figure 8. The head 

phantom is filled with liquid, which dielectric properties are 

equivalent of the human head. The liquid dielectric constant 

is 40, conductivity 1.4 and tangent delta 0.05. The phantom 

shell specifications are: dielectric constant 5, tangent delta 

0.05. The antenna is placed in check position and distance 

between head and mobile phone was set to 3 mm. The input 

power is set to 500 mW for simulation. As shown in Fig. 9, 

the SAR experiments were performed using Satimo 

COMOSAR measurement lab. In the measurement the input 

power is set to 27 dBm (equivalent to 500mW). The 

measured 10g SAR value of the antenna1 and antenna 2 

have been measured and shown in Figure 10.  Moreover, 

the simulated and measured result is listed in Table 2. In the 

Table 2, a comparison is presented between antenna 1 and 

antenna 2. It is shown from Table 2 that the metamaterial 

antenna shows 72.11% and 75.53% reduction of SAR than 

antenna 1 (without metamaterial). 

 

 

 

 
 

(a) 

 

Probe
Head 

Phantom

Robot

Zig

 
(b) 

 

Figure 9: (a) schematic layout of the SAR measurement, and 

(b) SAR measurement in Satimo SAR measurement lab. 
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Figure 9: Measured 10g SAR values of the proposed antenna 

(a) at 1.8 GHz for antenna 1, (b) at 2.4 GHz for antenna 1 (c) 

at1.8 GHz for antenna 2, (d) at 2.4 GHz for antenna 2.  

 

Table 2: SAR value of the proposed antenna 

Type 10g  SAR (W/Kg) 

Condition  Freque

ncy 

(GHz) 

SAR 

value

s 

Rate 

(%) 

Antenna 1: 

without 

metamaterial 

Simulated  1.8  2.2 100 

Measured  1.8 2.08 100 

Simulated 2.4 1.83 100 

Measured 2.4 1.88 100 

Antenna 2: 

with 

metamaterial 

(proposed) 

Simulated  1.8 0.65 30.04 

Measured  1.8 0.58 27.89 

Simulated 2.4 0.52 28.85 

Measured 2.4 0.46 24.47 

 

4. Conclusions 

In this paper, a multifunctional mobile wireless antenna is 

presented, which can operate in the most of the mobile 

frequency bands. The novelties of the proposed antenna are: 

small size, the multiband operation, and the SAR reduction 

using double negative metamaterial. Therefore, the human 

body can be shielded from the dangerous effect of 

electromagnetic radiation and play great role in safe use of 

mobile communication system 
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Abstract
During past few years, designing of complementary meta-
materials based microwave devices have extensively in-
creased. In this paper, passband filter for rectangular
waveguide is designed using complementary symmetric
split ring resonator (CSSRR). By varying different geomet-
rical parameters of CSSRR, the passband frequency and
bandwidth can be varied. Effect of design parameter on
quality factor of filter is also calculated. By appropriate
choice of CSSRR geometrical parameters, a filter is pro-
posed which gives passband of 2 GHz. The results are cal-
culated numerically using HFSS 14.0.

1. Introduction
Waveguides are hollow metal tubes which are used to trans-
mit microwave signals typically 1 GHz to several GHz.
Waveguides are available in rectangular, circular and el-
liptical cross sections. Mostly, rectangular waveguides are
used and their dimensions have been standarized according
to different bands [1]. Waveguide filters are very impor-
tant class of microwave devices which are used in satellite
communication and radar systems. Metallic waveguide fil-
ters are widely used in millimeter wave systems, having ad-
vantages of low loss and high power capability, but their
size is much larger. To reduce the size, different structures
such as fractal-shaped irises [3], T-shaped metallic block
[4] and multilayer dielectric [5], have been used and maxi-
mum 65% miniaturization was achieved [6].

To improve performance of waveguide devices, meta-
material (MTM) provides an alternate approach. In 2002,
Split Ring Resonator (SRR) [7], presented for MTM, was
used to achieve passband below the cutoff frequency of
waveguide with 10 dB insertion loss [8]. Waveguide minia-
turization using uniaxial anisotropic negative permeability
MTM was investigated by Hrabar et al. in 2005 [9]. In the
same year, Complementary Split Ring Resonator (CSRR)
[11] is used to presented a very compact waveguide filter
[10]. In 2007, Bahrami et al., used rectangular CSRR to
design waveguide bandpass filter [12]. In 2008, S-shaped
resonator was used for compact waveguide bandpass fil-
ters with enhanced stopband performance [13]. A dual
band waveguide filter was presented using SRR in 2009

[14]. Multiband bandpass filter was presented in 2010 us-
ing dual behavior resonator [15]. A pseudo-elliptic rectan-
gular waveguide filter is presented suing compact E-plane
doublet structure [16]. In 2012, a wide band bandpass filter
is designed for rectangular waveguide using periodic SRR
structures [17]. Novel complementary split ring resonator is
utilized to present bandpass waveguide filter for X band in
2013 [18]. In 2014, an iris radius is used to design a band-
pass waveguide filter for rectangular waveguide in Ku band
[19]. Bandstop filter using half complementary split ring
resonator for substrate integrated waveguide is presented in
2015 [20].

In this research, a waveguide bandpass filter of 2 GHz
bandwidth based on complementary symmetric split ring
resonator (CSSRR) is designed. Effect of geometrical pa-
rameters of CSSRR on the resonant frequency, bandwidth
and Q factor is studied. Results are calculated numerically
using high frequency frequency structural simulator.

This paper is arranged in six sections. Electrodynamics
and simulation of of rectangular waveguide are discussed
in Section 2 and 3 respectively. Overview of proposed filter
is presented in Section 4. All the results are calculated in
Section 5 and summarized in Section 6.

2. Electrodynamics of Rectangular
Waveguide

A rectangular waveguide of lateral dimensions a and b is
shown in Figure 1. Rectangular waveguide can only sup-
port transverse electric (TE) and transverse magnetic (TM)
modes. For TE mode there should no electric field in the
direction of motion i.e Ez = 0 and Hz should satisfy the
wave equation given as [2],(

∂2

∂x2
+

∂2

∂y2
+ k2c

)
Hz(x, y, z) = 0, (1)

where kc =
√
k2 − β2 is the cutoff wavenumber.

The solution for Hz is given as [2],

Hz(x, y, z) = Amncos
mπx

a
cos

nπy

b
e−jβz, (2)

where Amn is an arbitrary amplitude constant.
The transverse field components of the TEmn mode are



Figure 1: Geometry of Rectangular Waveguide

given as [2],

Ex =
jωµnπ

k2cb
Amncos

mπx

a
sin

nπy

b
e−jβz, (3)

Ey = −jωµmπ
k2ca

Amnsin
mπx

a
cos

nπy

b
e−jβz, (4)

Hx =
jβmπ

k2ca
Amnsin

mπx

a
cos

nπy

b
e−jβz, (5)

Hy =
jβnπ

k2cb
Amnsin

mπx

a
cos

nπy

b
e−jβz, (6)

The propagation constant β is given as [2],

β =
√
k2 − k2c =

√
k2 −

(mπ
a

)2
−
(nπ
b

)2
, (7)

The wave will propagate when β is real, imaginary β means
all the field components will decay exponentially away
from the source of excitation. The condition for real β is
given as [2],

k > kc =

√(mπ
a

)2
+
(nπ
b

)2
, (8)

Each combination of m and n has a cutoff frequency which
is given as [2],

fcmn =
kc

2π
√
µϵ

=
1

2π
√
µϵ

√(mπ
a

)2
+
(nπ
b

)2
. (9)

3. Simulation of Rectangular Waveguide
High Frequency Structural Simulator (HFSS) is used for the
simulation of rectangular waveguide. Geometry and bound-
ary conditions are defined for the waveguide. HFSS auto-
matically defines the accurate and most appropriate mesh
for simulation of waveguide. Automated meshing of rect-
angular waveguide is shown in Figure 2. The dimensions
of the waveguide determine the modes that can exist inside
a waveguide and the cutoff frequencies of different modes

Figure 2: Meshing of Rectangular Waveguide.

Figure 3: Magnitude and Vector of Electric Field in Rect-
angular Waveguide.

Figure 4: Magnitude and Vector of Magnetic Field in Rect-
angular Waveguide.

depend on the medium inside it. The cutoff frequency de-
fines the order in which different modes enter a waveguide.
From practical point of view, most systems uses a dominant
TE10 mode operation for rectangular waveguide. For TE10

mode operation, the electric field components are given as
[1].

E+
x = 0, (10)

E+
y = −A10

ϵ

π

a
sin
(π
a
x
)
e−jβzz, (11)

E+
z = 0, (12)

Simulated results of electric field magnitude and direction

2



for TE10 mode operation are shown in Figure 3. Magnetic
field components for TE10 are given as [1].

H+
x = A10

βz
ωµϵ

π

a
sin
(π
a
x
)
e−jβzz, (13)

H+
y = 0, (14)

H+
z = −j A10

ωµϵ

(π
a

)2
cos
(π
a
x
)
e−jβzz. (15)

Simulated results of magnetic field magnitude and direction
for TE10 mode operation are shown in Figure 4. For TE10

mode operation.

4. Overview of Proposed Filter
There are various methods to design waveguide filters.
Generally planar waveguide filters are designed using cou-
pling resonators. Proposed waveguide filter is designed us-
ing one unit cell of Complementary Symmetric Split Ring
Resonator (CSSRR) which is negative image of symmet-
ric split ring resonator (SSRR). CSSRR has been etched
on copper sheet of dimensions u = 15.79 mm , v = 7.89
mm and 30µm thickness. RT/Duroid 5880 is used as sub-
strate of thickness h=0.5 mm and permittivity constant 2.2.
The dimensions of CSSRR are much smaller than the wave-
length of incident wave and given as w = 2.55 mm, l = 7
mm, s = 0.75 mm, c = 0.8 mm, d = 1 mm. Proposed fil-
ter is shown in Figure 5. Proposed filter is placed across a
rectangular waveguide (WR62) as shown in Figure 6. The

s

u

v
d

w

h

c

l

Figure 5: Proposed waveguide filter.

a

b

Figure 6: Filter configuration in rectangular waveguide.

inner dimension of WR62 are a = 15.79 mm and b = 7.89
mm and it operates in Ku band.

5. Simulation Results
Results are calculated numerically using HFSS simulations.
Figure 7 shows the simulated results of the return loss S11

and insertion loss S21 for the proposed filter. The inser-
tion loss is about 0.07 dB and return loss is 34 dB at the
resonant frequency. The filter present wide passband prop-
erties which covers the frequencies from 11.6 to 13.6 GHz.
Half power bandwidth of filter is 2 GHz and Q factor is
6.35. Moreover, it is noticed that changing the design pa-
rameter s of the resonator the resonant frequency and half
power bandwidth can be altered. The simulated results of
insertion loss S21 for different values of design parameter s
is shown in Figure 8. For design parameter s=0.5 mm the
insertion loss is about 0.11 dB and return loss is 33.5 dB
with resonant frequency 12.1 GHz. The filter provides the
passband properties between the frequency range of 11.2 to
12.8 GHz. For design parameter s=1.0 mm the insertion
loss is about 0.05 dB and return loss is 34.6 dB with reso-
nant frequency 13.37 GHz. The filter provides the passband
properties between the frequency range of 12 to 14.5 GHz.
The effect of design parameter s on Q factor is shown in
Figure 9. It can be observed that high value of Q provides a

Frequency [GHz]

S   [dB]11

S
-P

ar
am

et
er

s 
[d

B
]

S   [dB]21

Figure 7: Frequency behavior of filter.

Frequency [GHz]

=0.5mms

S
  
 [

d
B

]
2

1

=0.75mm

=1.00mms

s

Figure 8: Simulated Transmission-coefficient spectra cor-
responding to different values of design parameter s.
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Figure 9: Q factor vs design parameter s.

narrow passband and low value of Q gives a wide passband.

6. Conclusion
In this paper, complementary symmetric split ring resonator
(CSSRR) has been used to design bandpass filter for rect-
angular waveguide. By optimization of geometrical pa-
rameters a passband of 2 GHz (11.6 GHz to 13.6 GHz)
is achieved. CSSRR structure is very easy to tune, it is
demonstrated that by changing design parameters, the reso-
nant frequency and quality factor can be improved. Pro-
posed filter can be used in satellite communication and
radar applications.
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Abstract— Split ring resonators (SRRs) are used in order to localize and enhance incident electromagnetic field. Electrically 

controllable sheet concentration of graphene provides a platform where the optical conductivity of the graphene layer can be 

tuned. The spectral response of SRR arrays can be modulated by applying gate voltage. We showed that the tuning range can 

be increased by designing SRR structures with higher effective mode area.  
 

1. Introduction 

Graphene has been an attractive 2D material in recent years 

owing to its interesting electrical and mechanical properties. 

Light-matter interactions within dimensions much smaller 

than the free space wavelength make graphene favorable for 

new plasmonic applications. Numerous applications based on 

metamaterials [1], photodetectors [2], photovoltaics [3], and 

nanoantennas [4,5], where electronics and plasmonics are 

combined with hybrid structures, have been studied. The 

optical conductivity of graphene depends on the sheet carrier 

concentration of the graphene layer. Since high frequency 

interband transitions, and intraband transitions of graphene 

can be controlled by electrical gating, the plasmon resonance 

of graphene-hybrid structures such as nanoantenna arrays can 

be modulated by applying a gate voltage [1, 4-6].  

 

 
 

Figure-1: SEM images of SRR-1 and SRR-2 (above); schematic of the tunable 

SRR device. 

2. Discussion 

Strong localized fields on nanoantenna based structures couple 

to the incident field through a resonant process, causing a 

strong localization of electromagnetic waves. These antennas 

enhance the incident field, and therefore increase the 

interaction between light and graphene. In this study, we have 

shown that the optical response of split ring resonator (SRR) 

arrays can be tuned, and the tuning range can be further 

increased with designing structures with larger effective mode 

area. We obtained gate voltage dependent resonance tuning of 

two different SRR designs by utilizing a transistor-like 

graphene device, as shown in Fig. 1. We obtained a frequency 

shift at the resonance of the SRRs owing to the tunable carrier 

concentration of graphene, which is due to the Fermi energy 

dependent optical conductivity.   

 
 

Figure-2: Resonance wavelength shift with respect to the reflectivity 
measurement taken at the Dirac point for (a) SRR-1, and (b) SRR-2. Electric 

field distributions at resonance wavelengths for (c) SRR-1 at 3.5 μm, (d) SRR-

2 at 3.9 μm.  

Peak-to-peak resonance wavelength difference is 

demonstrated in Figs. 2 (a) and (b). The results show that 

SRR-2 has a larger tunability range. The reason of this result 

can be explained with the field localization at the gap region at 

the resonance wavelength. Increasing the light-graphene 

interaction area, results in larger shifts, since the effective 

mode area for SRR-2 is larger than that of SRR-1.   

3. Conclusions 

In conclusion, we demonstrated that the optical response of 

SRRs on graphene can be tuned, and, the tuning range can be 

increased by designing the structures with larger effective 

mode area. It is feasible to use such devices as tunable sensors, 

optical switches and modulators.  
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Abstract 

In this work, a UHF Vivaldi antenna is designed and uses 

metamaterials to improve its performance. The 

metamaterial in the antenna improves the directivity and 

gain enhancement and belongs to the larger class of 

anisotropic zero index metamaterials. A technique for 

lowering the dimensions of the metamaterial unit cell is 

presented and applied. An antenna with an integrated 

metamaterial is designed. Simulation results for the antenna 

and metamaterials are presented. 

1. Introduction 

First introduced by Gibson[1] in 1979, Vivaldi antennas, or 

so called notch antennas, became popular due to their key 

advantages: ease of fabrication, high gain, and ease of 

integration. Because of these advantages, these antennas 

were extensively used for phased arrays[2].  

Metamaterials[3] are artificial materials, composed of a 

periodic array of engineered building blocks - so-called 

meta-atoms. These meta-atoms have the important quality 

that they are much smaller than the wavelength that interacts 

with the materials, such that the material is said to be 

characterized by effective material parameters, the electric 

permittivity  and the magnetic permeability , which can be 

derived from the behavior of the material as whole, as 

opposed to the response of the meta-atoms themselves. A 

particular class of metamaterials, namely zero index 

materials[4], are capable of improving the directivity of 

antennas. However, for antenna applications, these materials 

have a major disadvantage: they produce impedance 

mismatch. In order to correct this mismatch, anisotropic zero 

index metamaterials[5] were developed. In this work, a 

design for such a material is developed for the specific 

application towards improving the directivity of a Vivaldi 

antenna.  

2. Vivaldi Antenna Design 

While a large number of Vivaldi antenna designs exist, the 

design in this work is a coplanar design, similar to the one 

described in [1]. This design allows for easy integration of 

the metamaterial within the body of the antenna. Vivaldi 

antennas are widely used due to their broadband 

characteristics. In theory, the bandwidth of the Vivaldi 

antenna spectrum is infinite. One of the factors that limit its 

bandwidth is the feed of the antenna. In order to be able to 

ensure a broadband response, one needs to design a feed that 

is also broadband. Because the antenna is part of the larger 

family of tapered slot antenna, most applications require that 

the feed of the antenna is also suitable for PCB integration. 

Therefore, the most popular antenna feed is the microstrip 

line. The transition from the microstrip line to the tapered 

slot Vivaldi antenna is straightforward when certain 

requirements such as broadband need to be met. The 

microstrip line is an unbalanced line while the slot line is a 

balanced line. The solution for this is to design a broadband 

microstrip-to-slotline transition, also called balun. The balun 

design was done based on the method proposed by M. M. 

Zinieris et al.[6], which is based on the work of Bernd 

Shuppert [7] on microstrip to slotline transitions.  

                 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig.1. Balun design: microstrip to slotline transition. Double 

transition: front (a) and back(b) and view with transparent 

substrate(c). Return loss(d) is below -15dB for the whole 
 

In order to design a Vivaldi antenna operating in the desired 

UHF frequency range, the first antenna parameter assessed 

in this work was the return loss. Reflections due to the feed, 

the shape of the taper, and the corners or the Vivaldi 

antenna affect the return loss. Also, the bandwidth of the 

antenna is affected by the width of the antenna, namely the 

width of the aperture W.  The width W determines the 

lowest frequency of operation for the Vivaldi antenna, in 

the conditions in which the return loss is below the -10dB 

limit.  Parametric sweeps of the length of the aperture W 

were performed. These proved that the return loss can be 

minimized when the aperture width W is increased, as 

demonstrated in Fig.3(a). The lowest return loss occurs for 

the largest antenna width W. 
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(a) 

 

 
(b) 

Fig.2. Vivaldi antenna design: front side(a) occupied mostly by the 

metallic flares, depicted in dark grey and back side(b), the 

substrate is depicted in light grey and the microstrip line is 

depicted in dark grey. 
 

 

 
(a) 

 
(b) 

Fig.3. Parametric sweeps of the antenna width W (a) and 

taper curvature parameter α (b) show that lowest return 

loss is achieved when the width is maximized and the 

taper curvature is as closest to a circular shape. 

 

Parametric sweeps of the parameter that controls the 

curvature of the taper, α, as described in the equations 

below [5], for an antenna with a fixed length were also 

performed. 

 𝑦 = 𝑎𝑒𝛼𝑥 + 𝑏 ,                                                          (1) 

with  𝑎 =  
𝑦2−𝑦1

𝑒𝛼𝑥2−𝑒𝛼𝑥1
 and  𝑏 =  

𝑦2𝑒𝛼𝑥2−𝑦1𝑒𝛼𝑥1

𝑒𝛼𝑥2−𝑒𝛼𝑥1
. 

 

 These calculations demonstrated that a lower return loss is 

achieved when the shape of the taper in the neck region 

resembles a circle [9]. However, parametric sweeps have 

shown that there is a particular value that should be chosen 

for this parameter, which is not necessarily the one for 

which the curvature is the most smooth. For the first 4 

values of the α parameter the trend is evident: the return 

loss decreases with the increase of the α parameter. 

However, for the last 3 values, even though this rule still 

stands, the trend is not evident anymore. The return loss still 

decreases, however the bandwidth of the antenna decreases. 

Therefore, we chose a value for α that yields a balance 

between low return loss and wide bandwidth. 

3. Metamaterial Design 

Metamaterials[3] are man-made materials, for which the 

building block (contained within a unit cell) is often a 

metallic resonating structure. A particular class of 

metamaterials is metasurfaces, essentially 2D 

metamaterials, which emerged from the need to create more 

compact devices. Metasurfaces are easier to integrate with 

existing device designs in order to achieve better 

performance. 

The metamaterials designed in this work are part of the 

larger group of zero index materials, and in particular, 

anisotropic zero–index metamaterials. Zero-index materials 

are materials that have one or both of the material 

parameters, the electric permittivity  or the magnetic 

permeability , equal to zero. These materials were found to 

have very useful applicability in the area of antenna design. 

Given the impedance matching conditions that an antenna 

system has to satisfy, the use of these materials often is 

detrimental to the system because they typically produce 

impedance mismatch. Therefore, anisotropic zero index 

metamaterials were developed. These are characterized by a 

tensor dielectric permittivity or/and magnetic permeability, 

which allows for only one component of the tensor to be 

designed to achieve a zero value, while the rest of the 

components non-zero, and so allowing for appropriate 

impedance matching.  

In this work, for the unit cell design, a meander line 

antenna[10] was used as starting point, which then evolved 

into a more complex structure, due to the size restrictions 

imposed on the metamaterial antenna. The meander line 

resonator has a resonant frequency dependent on the 

dimensions of the structure.   The design and modeling of 

the meander line structure was done using the HFSS 

modelling software from Ansys. The meander line can be 

modelled as an independent, standalone structure or as a 

unit cell of an infinite array. Modelling the structure 

independently can be done by placing the structure in a 

rectangular waveguide with appropriate dimensions such 

that only one mode propagates. In order to determine the 

resonances of the structure one can either use a wave port 

type of setup or the eigenmode solver. More relevant, is the 

information that can be gleaned from the simulations of an 

infinite array of the unit cells. The HFSS setup for this 

problem was done by placing Floquet ports at the input and 

the output ports, while the other 4 faces of the surrounding 

air box were assigned master/slave boundary conditions, 

which essentially mimic an infinitely periodic metasurface. 

In the figures below we present only results of simulations 

from the Floquet ports setup. 
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(a) 

 
(b) 

 
(c) 

Fig.4. (a) Geometry of unit cell represented by a meander line 

resonator.  (b-c) The resonances of the structures when interacting 

with an electromagnetic field in 2 cases: (b) E field is polarized 

along OX, and (c) E field is polarized along OY. 

 

Consider an electromagnetic wave with the electric field 

polarized along a random direction in the x-y plane and the 

magnetic field H polarized along z direction. The wave 

vector k can be split into its two components 𝑘𝑥 and 𝑘𝑦. In 

order to make for an anisotropic material, the behavior of the 

material when interacting with an electromagnetic field 

needs to be different for different directions. In this 

particular case, the aim is to have the direction of 

propagation of the radiation, after transmission through the 

metamaterial, to be entirely (or closely so) in the x direction. 

In order words, the purpose of the metamaterial is to achieve 

𝑘𝑦 → 0. Therefore, we analyzed the meander structure for 

two cases: 

a) The propagation vector k is orientated along the x 

direction and electric field E is polarized in the y 

direction.  In this case, the effective medium is 

characterized by 𝜀𝑦  and 𝜇𝑧  , where the indices 

correspond to the directions of the polarization of 

the electric and magnetic fields, respectively. 

b) The propagation k vector is orientated along the y 

direction and electric E field is polarized in the x 

direction.  In this case, the effective medium is 

characterized by 𝜀𝑥 and 𝜇𝑧. 
 

 

𝑘𝒚 =
𝟐𝝅

𝝀𝒆𝒇𝒇
=

𝟐𝝅

𝝀𝟎/𝒏
=

𝟐𝝅𝒏

𝝀𝟎
=

𝟐𝝅√𝜺𝒙

𝝀𝟎
,                         (2) 

 

 

For the two different polarizations of the propagation vector, 

the electromagnetic field exhibits different behaviors, as 

demonstrated in Fig. 5. In the case when the electric field is 

polarized parallel to the arms of the resonator (i.e., in the y-

direction), the electric field intensity is concentrated in the 

adjacent segments connecting the arms of the resonator. For 

the opposite polarization (i.e., the electric field is in the x-

direction), the field is concentrated mostly in the arms of the 

resonator. Based on these observations, the geometry of the 

meander is modified in order to decrease the area of the 

resonators that is necessary to achieve a resonance at a 

particular frequency. 

 

 
(a) 

 
(b) 

Fig.5. Geometry of unit cell and HFSS field snapshots for 

two polarizations: (a) Electric field polarized along the arms 

for the meander lien structure and (b) electric field polarized 

perpendicular to the arms. 

 

Based on equation (2), in order for 𝑘𝑦 → 0, the structure has 

to operate at a frequency for which 𝜺𝒙 → 0. Further, in order 

to achieve impedance matching, the values of 𝜇𝑧  and 𝜀𝑦 

should be equal to each other to as much as an extent 

possible. 

 

 
(a) 
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(b) 

 
(c) 

Fig.6. (a) Geometry of unit cell represented by a meander line 

resonator with general direction for k propagation vector.  (b) The 

retrieved material parameters,  𝜀𝑥 , 𝜀𝑦  and 𝜇𝑧 .  (c) A zoomed-in 

view of the frequency range of interest.  
 

The effective medium parameters of the material with the 

meander structure as unit cell were calculated using a 

retrieval algorithm described in [11]. The inputs of the 

algorithm are: the transmission and reflection coefficients, 

the distance travelled by the electromagnetic wave, the 

dielectric permittivity of the medium through which the 

wave is propagating. The algorithm yields all the tensor 

components of  and .   

The resonant frequencies of the system manifest as sharp 

peaks and/or dips of εx that are at the same frequencies as 

corresponding peaks and/or dips in the reflection and 

transmission, calculated by the HFSS software and depicted 

in Fig.4(b) and (c), for the 2 polarizations.  

Working within a lower frequency bandwidth generally 

entails increasing device dimensions. Starting with the 

structure depicted in Fig.4(a), the aim is to design a unit cell 

structure that has a lower operating frequency but avoid as 

much as possible increasing the dimensions of the structure.  

The first step is to increase the dielectric permittivity of the 

substrate. However, even though this is very efficient at 

lowering the resonant frequency of the  𝜀𝑥  parameter, this 

strategy is detrimental for the 𝜀𝑦.  More specifically, raising 

the substrate’s dielectric constant increases  𝜀𝑦 such that it is 

no longer equal to 𝜇𝑧 and thereby increasing the impedance 

mismatch between the exit of the antenna and free space.  

Therefore, additional strategies for lowering the resonant 

frequency of the 𝜀𝑥 component of the dielectric permittivity 

were developed and applied. Starting from the premise that 

being a resonant structure, the meander will have a resonant 

frequency dependent on the L and C (i.e., 𝜔0 =
1

√𝐿𝐶
), we 

first increase the number of meanders (Fig.7(b)). Due to the 

additional impedance produced by the added meanders, the 

resonant frequency of the 𝜀𝑥  parameter decreases. Second, 

the length of the meander line (Lm) was increased. This 

increased the capacitive coupling between the neighboring 

unit cells, resulting in a lower resonant frequency. In order 

to keep the area of the structure small, the thickness of the 

lines was also reduced, as depicted in Fig.7(c). 

 

 
(a) 

 
(b) 

 
(c) 

Fig.7. Different meander geometries: Lm1=Lm2<Lm3, 

Wm1=Wm2<Wm3, Tm1= Tm2>Tm3. The resonant frequencies of 

the three geometries are such that 𝜔1< 𝜔2< 𝜔3 
 

After these steps, the results were still not satisfactory. The 

final step was to add smaller meanders on the interior arms 

of the meander structure, as depicted in Fig.8(b). Meanders 

on the exterior arms are not wanted, they decrease the 

capacitance between adjacent unit cells. Due to the added 

meanders, L is increased and therefore the resonant 

frequency decreases. Even though quantitatively, the 

decrease in resonant frequency is not as significant as with 

the previous 2 strategies, this is a significant step because 

the area of the structure stays the same while the resonant 

frequency is decreased.  In order to keep the area of the unit 

cell small, as mentioned before, a meander with thinner lines 

is designed, as shown in Fig.8(c). Since the longer length for 

the meander arms is important only for the exterior arms due 

to the contribution on the overall capacitance, the interior 
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arms are reduced. This design decision is also motivated by 

a resulting lower value of the 𝜀𝑦 parameter. 

For the different structures, parameter 𝜇𝑧  roughly remains 

the same. However, 𝜀𝑦  increases as the whole structure 

increases and has a larger area, since this parameter is 

dependent on the capacitance between unit cells adjacent to 

each other in the x direction, as shown in Fig.5(a). 

 

 
(a) 

 
(b)  

(c) 
Fig.8. Different meander geometries: (a) simple meander structure, 

(b) “meanders within meander” structure, (c) “meanders within 

meander” optimized structure such that 𝜔1< 𝜔2< 𝜔3. 
 

A qualitative understanding of the behavior of the smaller 

feature meanders is gleaned by the magnetic field snapshots, 

as demonstrated in Fig. 9. The pictures (b) and (c) show a 

cross section of the meander structure depicted in (a), 

following exactly the dotted line. They show the magnetic 

field as an incident electromagnetic wave interacts with the 

structure, for two different phases of the field. The observed 

local increase in the magnetic field due to the small feature 

meanders produces a decrease in the overall resonant 

frequency of the structure, which is our goal. It was 

observed from HFSS simulations that the decrease in 

resonant frequency of the whole structure is decreased as we 

increased the number of interior meanders up to the design 

presented in this work.  

 

(a) 

(b) 

(c) 
Fig. 9. Magnetic field snapshots for a transverse section in the 

meander structure (a), for two different phases, 180 opposite: (b) 

and (c). 

 

The metamaterial inserted into the aperture of the antenna is 

depicted in Fig. 9. This is only a proof of concept, the 

actually assembly of antenna and metamaterial was not 

achieved experimentally at this point in the project. 

 

 
Fig.10. Metamaterial fitted in the Vivaldi antenna aperture. 
 

4. Discussion 

Even though the addition of the smaller feature meanders is 

logically correct and yielded the desired result of a lower 

resonant frequency, further computational analysis needs to 

be performed. Due to the very small size of the interior 

meander relative to the excitation wavelength, a very fine 

mesh had to be used. Therefore the computational analysis 

became a problem for the system. The authors believe that 

an even finer mesh should be applied in order for the results 

to be completely convergent and to more fully understand 

the physics of the structure. Further steps include the design 

of a equivalent RLC circuit of the structure, which will 

provide the possibility of a fine tuning of the resonant 

frequency and hence the bandwidth of operation. 

Since the losses in the system are mainly due to the metal, a 

drawback of the method presented in this work is the losses 

introduced in the system with the addition of the small 

meandering structures with the large meander. 

A possible solution to this problem is to use dielectric 

metamaterials instead of metallic resonant structures. 

Additionally, dielectric metamaterials have the advantage of 

being broadband as opposed to their metallic counterparts. 

An implementation for this solution is already under 

inspection. 

5. Conclusion 

A method of reducing the footprint of metallic meander line 

resonator, used as unit cell for an anisotropic zero index 

metamaterial is presented and discussed. The metamaterial 

is used towards improving directivity of a coplanar Vivaldi 

antenna. Future work includes antenna fabrication and 

testing and also on developing a non-resonant metamaterial 

in order to design a system that is not dependent on 

frequency. 
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Abstract- We demonstrate the fabrication and performance of a hyperbolic metasurface (HMS)
1,2

 

across the visible spectrum using single-crystalline silver. Metamaterials are artificial media that 

produce optical phenomena not present in naturally occurring materials
3,4

. However, 

three-dimensional (3D) metamaterials suffer from extreme propagation losses, limiting their utility
5
. 

Two-dimensional (2D) metasurfaces and in particular, hyperbolic metasurfaces (HMSs) for 

propagating surface plasmon polaritons (SPPs), have the potential to alleviate this problem
6
. 

Because SPPs are guided at a metal-dielectric interface (rather than passing through metals), these 

HMSs have been predicted to have lower loss while still exhibiting phenomena observed in 3D 

metamaterials. 

 

Fig. 1. (a) Transmission electron microscope image showing low defect, single crystal silver film. (b) Top-down 

fabricated HMS in single-crystal silver. (c) Measured negative refraction of SPPs in HMS. (d) Elliptical, flat and hyperbolic 

isofrequency contours realized in the HMS at different wavelengths. (d) Frequency-dependent, spin-orbit coupling in HMS. 

mailto:devlin@fas.harvard.edu


 

We report the first experimental realization of a visible-frequency HMS
1
. To fabricate the HMS, we 

begin by growing single-crystalline (SC) silver on (111)-silicon substrates, Fig 1a. Silver is the least 

lossy plasmonic material in the visible regime and the SC nature of these films minimizes both 

radiative and nonradiative losses for propagating SPPs. The metasurface is then realized through 

standard electron beam lithography and ion etching to define a grating structure in the SC silver, Fig 

1b. 

The anisotropic grating structure allows us to realize hyperbolic, flat and elliptical isofrequency 

contours for SPPs, depending on the wavelength of incident light, Fig. 1d. As a result of this rich 

dispersion, the HMS displays broadband negative refraction (Fig 1c) and diffraction-free 

propagation. Moreover, we observe a strong spin-orbit coupling, as shown in Fig 1e, where the 

direction of the propagating SPPs depends on both the helicity and wavelength of incident 

radiation. Thus, the HMS enables polarization- and wavelength-dependent routing of chiral SPPs. 

The measured propagation distances of up to 30 μm indicate that the quality of the silver film is 

maintained through the fabrication process and that the low-loss, 2D nature of our devices offers a 

one to two orders of magnitude improvement over 3D metamaterials. These results open the door 

for a wide array of high-performance plasmonic nanostructures with widespread conventional and 

quantum optics applications.  
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We provide the first experimental demonstration of coherent perfect absorption that can be 

controlled nonlocally. Recently, we demonstrated coherent absorption of single photons in a deeply 

subwavelength plasmonic absorber. We showed that while the absorption of photons from a 

travelling wave is probabilistic, standing wave absorption can be observed deterministically, with 

nearly unitary probability of coupling a photon into the plasmonic resonant mode of the 

metamaterial. Here, we advance a step further and experimentally demonstrate that we can 

nonlocally (remotely) control the coherent absorption process for a specific polarization by the 

virtue of polarization-sensitive detection of the photon entangled with the photon engaged into the 

coherent absorption process. 
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Abstract-We demonstrate electric control of circular dichroism for terahertz waves by active tuning 
of the coupling between adjacent chiral metamolecules. By hybridizing gated single-layer graphene 
with a conjugated double Z metamaterial, we experimentally show that the transmission of 
left-handed circular polarized light can be effectively controlled without affecting that for the right 
handed circular polarized wave.  
 

Chirality is a direct consequence of magneto-electric coupling resulting from the chiral internal structure of a 
medium lacking mirror symmetry [1]. Compared to non-chiral materials, chiral materials give rise to optical 
activity that can rotate the polarization plane of linear polarized light and control circular dichroism (CD) [2]. 
While naturally chiral materials such as cholesteric liquid crystals, sugars, display only rather a weak optical 
activity, much stronger effect can be created using artificial chiral metamaterials comprised of sub-wavelength 
metallic resonators [3-4]. Recently, it was shown that with the integration of active materials into metamaterials, 
polarization switching and modulation can be dynamically controlled [5-6]. However, the optical activity in most 
metamaterials can so far only be tuned by external optical stimuli that requires complicated experimental setup. 
Here we experimentally demonstrate an electrically controllable CD by integrating CVD-grown single layer 
graphene onto a conjugated double Z metamaterial (CDZM) designed for large optical activity [7].  

 
Figure 1: (a) Microscopic image of graphene chiral metamaterials. The gap width between chiral metamolecules 

is defined by g. (b) Circular dichroism corresponds to different transmission for left-handed circular polarized (LCP) 

and right-handed circular polarized (RCP) light.  

The unit cell of the proposed graphene chiral metamaterials consists of CDZM with graphene layer 



positioned onto top layer of CDZM as shown in Fig. 1a. For the incident circular polarization waves, a material 
composed of the chiral molecules transmits light more weakly for one circular polarization than the opposite 
handedness due to different absorption losses (Fig. 1b). The simulated and measured transmission spectra for the 
RCP and LCP waves through the graphene chiral metamaterial are shown in Fig. 2a with a variation in gate 
voltage levels applied to the graphene sheet. At the resonance frequency of 1.1 THz, the transmission for the 
RCP and LCP waves are significantly different, which implies that the CD is large. Importantly, variation of the 
applied voltage within just a few volts can dramatically modify the transmission of LCP, but almost leaves the 
transmission of RCP unchanged.   

 
Figure 2: (a) (left) Measured and (right) simulated transmission spectra of LCP (solid line) and RCP (dashed line) 

waves are plotted as a function of Fermi level (simulation) and gate voltage (experiment). (b) Circular dichroism 

defined by difference between the intensity of RCP and LCP, Δ = |TRCP| - |TLCP|. 
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Abstract-  Graphene based metamaterials have been the subject of much recent attention for 

multiple terahertz (THz) applications.  Here we report on the geometrical tradeoffs when designing 

the unit-cells in metamaterials for THz beam shaping applications.   

 

THz technology has recently attracted much interest in research and industry due to its important applications 

in communications, imaging, spectroscopy and so on.  However, there is a lack of materials and devices that can 

function in a controllable manner at THz frequency, which limits the progress in this frequency range.  Graphene 

based metamaterials have been recently widely used as THz devices, because of the extraordinary electrical-optical 

properties of graphene [1]. 

In [2], authors showed that when a phase gradient is introduced at the interface between two mediums, Snell’s 

law rephrases as the general law of reflection and refraction: 
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So the properties of the transmitted beam can be controlled by designing a suitable phase gradient.  Here our 

objective is to use reconfigurable phase-shifters for reconstructing arbitrary phase gradients [3].  For this reason, 

we analyze the geometrical tradeoffs is designing phase modulators.  Two different geometries, multi spiral 

resonators (MSR) and multi split ring resonators (MSRR), shown in Fig. 1, were analyzed. In these geometries we 

altered the coverage-fraction which is defined as the ratio between the area covered by metal and the total area of 

a unit-cell. 

 

Fig 1. Metamaterial structures: a) Multi Spiral resonators (MSR) and b) multi split ring resonators (MSRR) 

with different metal coverage ratio. 



An ideal phase modulator for beam shaping applications should attain simultaneously (i) large phase 

modulation and (ii) large transmission amplitude; moreover it should also have a very small unit cell to wavelength 

ratio.  For arbitrary shaping a beam, having 360º control over phase is necessary, therefore multiple layers should 

be epitaxially stacked.  In this regard, figure of merit 1 is defined, which is related to the loss in the metamaterial. 

Besides, since we are reconstructing a continuous function (phase gradient) using discrete elements, we define a 

second figure of merit, figure of merit 2, which consist of the unit cell to wavelength ratio, and should be minimized. 
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After performing simulations on the structures shown in Fig. 1, using HFSS. The figures of merit were 

calculated as a function of the metal coverage fraction, the result are depicted in Fig. 2. 

 

Figure 2. Figures of merit (FoM1 and FoM2) versus metal coverage-fraction for both analyzed metamaterial 

geometries. 

 

Conclusion As shown in Fig. 2, in both geometries, MSRs and MSRRs, there is an optimal metal-coverage 

fraction that gives the best tradeoff in terms of FoM1 vs. FoM2.  The best tradeoff for both geometries occurs 

when the metal coverage-fraction is around 40% (gray shaded region). 
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Abstract-We propose a tunable circular polarization analyzer based on a graphene-coated spiral 

dielectric lens. Owing to the geometric phase effect, the analyzer focuses circular polarization with 

opposite chirality while defocusing that with same chirality, producing spatially separated solid dot 

or donut shape fields, respectively. Moreover, distinct from the narrow working bandwidth of a 

traditional circular polarization analyzer, the focusing and defocusing effects in the analyzer are 

independent of the chemical potential of graphene, and depend only on the dielectric permittivity 

and the grating occupation ratio. Combined with the strong tunability of graphene plasmons, the 

operation wavelength of analyzer can be tuned by adjusting the graphene chemical potential 

without degrading the performance. The proposed analyzer could be used in applications in 

chemistry or biology, such as analyzing the physiological properties of chiral molecules using 

different circularly polarized waves. 

 

Fig. 1. (a). Schematic view of the left-handed graphene-coated spiral dielectric lens. (b). The circular polarization 

extinction ratio of the spiral lens with respect to incident wavelength under various chemical potentials. The sensor 

length is a=20 nm. 

The proposed tunable circular polarization analyzer based on graphene-coated spiral dielectric lens is shown 

in Fig.1(a). When a circularly polarized beam is focused onto axially symmetric plasmonic structure, the entire 

beam is transverse magnetic (TM) polarized with respect to the interface, enabling surface plasmon excitation 



from all directions and homogeneous plasmon focusing through interferences of these plasmon waves. A 

strongly confined solid spot will be obtained when the geometric phase produced by the spiral dielectric gratings 

cancels out the vortex wavefront of circularly polarized illumination (spiral structure and incident light owe 

opposite chirality) [1]. Conversely, an electric field with donut shape emerges due to the superposition of 

geometric phase and the vortex wavefront (spiral structure and incident light have the same chirality). 

To simultaneously satisfy the phase matching condition in the excitation procedure and the constructive 

interferences condition in the focusing process, the relationship between the propagation constants of graphene 

plasmons on the dielectric gratings 1 and on the dielectric substrate 2 can be defined as, 

11

2 1

(2 ) 1

2 1

d

d

f f

n

 

  

 
 

 
           (1) 

where the permittivities 1=1 and d=11 correspond to the one of upper layer (air) and dielectric substrate. It can 

be seen that the focusing or defocusing effect only depends on the dielectric permittivity and grating occupation 

ratio f, leading to the possibility of tuning operation wavelength by the graphene chemical potential without 

degrading the performance. 

The differences of field profiles caused by the geometric phase effect of plasmonic lens for the illumination 

of light with chirality leads to its potential application as circular polarization analyzer [1-3]. If a detector with a 

fixed length a is placed in the vicinity of the focus, the detected signal can be distinct for RHC (Right-Hand 

Circularized) and LHC (Left-Hand Circularized) polarizations. In Fig.1(b) we illustrate the extinction ratios as 

functions of incident wavelengths with different chemical potentials (i.e. c=0.5 eV, 0.6 eV and 0.7 eV). The 

sensor length is fixed at a=20 nm. 

The curves clearly show that for the plasmonic spiral lens circular polarization analyzer, the performance 

varies with the incident wavelength due to its intrinsic working mechanism based on constructive interference. 

For instance, at the chemical potential c=0.6 eV, the extinction ratio can be as high as 60 at =7.2 m with 3dB 

bandwidth is only 0.7 m (from 6.9 m to 7.6 m). The intrinsic narrow bandwidth restricts the application of 

circular polarization analyzer, while it can be solved by applying various chemical potentials on graphene sheet. 

As rendered in Fig 1(b), the peak in extinction ratio spectrum can be shifted from 6.7 m to 8 m with almost 

constant values, giving rise to the great potential of analyzing chirality illumination with various frequencies. 
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Abstract- An original method to constrain the values of the second-order susceptibility of graphene 

deposited on a gold substrate is presented, which combines second-harmonic generation 

experiments with semi-analytical computations to solve the inverse scattering problem. A gold 

photon sieve is used to trap the light and allow surface plasmons propagation in order to provide an 

intense effective pump. Three non-degenerate terms of the second-order susceptibility can be 

constrained for a second harmonic signal at 780 nm. 

 

Graphene, due to its remarkable electrical and optical properties has come into the spotlight for many kinds 

of photonic devices. Its unique light absorption and high electric field confinement properties enables new 

potentialities in nonlinear spectroscopies, e.g. efficient frequency conversion through multiwave mixing 

mechanism. It paves the way for the generation of new light frequencies over a single nanometer. 

However, quantifications of graphene nonlinear susceptibility over metallic surfaces are still sparsely 

reported [1], which is of prime necessity to efficiently model nonlinear harmonic generation process in those 

new types of hybrid devices [2]. In order to fulfil this lack of knowledge, an original method is presented to 

reconstruct the second-order susceptibility by combining experimental and numerical results.  

Knowing that among the many processes of nonlinear harmonic generation, metallic nanostructures can play 

a crucial role for amplification [3], a photon sieve, i.e. a flat gold film perforated with a honeycomb nanohole 

pattern, is used, conjugated with a graphene layer [4]. This induces enhanced second harmonic conversion 

efficiency (up to two orders of magnitude compared to flat gold). This enhancement is due to the excitation of 

long range surface plasmons on the gold/graphene interface.  

Those experimental results, combined with semi-analytical simulations, allow us to impose strong 

constraints on the three non-degenerate graphene second-order susceptibility (2) tensor element values. This is, 

to the best of our knowledge, the first time that such an inverse scattering problem method has been reported for 

determining nonlinear optical properties of graphene.  
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Recently surface plasmon polaritons were found in monolayer graphene [1,2]. To excite the plasmon 
one may use a relief grating. The surface plasmon frequency in monolayer graphene placed between two 
dielectric layers depends on the dielectric constant of the layers, Fermi energy level, and relief grating period 
Λ [3]. In this work we suggest using a liquid crystal (LC) as one of the dielectrics to control the surface plasmon 
in graphene. LC is a uniaxial medium with the optical axis given by director. Components of LC dielectric tensor 
depend on the director orientation. The LC orientation can be controlled by the externally applied voltage. Fig.1 
shows our modeling of the LC director profile and monolayer graphene transmission subject to the applied 
voltage. We find a shift about 70cm-1 for Si grating of Λ=200nm, when LC director is reoriented. 

 
Figure 1. Liquid crystal director profile and transmission of monolayer graphene 
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Abstract 

GMPN-Array sensor is successfully detecting human brain 

tumor based on SAR technique. The sensor consists of 

graphene as the radiating element and PDMS Ferrite as the 

substrate in order to realize ultra-wide band radiation (2.5 

GHz-12.2 GHz) with high energy (2.5dB-6.7dB) in 

microwave frequency ranges. Amount of energy absorbed 

by the human brain indicated the present of tumor. Human 

brain with tumor absorbed more energy and recorded higher 

SAR value (2.56 W/kg) compared with human brain 

without tumor (1.07 W/kg). 

1. Introduction 

Recently, graphene as the radiating material has gained 

much interested among the communication device 

community. It can be seen in the magnificent ongoing 

graphene transistors development process and currently is 

considered as the potential option for post-Si electronics. In 

order to realize more flexible applications in 

communication fields, numerous number of portable 

wireless communication device are needed align with the 

prompt development of modern wireless communications.  

Since patch antennas provide various advantages while 

achieving operated microwave frequency band, Graphene is 

utilized as the patch material to replace conventional 

radiating material such as copper. Comparison study done 

by [1] found that Graphene patch antennas recorded 

completely better performance compared to Single Wall 

CNT, Multi Wall CNT and Copper patch antennas. 

Eventhough Copper patch antennas demonstrated good 

results yet it is slightly less good as compared to Graphene 

due to Graphene has slightly higher conductivity compared 

with Copper. It can be concluded that Graphene is the 

promising future candidate as patch material for patch 

antennas as well as the sensor for cancer detection purpose.             

Since beginning, cancer is one of the most complicated 

disease ever exist in the world. In 2030, according to 

statistics done before, around 13.2 million people will 

suffer and die due to cancer [2]. Cancer early detection 

leads to effective treatment to have higher chance to be cure 

from the disease. Various imaging equipment have been 

commonly used for detection purpose such as conventional 

X-ray, magnetic resonance imaging (MRI), computed 

tomography (CT Scan) and ultrasound technique [3].  

Lately, microwave frequency based device has been 

utilized in tumor detection for one of its medical 

application. Microwave cancer detection offers several 

significant advantages compared to others imaging 

technique including low costs, noninvasive, involves 

nonionizing radiation and have high accuracy in detecting 

tumor existence [1]. In Specific Absorption Rate (SAR), 

microwave cancer detection is realized by the interesting 

characteristic of the normal tissue and malignant tissue 

which demonstrated huge difference in term of dielectric 

property at the microwave frequency. Malignant tissues 

will record higher dielectric property due to more 

absorption of electric field compared to normal tissues 

which help the researcher to identify the tumor presence 

[4]. Hence, microwave based technique, SAR technique is 

selected as the alternative method for detection since such 

technique could accurately detect the presence of the tumor 

in the brain.  

SAR is used to measure the energy rate absorbed by the 

human body when exposed to electromagnetic field [2]. The 

rate could be calculated from following scientific formula 

(1): 

 

          SAR= (σ|E|
2
)/ρ         (1) 

 

where σ is the tissue conductivity (S/m), E is the internal 

electric field (V/m) and ρ is tissue mass density (Kg/m3). 

The values of SAR can be categorized as 1g or 10g mass of 

tissue which equivalence to 1g or 10g spatial average SAR. 

According to IEEE C95.1:1999, I.6W/kg is the limit value 

for 1g spatial average SAR while it has been updated as 2W 

/kg for  10g spatial average SAR based on IEEE 

C95.1:2005. New emerging of technology, ultra wideband 

(UWB) systems lead to resolution improvement of the 

detection. Currently, utilization of UWB antennas 

promising significant function in cancer detection due to  
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UWB antennas are well suited for  medical applications 

since it offer high gain good return loss compared with most 

of the conventional compact UWB  antennas which have 

low gain and poor return loss [3].  

In this paper, grapene sensor with high gain and better 

return loss is applied as the sensor combine with PDMS-

Ferrite as the substrate in order to detect the brain tumor 

using SAR technique. A brain phantom model with tumor 

inside is designed using CST software and is placed close to 

proposed antenna to measure the desired SAR value. It has 

been discovered that the SAR rate for the healthy brain 

model is lower compared to the model with tumor inside 

where the respective SAR values for both condition are 

tabulated to see the significant differences. 

2. Antenna Design 

Figure 1 shows the geometry of the simulated GMPN-Array 

sensor in front and back view. The sensor consists of four 

identical circular radiating element made of new material, 

graphene as well as new combination of 

Polydimethylsiloxane (PDMS) and nanocomposite 

polymeric of magneto -dielectric (Ferrite-Fe3O4) as the 

new material for substrate. The radiating element and the 

substrate have PDMS the thickness of 0.33 nm and 1.6 mm 

respectively. The patches comprise of four identical circular 

with diameter of 15 mm are properly connected with quarter 

wave transformer transmission line. Small dimensions of 80 

mm × 45 mm made the UWB antenna suitable enough to be 

integrated as the sensor or probe in microwave imaging 

system. Its coplanar waveguide has wide and length of 8 

mm and 32 mm respectively. Equal current distribution 

towards all four patches could be realized by using the 

quarter-wave transformer impedance matching technique. 

Quarter-wave transformers of 70.71 Ω are used to have 

ideal match between the 100 Ω lines and the 50 Ω lines [5].  
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Figure 1: GMPN-Array Sensor simulated structure (a) front 

view, (b) back view 

 

The sensor recorded ultra-wide band microwave radiation 

less than -10dB started from 2.5 GHz until 12.2 GHz with 

high energy transmitted ranged from 2.5 dB to 6.7 dB as 

shown in figure 2 and figure 3 respectively. Reflection 

coefficient value less than -10dB indicated 90% of the 

energy is transmitted while only 10% is reflected [6].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Reflection Coefficient of GMPN-Array Sensor  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              Figure 3: Gain of GMPN-Array Sensor  
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3. Discussion 

Graphene which has great electrical conductivity of 10
8
 s/m 

[7] combined with low electrical permittivity of PDMS 

Ferrite around 2.2 resulted in high energy production [8] 

which needed to be absorbed by the tumor. Figure 4 

illustrated the measurement setup for brain tumor detection 

using SAR technique.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Measurement setup for brain tumor detection 

 

 

 

 

 

 

 

 

 

 

 

 

 

               Figure 5: Scanning area for head phantom 

 

 

The GMPN-Array sensor is placed 10 mm away from the 

multilayer human head phantom as the ideal distance to 

have maximum energy absorption. The sensor radiated the 

energy towards two different kind of human head phantoms 

which are the one with tumor present meanwhile another 

one is without the tumor present to obtain the different SAR 

value. On the other hand, in order to predict the exact 

location of the tumor, the sensor radiated the energy 

towards nine different areas to cover the whole one sided 

area of those two phantoms as shown in Figure 5. The 

highest different in SAR value among the nine scanned 

areas between phantom with tumor and without tumor 

among indicate the tumor position at that particular area. 

The results are tabulated in table 1 which proposed the 

tumor position at the area 5 that recorded the highest SAR 

difference of 1.49 w/kg. On the other hand, figure 6 

illustrate the simulation result for SAR using CST software.  

 

 

 

Table 1: SAR Average for 1g tissue in W/Kg 

         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: SAR simulation in Computer Simulation 

Technology (CST) Software 

 

Apart from advantages mentioned above, modifiable 

dielectric properties, easy to compound with various 

concentrations, easy fabrication process, flexible, 

transparent, thermally stable, and low cost are the other 

interesting characteristics of PDMS Ferrite [9]. 

 

4. Conclusions 

As conclusion, GMPN-Array sensor is successfully 

detecting human brain tumor based on SAR technique. It is 

realized by the high performance of the UWB Array 

antenna which recorded high energy (2.5dB-6.7dB) with 

wider operated frequency (2.5 GHz-12.2 GHz) due to the 

presence of grapheme as the radiating material and PDMS-

Ferrite as the substrate for the detection sensor. Amount of 

energy absorbed by the human brain indicated the present of 

tumor. Human brain with tumor absorbed more energy and 

recorded higher SAR value (2.56 W/kg) compared with 

human brain without tumor (1.07 W/kg). 
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Area With 

Tumor 

Without 

Tumor  

Difference 

1 2.05 1.06 0.95 

2 2.31 1.10 1.21 

3 2.04 1.08 0.96 

4 2.35 1.10 1.25 

5 2.56 1.07 1.49 
6 2.32 1.08 1.24 

7 2.05 1.11 0.94 

8 2.31 1.10 1.21 

9 2.02 1.05 0.97 
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Abstract—

We propose to use electronically reconfigurable ultrathin metasurfaces as smart walls to reflect
more intelligently the waves in indoor environments. We experimentally prove at 2.47 GHz that
it is possible to use these as spatial microwave modulators, using a simple energy feedback. In
particular, we show that we can enhance the transmission between two antennas by orders of
magnitude or locally conceal a volume from the penetration of waves in a typical office room.

We propose to use electronically reconfigurable ultrathin metasurfaces as smart walls to reflect
more intelligently the waves in indoor environments. We experimentally prove at 2.47 GHz that
it is possible to use these as spatial microwave modulators, using a simple energy feedback. In
particular, we show that we can enhance the transmission between two antennas by orders of
magnitude or locally conceal a volume from the penetration of waves in a typical office room.

An increasing amount of data is nowadays conveyed wirelessly by radio waves in dense environ-
ments such as cities or buildings [1]. While propagating, the electromagnetic waves carrying the
information are reflected several times off obstacles such as walls and furnitures, thus causing a
spread of the associated electromagnetic energy throughout those complex and reverberating me-
dia. This raises health issues and wastes energy. Here we show that part of this seemingly lost
energy can be recycled by reflecting more intelligently these multiply scattered waves using smart
walls rather than bare ones. To do so we propose to use ultrathin metasurfaces [2] that we design
to be electronically reconfigurable in real time as spatial microwave modulators [3]. We show that
they can be utilized to cover part of the walls of a typical office room, hence transforming these
dumb surfaces into smart ones. We demonstrate that, akin to the spatial light modulators which
can focus light through complex media [4,5], those spatial microwave modulators can passively
turn a random electromagnetic field resulting from reverberated and multiply scattered waves into
a shaped one using a simple energy feedback and simple optimization algorithms [6]. Specifically,
we prove that such smart walls can, in real time, increase by orders of magnitude the energy of a
wireless signal received by any antenna or locally conceal a volume from penetration of microwaves
[7]. We will present simulation and experimental results as well as a quantitative estimation of the
benefits brought by the approach, by introducing and modeling the notion of wavefront shaping in
reverberating media.

Our smart walls have applications in green wireless communications and electromagnetic protec-
tion. Indeed this approach could be used alongside others [8,9] to develop energy efficient wireless
communication systems.but they are also amazing tools for fundamental physics related to the
propagation of waves in complex, highly scattering or reverberating media.
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Abstract- This paper deals with the synergic use of Photonic Band Gap (PBG) materials and 
Micro-Electro-Mechanical Systems. Stacked metal-dielectric PBG structures which include also 
one air gap are considered, changes induced in the air gap will affect the overall optical properties 
thus making the PBG mechanically tunable. Applications to MEMS inertial sensors are presented 
with particular emphasis on integrated Gyroscopes where the proposed approach allows for 
conjugating two diverging features as mechanical robustness and high sensitivity to very small 
displacements. 

 
Introduction. Photonic Band Gap (PBG) materials have received great attentions since long time [1, 2], 

moreover even more recently a renewed interest has been recorded on applications of PBG to sensors and 
transducers [3, 4]. Focusing on 1D PBG, periodic multilayer materials which alternate low and high refractive 
index materials can be embedded in movable electromechanical microstructures such to obtain an equivalent 
material which maintains conductive properties of metals and still is transparent to visible light. In particular if 
one active layer is introduced whose properties can be electrically controlled, the overall structure will respond 
to such changes [3]. In this paper the dielectric material of this active layer is air and the property controlled will 
be the thickness. When the PBG materials with an air gap is embedded into a MEMS device this will allow for 
the optical transduction of very small displacements. In this way the two conflicting requirements of robustness 
and sensitivity can be matched on a single device that will be therefore enough rigid to survive to mechanical 
shocks, well outside the normal working range, but at the same time will provide suitably large output signals. 

Methodology, fabrication technology and experimental results. The Photonic Band Gap structure 
considered here is made by a stack of several thin layers of Silver and Lithium fluoride, one air gap whose 
thickness affects the overall optical properties and a thick Silver layer (see Fig. 1a). A MEMS gyroscope is 
presented that embeds the above mentioned PBG with the air gap to obtain large changes in the optical output 
signal as a response to very tiny displacements of the inertial mass in response to the angular velocity. The cross 
section of the basic structure is reported in Fig.1b: an inertial mass is suspended through the arms that are used 
also to drive the gyroscope, the PBG optical structure is split between a fixed covering plate and the inertial mass 
that acts as a movable plate, thus the air gap is embedded as a dielectric layer in the PBG stack. Changes in the 
air gap thickness related to the inertial forces will therefore reflect in changes of the optical properties of the 
PBG stack in fact the overall optical path will be modified. Fig.1c shows the 3D model of the gyroscope with 
highlight of the electrostatic actuation section and of the drive, sense and rotation axis. 

The device has been fabricated by using a SOI substrate coupled with an ad-hoc process for depositing the 
PBG metal-dielectric stack and perform the necessary micromachining. In Fig.2a a picture of the device 
fabricated is shown together with some experimental results (Fig.2b): the shift in reflectance spectrum is 



obtained as a function of the air gap width change between the fixed and the movable plate in the gyroscope due 
to the applied angular velocity. 

                       

 (a) (b) (c)  

Fig.1 (a) The metal-dielectric photonic band gap (PBG) stack including the air gap. (b) Scheme of the MEMS devices with 
embedded PBG. (c) 3D model of the gyroscope with a zoom of the electrostatic actuation section in the lower right corner. 

Conclusions and future perspectives. Several experiments have been performed to characterize the 
devices, in particular sensitivity has been considered as the ratio between the plate displacement and the input 
angular velocity. The preliminary results show that a mechanical sensitivity of Sm= 157 (nm rad-1 s) is obtained, 
when the overall sensitivity STOT  is taken into account (change in reflectance versus input angular velocity) a 
change of 0.1 %R  is observed per mrad/s. This result is particularly interesting if compared with usual 
capacitive readout, therefore a much rigid device can be designed without penalizing excessively the output 
sensitivity. The use of PBG materials has been fundamental in the development of such devices and therefore 
can be seen as prone for the development of other promising microsensors where the quantity to be measured 
can be converted in a displacement even if this displacement is very small. Further work is in progress for the 
complete characterization of the device. 

      
 (a) (b) (c)  

Fig.2 (a) picture of the MEMS gyroscope fabricated, (b) reflectance spectrum as a function of the air gap width. 
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Abstract-INO has leveraged its expertise in the development of uncooled microbolometer detectors 

for infrared imaging to produce terahertz (THz) imaging systems. Optimization of the sensitivity in 

the THz band has been accomplished by the addition of metamaterial-based absorbers to its 

microbolometer focal plane arrays. With the addition of custom THz lens objectives, INO now 

produces the IRXCAM-THz-384 camera, capable of imaging hidden objects for applications such 

as non-destructive testing, non-intrusive threat detection and see-through-the-wall imaging. 

 

THz technology has attracted a great deal of interest in recent years particularly for defense and security 

applications such as parcel inspection and through-camouflage vision. Uncooled microbolometer, widely used 

for infrared imaging for defense and more recently commercial applications are promising detectors for imaging 

in the THz region. INO has been actively working to optimize the performance of its uncooled microbolometer 

detectors for THz wavelengths. Several techniques have been investigated over the past few years such as 

metallic blacks, metallic absorbers, frequency selective surfaces (FSS) and antenna coupled microbolometers 

and has recently developed a THz camera core based on a 384 x 288 pixel 35 µm pixel pitch uncooled 

bolometric terahertz detector. This paper discusses two of the most successful techniques. It then provides an 

overview of the THz camera built around these THz-optimized detector focal plane arrays (FPAs). Lastly, THz 

images taken with the camera at various wavelengths are presented. 

Gold black has been extensively studied at INO [1] and a deposition process of such coating has been 

developed. The spectroscopic measurements obtained at various deposition conditions and film thicknesses 

showed that there is less than 10 % in the range of 3 THz to 30 THz. Figure 1 shows SEM images of the 

microbolometer detector without (left) and with (center) laser trimmed gold black coating and the gold black 

specular reflectance (right). 

  

Figure 1. SEM image of 52 µm pitch microbolometer detector without and with laser trimmed gold black coating 

 

A second method for improved absorption in the THz region has been through Frequency Selective Structures 

(FSS). Using a combination of inductive and capacitive FSS, it is possible to build a multilayer resonant 

structure [2, 3]. The resonance frequency can be adjusted by optimizing each layer impedance and pattern 



geometry. The structure developed was a double platform design. Figure 2 shows the ANSYS HFSS model (left) 

of the unit cell of microbolometer, its simulated frequency response (center) and a scanning electron microscope 

image of an array of 35 µm pitch pixels (right).  

  

Figure 2. Structure (left) and simulated response (center) of a THz microbolometer and SEM image (right) of THz detectors  

 

The THz-optimized FPAs are the core of the IRXCAM-THz-384 camera shown in Figure 3 with (left) and 

without (right) the custom THz lens barrel. The ultra-low-noise electronics core was also developed at INO and 

allows for a 50 Hz and 16-bit output [4]. 

   

Figure 3. Photographs of the IRXCAM-THz-384 camera core with (left) and without (right) the THz lens barrel 

 

Figure 4 presents different images taken with the IRXCAM-THz-384 camera in transmission and 

reflection, demonstrating the good image quality across a broad spectral range from 0.29 THz to 2.4 THz. These 

results demonstrate the capability of this 384 x 288 microbolometer-based pixel camera with metamaterial 

absorbers for real-time terahertz imaging applications. 

  

Figure 4. Images taken with the IRXCAM-THz-384: a plastic gun in reflection (left) and a magnetic security card in 

transmission (center left), both at 2.4 THz; a pocket knife through a leather purse in transmission at 0.69 THz (center 

right) and a plastic bag filled with water inside a cardboard mailer at 0.29 THz in transmission (right) 
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Detecting optical signals in the mid and long wave infrared are significant to a range of Air Force 

technologies and drive the research to increase performance and functionality. Both spectral and spatial 

information is obtained in images with hyperspectral collection. New challenges arise as detector pixel 

counts increase and the information desired from image data is more widely used. Limitations on data 

communication rates provide a bottle neck for acquiring and processing the increasingly large data sets. 

Compressive sensing may allow for the acquisition of more efficient data with higher information 

content, while preserving mission utility. Our research develops a combined method to integrate 

plasmonic and microptical elements onto detector structures which can both improve their 

performance and provide a means to introduce compressive sensing methods. By coupling a variety of 

simlulation environments which cover the optical, plasmonic, and electronic domains, we can efficiently 

comprehensively detector function and performance for a wide range of designs and incorporate 

compressive sensing into the design loop. We will present the results of several design studies and 

experimental verification of the modeled device performance.  
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Abstract— A metamaterial antenna is being developed for satellite communication that is
thin, light-weight, and lower cost than existing technologies. These antennas are built upon
reconfigurable metamaterials and the principles of holography, and they produce a directed,
steerable, high-gain beam without mechanically moving parts and with considerably lower power-
consumption than the competing technologies. This paper briefly introduces this antenna, only
made possible by the intentional engineering of metamaterials, that is poised to bring satellite
data capacities to the mass market.

1. INTRODUCTION

The most well-known non-natural characteristic achieved by the engineering of metamaterials is
simultaneous negative magnetic permeability and electric permittivity [1], and metamaterials were
responsible for the successful experimental demonstration of the celebrated application of electro-
magnetic cloaking in 2006 [2]. Yet, there are many other applications in which engineering the
electromagnetic response of a material is useful, and, indeed, many other applications that are
easier to achieve than the Harry Potter-esque invisibility cloak.

One area that has seen intensive development with the advent of metamaterials is antenna design.
Metamaterials are enabling smaller, highly-directive antennas [3, 4] and novel architectures. The
engineering of the reconfigurable holographic metamaterial antenna (RHMA) that is the subject
of this paper (and is the demonstrated technology that has garnered much commercial attention
and impressive financial backing in the form of the internationally recognized Bill Gates-funded
company Kymeta) is poised to re-energize the satellite communications sector, particularly mobile
applications (moving antenna platforms, moving satellites, or both).

2. A RECONFIGURABLE HOLOGRAPHIC METAMATERIAL ANTENNA (RHMA)

Figure 1: (Left) Top-view of a holographic metamaterial antenna, which is composed of a planar array of
metamaterial unit cells (seen in the inset) fed by parallel rectangular waveguides beneath the unit cells.
(Right) The parallel rectangular waveguide feed structure of the holographic metamaterial antenna. Parallel
waveguides propagating the primary TE10 mode feed columns of metamaterial unit cells.

The type of metamaterial antenna being developed commercially by Kymeta Corporation is
called a Reconfigurable Holographic Metamaterial Antenna (RHMA). It is helpful when discussing
this technology to describe the RHMA from its constituent parts, starting with the term “antenna.”



Everyone is familiar with what an antenna does whether or not they are familiar with how an
antenna works. An antenna is the device by which a guided wave (typically containing encoded
information) is transferred to free space where it propagates, without active interference, and is
sensed/received at some other location.

Onto “antenna” is layered “metamaterial.” The metamaterial of this device consists of a planar
array of densely-packed resonant unit cells. See the left pane of figure 1 for a picture of the
planar metamaterial and the inset of figure 1 for a picture of several unit cells. It is this plane of
metamaterial that is the interface between the guided wave of the antenna and free space. It is this
interface that permits the RHMA to specify in which directions the radiation of the antenna occurs.
On the guided-wave side of the metamaterial interface is an array of parallel rectangular waveguides
such that each row of unit cells is above each waveguide channel. This array of waveguides confines
and propagates the radio frequency wave containing encoded data, and as it propagates past the
metamaterial unit cells, the metamaterial allows carefully controlled radiation of this wave to free
space.

The next term is “holographic.” The principle of holography is how one selects where the energy
of the waveguides is radiated by the metamaterial. Briefly, holography is a means of recording and
then “playing back” a three-dimensional image. In the case of the metamaterial antenna, the
desired image is the one pin-prick in space that one wants all the energy of the antenna to radiate
toward (the satellite). The metamaterial antenna is the surface upon which the image is recorded,
and it is “played back” by the guided waves underneath.

Finally, we arrive at “reconfigurable.” The idea of reconfigurability of the metamaterial antenna
is that it is possible, in real-time, to change the recorded holographic image, and so, change the
radiation direction of the antenna’s energy. The metamaterial unit cells are the means by which
the holographic image is recorded, so reconfigurability of the holographic metamaterial antenna
ultimately means changing the radiation characteristics of the individual metamaterial unit cells to
change the holographic image. For the antenna developed by Kymeta, the resonant frequency of
each unit cell is changed by the application of a voltage to each. This tuning shifts the resonance
of the cell nearer to or further from the operating frequency of the antenna. When tuned to a
resonance far from the operating frequency, the cell scatters little energy into free-space. On the
other hand, when tuned such that the resonance is close to the operating frequency, the cell scatters
a maximal amount of energy. Then, as mentioned before, holography indicates how on or off each
cell should be to record the desired image, pointing the beam in the desired direction.

Taken all together, the reconfigurable holographic metamaterial antenna is described with its
means of controlling the radiation of the antenna and its means of real-time reconfigurability.

3. CONCLUSION

In parallel with the success of cell phones, laptops, and tablets, satellite communications consumers
are also looking to be able to access data wherever they are, even while fully mobile. This means that
the satellite industry is seeking satellite terminal solutions that can deliver connections continuously
to aircraft, trains, buses, boats, automobiles, and individuals. The fixed parabolic reflector antenna
is the mature technology that is ubiquitously used for geo-stationary satellite communication. Yet,
the mobile applications require a different antenna. The reconfigurable holographic metamaterial
antenna is a rapidly emerging technology to effectively solve this mounting mobile communications
problem.
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Abstract- Stripe-teeth metamaterial microantenna arrays, coupled to vertical Metal-Insulator-Metal (MIM) 

diodes, were designed, fabricated, and characterized with FTIR microscopy and current-voltage (I-V) 

measurements; the former agreed well with FDTD models and the latter showed that the Al2O3-based diodes 

have very large barrier heights and breakdown voltages, according to advanced MIM models.  These 

microrectenna arrays were illuminated by infrared and visible laser beams, and their direct current was 

characterized as a function of bias voltage and compared to quantum rectification models. 

 

Unlike a semiconductor, where the absorption is limited by the band gap, an array of “microrectennas” could 

theoretically very efficiently rectify any desired portion of the infrared frequency spectrum (25 – 400 THz).  We 

investigated vertical metal-insulator-metal (MIM) diodes that rectify vertical high-frequency fields produced by a 

metamaterial planar stripe-teeth Al or Au array lying above the vertical diode.  These stripe-teeth arrays are similar to 

stripe arrays that have demonstrated near-perfect absorption in the infrared due to critical coupling,
1 

except that “teeth” 

break the left-right symmetry at normal incidence and produce an a.c. voltage, pointing into the substrate.  This a.c. 

voltage, a result of the excitation of the horizontal antenna array, is maximized at the antenna resonance.  We 

designed, fabricated, and analyzed these stripe-teeth microrectenna arrays in the infrared.  Stripes lay along the 

y-axis and extracted the direct current responding to the voltage bias and/or laser illumination; teeth lay along the 

x-axis and produced a net a.c. field along the z-axis.  The spacing of the teeth along the y-axis determined the 

resonance spectrum of the antenna array. The z-component of the electric field, amplified at the antenna resonance, 

was rectified by the vertical diode, composed of Au/NbOx/Nb, Al/Al2O3/Au, or Al/Al2O3/Al.  Diodes based on NbOx 

and Al2O3 insulators were produced by anodization and atomic layer deposition (ALD), respectively.    

 

 

 

 

 

 

 

 

Figure 1: (a) Al/Al2O3/Al, (b) Au/NbOx/Nb, and (c) Al/Al2O3/Au planar microantenna arrays.  In (a) and (b), the stripes lie along the 

(a) (b) (c) 



y-axis, with teeth lying along the x-axis. 

 

 

 

 

 

 

 

 

 

 

Figure 2: Normal-incidence reflectivity with polarization along the x-axis (parallel to the teeth) for the Al/Al2O3/Al planar microantenna 

arrays displayed in Fig. 1(a), for three different y-pitches and x-pitch equal to 750 nm: (a) simulations (FDTD) (b) experiment (FTIR). 

 

FTIR experiments agreed well with simulations.  Extensive I-V measurements from Al/Al2O3(22 nm)/Al test diodes 

gave current densities in the range of A/cm
2 

with an application of +/- 6V, while in contrast, Pt/NbOx(22 nm)/Nb test 

diodes produced similar current densities with an application of less than +/- 0.1V, due to the smaller (< 1 V) barrier 

heights for the Pt/NbOx(22 nm)/Nb diodes.
2
 Au/NbOx(22 nm)/Nb test diodes are being tested and are expected to be 

more conductive than Pt/NbOx(22 nm)/Nb test diodes, because the barrier height of Pt/NbOx should be greater than 

that of Pt/NbOx. Interestingly, Al/Al2O3/Au diodes were much more conductive than their Al/Al2O3/Al counterparts. 

 

These microrectenna arrays are currently being illuminated with visible and infrared cw lasers.  For the Pt/NbOx/Nb, 

Au/NbOx/Nb, and Al/Al2O3/Au diodes, since the laser’s photon energy is comparable or greater than the voltage scale 

of the I-V nonlinearity, the Tucker formula for quantum rectification responsivity (R in A/W) is appropriate (Eq. 1, 

where ℏω/𝑒 is the photon energy divided by electronic charge and Idc(V0) is the direct current under a bias of V0).
3
  

                             R =  
e

ℏω
[

Idc(V0+ℏω
e⁄ )- 2Idc(V0)+ Idc(V0-ℏω

e⁄ )

Idc(V0+ℏω
e⁄ )-Idc(V0-ℏω

e⁄ )
]      (1) 

For the Al/Al2O3/Al diodes, it is possible that the formula for classical responsivity may be used instead. Illumination 

of Pt/NbOx/Nb and Al/Al2O3/Au microrectenna arrays with 514 nm and 450 – 650 nm photons, respectively, produces 

a significant change in the output current and a shift in the I-V curve and a ~ 5 nA short-circuit current, respectively.  

Comparison of the experimental measurements with the responsivity prediction is ongoing, and for the Al/Al2O3/Au 

microrectenna arrays may require a new explanation for the observed reduction in diode barrier height. 
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Abstract-This paper discusses the metamaterials currently under investigation for applications at 
Raytheon. Electro-optical metamaterial devices for reducing dark current, improving device 
performance and functionality and enhancing capability will be discussed. Some longer wavelength 
(RADAR) metamaterials will also be discussed briefly in the context of technologies of interest. 
Finally future directions for metamaterials of interest will also be touched upon. 

 
Raytheon is a large defense contractor with a product portfolio that is diverse covering radar, 

communications, missiles and effects, reconnaissance, imaging, and homeland security. Raytheon has been 
pursuing the application of metamaterials to this portfolio for a number of years, as Raytheon’s products cover 
wide spans of the electromagnetic spectrum and could benefit greatly from advantages provided by these 
materials. This paper will discuss some of the applications that metamaterials are being applied to, and 
investigate the benefits that arise from the use of metamaterials. The topics covered will include photon trapping 
structures for reduced dark current and improved operating temperature, metamaterials for all-dielectric 
monolithic focusing optics, frequency selective surfaces/perfect absorbers, and some metamaterial for radar 
applications, which will be discussed in the presentation though aren’t included in this summary.  

For Raytheon’s electro-optic (EO) products sensitivity and signal-to-noise are key driving requirements, as 
our applications often push the state of the art. Often there are secondary system trades associated with achieving 
these requirements, such as system size, weight, power and cost (SWAP-C). For example IR detectors are often 
cooled to cryogenic temperatures to lower the dark current so that the noise associated with the dark current is 
below the photon shot noise. Metamaterials may instead allow designs that achieve this level of performance at 
higher temperatures. The PT-SQUAD program from DARPA [1] investigated reducing the absorber volume by 
etching a photonic crystal into the detector (Figure 1a), allowing reduced dark current and improved NEdT 
(Figure 1b). Another promising metamaterial concept for achieving this is plasmonic resonators [2], where 
volume is removed from the absorber, which decreases the quantum efficiency, but an additional plasmonic 
resonator buys back the lost QE (as illustrated in Figure 2a,b, after [2]). A similar technology for achieving this 
volume reduced concept is frequency selective surfaces or perfect absorbers, which sandwich an IR absorber in a 
metal geometric structure. This couples to certain frequencies, as discussed in [3 & 4]. Very thin absorbers can 
be achieved with this concept, as illustrated in Figure 3 and 4, and offer the promise of dual band detection as in 
Figure 4. Applications of metamaterials to optical elements in Raytheon optoelectronic products will also be 
discussed, as well as metamaterial to RADAR applications.  

By using these examples, the industrial application of metamaterials to Raytheon’s product line will be 
shown to seek to improve state of the art performance. The application of these new and novel materials 
generally enables fundamental trades in system design to be disconnected or provided an orthogonal interaction, 
making the trade superfluous or varied. The benefit of this is often realizing system performance goals at better 
SWAP-C, or improved performance beyond state of the art for a given SWAP-C.  



  
Figure 1a: A Mesa with a photon trap etched into it. Figure 1b: NEDT as a function of pixel design 

(illustrated in inset). 

 
 

Figure 2a: Plasmonic resonator on a quantum dot IR 
detector after [2]. 

Figure 2b: improved responsivity from inclusion of 
plasmonic resonator, after [2]. 

 
 

Figure 3: Perfect absorber formed from a metamaterial 
including an IR absorber, after [3]. 

Figure 4: Dual band frequency selective surface with 
two metamaterials resonating at different wavelengths 
combined in one unit cell, after [4]. 
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Abstract- A description of the mechanism of negative refraction is presented based solely on phase 

analysis and measurements for layered metamaterials. 
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Abstract- As a practical realization of a device created with metamaterials, we present measured 

data for a low profile, broadband antenna in the UHF/VHF range. 
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Abstract- The synthesis of near infrared (NIR) PbS and PbS@CdS core-shell quantum dots (QDs), and Au and 

Ag plasmonic nanostructures and their interesting optical properties will be presented first [1-12]. Their 

hybridization with other nanomaterials or integration into different devices will also be introduced, which has 

led to enhanced power conversion efficiency of solar cells or improved catalytic activity in photocatalysis 

[1-12].  

 

Harvesting NIR photons represents an attractive approach to improve the energy conversion efficiency of 

photovoltaics. Most solar cells are only able to strongly absorb "visible" photons, while leaving great amounts of 

solar energy in the NIR untapped. To harvest the lost NIR photons, PbS QDs and PbS@CdS core@shell QDs are 

very promising due to their facile, size tunable absorption in the NIR range, low cost solution processibility, and 

high potential for multiple exciton generation and for fabricating multi-junction solar cells. Attracted by these 

unique features, we have worked in the past several years on the development of these QDs and their application in 

photovoltaics. In particular, we recently developed a two-step route for the synthesis of high-quality PbS@CdS 

core-shell QDs with tunable shell thicknesses and absorption properties. In addition to showing largely improved 

photo- and thermal-stability as compared with pure PbS QDs only capped with ligands (thanks to the protection 

provided by the CdS shell), these core-shell QDs showed higher photoluminescence efficiency due to the decrease 

of trap states because of the better surface passivation by the CdS shell. The charge transfer behavior of these 

core-shell QDs was further studied for different core sizes and shell thicknesses. Dominant factors were identified 

based on the discussion of energy levels and spatial alignment of conduction- and valence-band edges, as well as 

time scales. These NIR QDs have been integrated into solar cells of different architectures. For example, in one 

case, PbS QDs were anchored onto the surface of carbon nanotubes and then integrated into 

poly(3-hexylthiophene), which is a hole-transporting polymer. The nanohybrid cells showed considerably 

enhanced power conversion efficiency, which is attributed to the significantly extended absorption in NIR by PbS 

QDs and the effectively enhanced charge transportation due to CNTs. For NIR core-shell QDs, as the first 

demonstration, PbS@CdS core@shell QDs were deposited in ambient atmosphere on vertically grown TiO2 

nanorod arrays to make bulk heterojunction solar cells. The devices showed about 40% higher power conversion 

efficiency than similar devices involving PbS QDs processed in inert atmosphere. These results demonstrate that 

the PbS@CdS core@shell QDs offer dual advantages: easy processing in air and better performance as 

compared with the PbS QD solar cells.  

 

On the other hand, with unique surface plasmon resonance properties and high potential for many important 

applications, plasmonic nanostructures are attracting more and more attention in the past decade. In addition to 



ever increasing research interest in realizing precise control over their structure (such as size, shape, aspect ratio 

and uniformity), plasmon enhanced solar cells and plasmon enhanced catalysis are emerging as two highly 

promising, new research areas. On this regard, I will give several examples on plasmonic nanomaterials, such as 

symmetric silver nanorice, non-symmetric Ag carrots, Au stars and Au nanorods, and their contributions to solar 

cell performance and photocatalysis. One example on photocatalysis is about the development of a simple and 

functionalization-step-free solution process to fabricate nanocomposites made of BiFeO3 nanowires and Au 

nanoparticles fabricated by pulsed laser ablation in water. Au nanoparticle-decorated BiFeO3 nanowires 

exhibited ~30 times higher photocatalytic activity for water oxidation than that exhibited by the Au-free 

nanowires during the first 4 h. Their superior catalytic activity is partially due to the surface plasmon resonance. 

In another case, the use of Au nanorods in solar cells significantly increased power conversion efficiency by over 

20%.  
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Abstract:  In this conference, I am presenting a paper published on ACS Nano.1 A nanostructure with 

layers of CdSe quantum dots and gold/silver nanoparticles separated by polymers has been fabricated 

to probe the plasmon-enhanced photoluminescence (PL) of quantum dots (QDs) by confocal 

microscopy. The results curves of the PL enhancement as a function of the QD-metal separation was 

analyzed with a model that composed of a quenching factor and an enhancement factor.  

 

The samples were fabricated with photo-lithography and self-assembly. Briefly, self-assembled monolayers 

of silane-derivative molecules were photo-lithographically patterned onto the oxidized GaAs surfaces to direct the 

attachment of Au or Ag nanoparticles onto the surface. Then a layer-by-layer deposition of oppositely charged 

polymers was used to create films with varying thickness by controlling the numbers of deposited layers. Finally, 

CdSe QDs of ∼4 and 5.5 nm in diameter with 16-mercaptohexadecanoic acid as a surfactant were adsorbed onto 

the outermost polymer layer via electrostatic interactions.  

Using confocal fluorescence microscopy equipped with a spectrometer, the enhanced PL from the CdSe over 

the Au or Ag nanoparticle patterns was imaged directly and scaled against the regions with no Au or Ag 

nanoparticles, and the luminescence of the GaAs (as an internal standard) for different QD−metal separations. By 

using a pattern, PL enhancement as a function of particle-CdSe spacing was probed all on a single platform, where 

the QDs over MNPs and not over MNPs were directly compared in the same dielectric environment.  

The observed luminescence/fluorescence enhancement of QDs as a function of metal-QD separation was then 

fitted to a model that this measured overall enhancement of QD luminescence 

𝐸𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =  
𝐼

𝐼0
= 𝑃𝑄 × 𝑃𝐸     (1) 

where I and I0 are the fluorescence intensity of the QDs with and without metal nanoparticles nearby respectively. 

PQ and PE are the quenching factor and enhancement factor of the QD fluorescence by the metal nanoparticles.  

Two models, Förster resonance energy transfer (FRET) and nanosurface energy transfer (NSET), were adapted 

to explain the quenching and enhancement factor. FRET had been widely used to explain the 6th order decay 

dependence of energy transfer efficiency with the separation distance between a donor and an acceptor.2 NSET 

had been used to describe the 4th decay of energy transfer efficiency of a donor to a metal surface.3 Our data 

preferred FRET than NSET better. 
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Abstract-This presentation focuses on the physics of microscale thermo-induced processes in 
liquids assisted by plasmonic heating. In particular, focus will be put on recent results regarding 
bubble formation, fluid superheating and strong fluid convection induced by gold nanoparticles 
under cw illumination. 

 
The purpose of this presentation is to detail the physics of microscale thermo-induced processes in liquids 

assisted by plasmonic heating. I will first explain why superheating can be easily achieved around nanoparticles, 
no matter the size of the nanoparticle distribution and even under cw illumination. Then, I will focus on 
plasmonic microbubble generation under cw illumination and explain the origin of their unexpected nature and 
dynamics [1]. Finally, I will present results on plasmon-induced fluid convection to answer the question "how 
fast can a fluid be moved on the microscale using nanoplasmonics means?". In particular, I will show that 
microscale fluid convection can be enhanced up to three orders of magnitude by the two aforementioned 
processes: superheating or bubble generation. All the experimental works presented herein have been made it 
possible using our recently developed thermal microscopy technique based on optical wavefront sensing [2]. 

 
REFERENCES 
1. Baffou, G. “Super-Heating and Micro-Bubble Generation around Plasmonic Nanoparticles under cw 

Illumination,” J. Phys. Chem. C, Vol. 118, 4890–4898, 2014. 
2. Baffou, G. “Thermal Imaging of Nanostructures by Quantitative Optical Phase Analysis,” ACS Nano, Vol. 6, 

2452–2458, 2012. 
 



            

Plasmonic Silver Nanowires as Security Labels for 

Anti-counterfeiting Applications 

 

Y. Cui
1
, R. S. Hegde

2
, I. Y. Phang

3
, H. K. Lee

1,3
, X. Y. Ling

1*
 

1
Division of Chemistry and Biological Chemistry, School of Physical and Mathematical Sciences,  

Nanyang Technological University, Singapore 637371. 
2
Institute of High Performance Computing, 1 Fusionopolis way, Connexis #16-16, 

Singapore 138632 
3
Institute of Materials Research and Engineering, A * STAR, 3 Research Link, Singapore 

117602 

 
*
corresponding author: xyling@ntu.edu.sg 

 

Abstract- We present a next generation covert plasmonic security labels based on Ag nanowire 

structures and their polarization dependent surface-enhanced Raman spectroscopy (SERS) imaging. 

Our plasmonic security labels exhibit very narrow spectral fingerprint vibration, which is more 

specific than broad-band colorimetry-based systems. The polarization dependent SERS intensity, 

molecular fingerprint of SERS spectra, and versatile geometrical design by two-photon lithography 

have made our plasmonic Ag nanowire structures an ideal candidate as an advanced security 

solutions for anti-counterfeiting application. 

 

We report a proof-of-concept novel plasmonic SERS security label using silver (Ag) nanowire structures. Our 

fabrication strategy focuses on using a two-photon lithography technique to construct tailored polymeric nanowires, 

followed by silver deposition to obtain plasmonic Ag. The molecular information encoded on the nanowires, in the 

form of Raman vibrational spectrum, is only turned “on” when the plasmonic nanowires are coupled to incident light 

at the transverse axis, resulting in strong electromagnetic fields and enhanced SERS intensities at the edges of the 

nanostructures. The ability to tune and prescribe the SERS intensity from “off” to “on” is the foundation for the design 

of our nanostructured SERS security label. Owing to the enhanced directional plasmonic response of the Ag 

nanowires, selective SERS imaging has been demonstrated spatially and spectroscopically by tuning the polarization 

of incident light. For example, Ag plasmonic structure that consists of overlaid alphabets “CBC” of vertical nanowires 

and alphabets “NTU” of horizontal nanowires is constructed (Figure 1). From the SEM imaging, the alphabetical 

information embedded within the structure cannot be distinguished directly. Only via incident polarized SERS 

imaging, the alphabetical “CBC” and “NTU” can be clearly distinguished by x- and y-polarizations, respectively. 

 

Our strategy enables encryption of molecular information within the plasmonic nanostructures, which cannot be 

revealed directly from the physical feature of our plasmonic security labels. The SERS imaging specificity can be 

further enhanced using the extremely narrow spectral fingerprint vibration (<2 nm) of probe molecules, which is more 

specific than the broadband fluorescence and color-based system. Such plasmonic SERS security labels can 

potentially be integrated with the existing fluorescence and/or color-based security systems to form a “layered 

security” solution. 



 

 

Figure 1. SEM image, x- and y-polarized 2D Raman imaging of superimposed letters of NTU and CBC, 

respectively. All scale bars are 10 m. 
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Abstract Butterfly wing scales containing photonic nanoarchitectures act as chemically selective 

sensors due to their color change when mixing vapors in the atmosphere. Based on butterfly vision 

we developed the efficient characterization of the spectral changes in different air + vapor mixtures. 

Almost perfectly coincident results were found using standard principal component analysis and 

butterfly visual space for seven vapors. The conformal modification of the scale surface by atomic 

layer deposition significantly altered the optical response and the selectivity. 

 

As sensors penetrate in the everyday life, the vigorous development of sensorics tries to cover the need for 

miniature sensor systems which are capable of making distinction between vapors of different volatile organic 

compounds (VOCs) and have fast response time combined with low energy consumption [1]. Selective chemical 

sensors based on photonic nanoarchitectures, like those in the wing scales of butterflies possessing structural 

coloration [2, 3] may offer cheap solution to this problem. 

 

 

Figure 1. Optical image, SEM, and TEM micrographs of Polyommatus icarus wing scales. The chitin 

nanoarchitecture (n = 1.56) contains embedded air voids (n = 1) as can be seen in both electron microscope 

images. 

 

Our recent investigations showed that in the case of nine closely related blue Polyommatus butterfly species 

the spectral sensitivity of their eyes (sensor) and the dorsal structural coloration of the wings (measured object) 

are well tuned for safe mate / competitor recognition [4]. The species of the investigated exemplars can be 

distinguished on the basis of the dorsal coloration using an extended chromaticity diagram based on the four 



spectral sensitivity peaks of the photoreceptors occurring in eyes of the Blue butterflies. This clearly shows that 

the eyes of these butterflies are well tuned for the detection of minor color differences between the species, and 

the enhanced spectral sensitivity of their eyes concentrates on the wavelength range corresponding to the 

structural blue – UV spectral range [4]. 

The butterfly wing scales containing 3D photonic nanoarchitectures exhibit measurable color change when 

mixing in the ambient atmosphere different types of volatile vapors. This arises due to capillary condensation in 

the nanovoids, which in turn causes the change in the refractive index contrast between the empty (chitin – air) 

and filled (chitin – condensed vapor) state of the structure. In the case of the Polyommatine butterflies 

investigated earlier [4], both the color differences between the species [4] and the color change caused by the 

vapors [5] occur in the same blue – UV wavelength region and they are of similar magnitude. This suggests that 

the butterfly chromaticity diagram – a fully “biologic” approach – can be used for the characterization of the 

spectral changes produced by the different vapors. Control evaluation was carried out using principal component 

analysis – a fully “mathematical” approach – an almost perfect match of the two results was observed. This 

clearly shows that the 3D chromaticity diagram is very suitable for the analysis of the vapor sensing data sets: it 

can be used very efficiently for the characterization of the spectral changes produced by the different vapors 

which results the good chemical selectivity of the sensor [6]. We show that the spectral shift is vapor specific 

and proportional with the vapor concentration. 

We investigated the interaction between the chitin nanoarchitecture and the volatile vapors. A 5 nm Al2O3 

coated Polyommatus icarus wing was used in the vapor sensing experiment with the seven volatiles. Reduced 

sensitivity and selectivity were observed when the chitin was isolated from the vapors which suggests a 

reversible interaction between the sensor material and the volatiles in the pristine wings. This interaction is 

vapor-specific which in part is the source of the chemical selectivity. The detailed analysis showed that at lower 

concentrations the dominant process is the capillary condensation of the vapors into the nanoarchitecture, while 

at higher concentrations the chitin swelling becomes dominant. 
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Abstract- Strong SHG chiroptical effects result from the interaction of light with chiral plasmonic 
nanostructures. Due to the favorable power-law scaling of near-field enhancements, the nonlinear 
optical properties of chiral plasmonic nano- and metasurfaces are of prime fundamental and 
practical interest. Recently, these optical properties have attracted considerable interest. Numerous 
examples of SHG chiroptical interactions will be demonstrated and the relationship to superchiral 
light will be discussed.  

 
Chiral plasmonic nanostructures are emerging as 

a very promising branch of metasurfaces and 
metamaterials, with numerous potential applications.[1] 
Recently, so called "superchiral" electromagnetic 
configurations have been demonstrated, whereby the 
pitch of the electric field of light is shorter than that 
of circularly polarized light. These configurations 
have lead to enhanced chiroptical interactions with 
matter.[2,3] In addition, it has also been reported that 
negative refractive index can be achieved in chiral 
metamaterials.[4] Furthermore, due to the favorable 
power-law scaling of near-field enhancements, new 
nonlinear optical properties are emerging in chiral 
metasurfaces and metamaterials as well.[5] Together, 
all of these developments could enable important 
technologies, such as sensors and catalysts for chiral 
biomolecules,[6] repulsive Casimir forces for 
frictionless motors based on nano-levitation,[7] broadband circular polarizers[8] and switches for left and right 
circularly polarized light.[9]  

In optical SHG two photons at a fundamental frequency are annihilated to generate a single photon at twice 
the frequency (half the wavelength).[10] Surface SHG can be interface-sensitive down to the atomic monolayer, 
its signal being greatly enhanced by the presence of surface plasmons,[5] i.e. the coherent oscillations of free 
electrons confined at metal/dielectric interfaces.[11] Moreover, the chiroptical effects in SHG are typically three 
orders of magnitude larger than their linear optical counterparts.[12,13] Nonlinear metamaterials and metasurfaces 
are therefore expected to achieve record-high chiroptical values compared to those of natural materials and 
consequently to serve as highly sensitive probes for exploring chiral molecular chemistry. In addition, because 

Figure 1: The nonlinear chiroptical behaviour arises 
from the nonlinear susceptibility tensor. For second 
harmonic generation, in the dipole approximation, 
this tensor has 3 by 3 by 3 elements and can be 
represented by the familiar Rubik's cube. 

mailto:vkv23@bath.ac.uk


the nonlinear behaviour is governed by nonlinear susceptibility tensors, see Figure 1, highly sensitive nonlinear 
chiroptical effects can exist without any counterpart in linear optics. In plasmonic nanomaterials, the chiroptical 
interactions are also intriguing because it is possible for circularly polarized light to imprint its chirality on the 
surfaces of achiral nanostructures. Finally, going beyond circularly polarized light, superchiral light has been 
shown to be intrinsically linked to the SHG process.  

Since the experimental observation of SHG chiroptical effects mainly relies on the use of high intensity laser 
light, three types of applications can be readily envisioned. First is chiral sensing: based on the enhanced 
chiroptical interaction between molecules and chiral plasmonic nanostructures, molecular enantiomer sensing 
could be significantly improved. Second is chiral separation: following a chemical synthesis, high intensity laser 
light could be employed to selectively destroy the undesired enantiomer. Third is direct asymmetric 
photosynthesis: with the increase in chiroptical interaction the yields of these reactions[14] could be significantly 
enlarged.  
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Abstract - On the nanometer scale, non-radiative energy transfers have an efficiency close to unity. 

We describe how such a transfer can be used to electronically read-out color centers such as 

nitrogen vacancy centres in diamond. The read-out is achieved by a graphene layer located only a 

few nanometers away from the diamond. Via the non-radiative energy transfer, additional charge 

carriers are generated in the graphene, which are detected as an ultrafast current signal.  

 

The near-field interaction between fluorescent emitters and graphene exhibits rich physics associated with 

local dipole induced electromagnetic fields that are strongly enhanced due to the unique properties of graphene. 

Recent fluorescent experiments have shown that the fluorescence of color centers is quenched by the presence of 

graphene ([1]-[4]). We demonstrate that the corresponding non-radiative energy transfer can be utilized to 

read-out the color centers by an electronic measurement.  

We apply an ultrafast photocurrent spectroscopy [5,6] to detect the non-radiative energy transfer from 

fluorescent emitters (nitrogen vacancy centers) to graphene with a time resolution of picoseconds [7]. Nitrogen 

vacancy centers are considered to play a fundamental role in new quantum information technologies. Our 

findings demonstrate that the non-radiative energy transfer can be exploited as an ultrafast, electronic read-out 

process of the electron spin in nitrogen vacancy centers in the diamond nanocrystals. We point out that the 

ultrafast detection gives access to fast energy transfer processes, which have not yet been observed by 

fluorescence measurements because of quenching of the optical signal for short transfer distances. Moreover, our 

results open new ways for energy harvesting and biosensing in nanoscale circuitries. 
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Abstract - Metal nanoantennas supporting localized surface plasmon resonances have become an 
indispensable tool in bio(chemical) sensing and nanoscale imaging applications. However, the high 
plasmon-enhanced electric field intensity in the visible or near-IR range that enables the above 
applications also causes excessive heating of metal. I will discuss the design of hybrid 
optical-thermal nanoantennas that simultaneously enable intensity enhancement at the operating 
wavelength in the visible and reduction of the operating temperature via a combination of reduced 
absorption and radiative cooling. 

 
The “plasmonic revolution” has created many exciting opportunities for sensing, spectroscopy and imaging 

on the nanoscale. However, the major drawback of plasmonics is excessive localized heat generation on metal 
under light illumination. While being useful in some applications such as hot vapour generation, cancer 
treatment or catalysis, the heating is typically an undesired effect that needs to be alleviated1. The main reason 
for the heat generation is extremely low thermal emittance of metal nanoparticles in the infrared frequency range. 
Furthermore, if the metal particle size is smaller than the phonon mean-free path in the material of the substrate 
on which is located, the conductive heat transfer from the particle may also be significantly reduced2. On the 
other hand, generation of localized areas of high electric field intensity in the visible and/or near-infrared range 
is necessary to enhance weak nonlinear processes such as Raman scattering or molecular fluorescence.  

I my talk I will discuss a new approach to simultaneously enable intensity enhancement at the operating 
wavelength in the visible and reduction of the operating temperature of the metal nanoantenna. To achieve this 
goal, we proposed and designed hybrid optical-thermal nanoantennas composed of photonic (e.g., dielectric 
microspheres) and plasmonic (e.g., metal nanoparticles) elements that are strongly coupled both optically and via 
thermal conductance. We have previously demonstrated that hybrid optoplasmonic dimers and clusters enable 
strong spectral selectivity and dramatic near-field intensity enhancement owing to efficient photon trapping and 
re-cycling in the form of high-Q photonic modes3–8. Here, I will show that counter-intuitively, the field intensity 
enhancement in hybrid nanoantennas is accompanied by the reduced absorption in their metal constituents. 
Furthermore, these hybrid antennas can de designed to provide strong cooling of metal via the radiative heat 
extraction based on enhanced thermal emittance of the dielectric constituent. The thermal emittance in the 
infrared can be manipulated and increased via the proper choice of both material and morphology of the 
dielectric element having dimensions on the scale at or below the thermal emission peak wavelength.  

The strong light localization and enhancement achievable under lower operating temperatures is expected to 
yield a wide range of applications in plasmon-enhanced spectroscopy, sensing and imaging. 
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Abstract- Our recent studies on dipole nanoantenna arrays resonating in the terahertz frequency 
range (0.1 – 10 THz) will be presented. The main near- and far-field properties of these 
nanostructures will be shown and their application in enhanced terahertz spectroscopy of tiny 
quantities of nanomaterials will be discussed. 

 
Improving the sensitivity of terahertz spectroscopy is a longstanding challenge that promises to have a great 

impact on fundamental and applied studies involving the interaction of such long wavelengths with 
nanostructures (such as quantum dots, nanorods, nanotubes etc.), as well as with biomolecules, explosives, and 
drugs at extremely low concentrations. 

In the past few years, we have shown that THz resonant dipole nanoantennas are effective in confining the 
radiation on a deep sub-wavelength scale, with a significant field enhancement in close proximity of the 
nanoantenna ends [1,2]. These properties are particularly promising for improving nano-localized THz sensing. 
In fact, the effective absorption of an object scales with the square of the local field [3], and thus nanoantennas 
can be used for enhancing direct-absorption spectroscopies, as it has been successfully shown in the infrared 
spectral region [4,5]. 

Recently, we have investigated the end-to-end coupling of THz nanoantennas in chains with “nanogaps” of 
around 20 nm (Gx in Fig. 1a). We have found that this configuration enables a giant THz field enhancement 
within such gaps (see simulation results in Fig. 1b). We have exploited these properties to perform 
“Nanoantenna Enhanced THz Spectroscopy” (NETS) of a monolayer of cadmium selenide quantum dots (QDs) 
[6] (see Fig. 1c), estimating that a significant portion of the overall monolayer absorption takes place within the 
antenna nanocavities. 



Compared with recently proposed nanoslit sensing [7], NETS is able to retrieve the spectroscopic signature 
of the investigated specimen, requiring only a coarse alignment between the antenna resonance and the sample 
absorption features. Moreover, it is based on a distinctive three-dimensional localization of THz radiation, which 
enables unprecedented THz investigations within nanovolumes. Besides applications in THz spectroscopic 
studies of nanocrystals and molecules at extremely low concentrations, NETS shows a practicable route towards 
the spectroscopic characterization of individual nano-objects at these frequencies. 

 
Figure 1. (a), Sketch of a portion of the terahertz dipole nanoantenna array; (b) Color map of the electric field enhancement 

in a nanogap region under resonant conditions (L = 8 µm, Gx = 20 nm, Gy = 14 µm, f = 5.65 THz); (c) SEM detail of a 
nanogap region covered with the QD monolayer.  
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Abstract- Plasmonic light-emitting nanosystems have been attracting much attention over the past decade. Up to 
now, the monochromaticity of the light emission prevents them from possible use as switchable color 
nano-emitters. Here, we demonstrate two-color anisotropic plasmonic nano-emitters that were fabricated via 
plasmon-triggered photo-polymerization. By using different QD-doped solutions, quantum emitters of different 
colors can be positioned selectively in different orientations in the close vicinity of the metal nanoparticles. As a 
result, the dominant emitting wavelength can be controlled with the direction of the incident polarization. 
 

Research on plasmonic hybrid nano-emitters has garnered great interest due to potential 
applications in areas such as bio-imaging1 and nanolasing.2 The essential concept for these systems is 
the energy transfer, including radiative and nonradiative processes, between metal and other 
components such as semiconductors3 and dye molecules. Numerous fundamental researches have been 
carried out to control and understand these processes.  

Most of the reported nano-emitters contain only a single output color. Although some 
multiple-wavelength nano-emitters have been studied,4 they do not permit control over the relative 
intensity of different emission modes of a given nano-emitter. 

We report anisotropic hybrid nano-emitters that position two different quantum emitters in 
different directions in the vicinity of metal nanoparticles so that the emission colors can be selected by 
changing the polarization of incident light. Fabrication of the two color nano-emitters is based on 
plasmonic polymerization5 of a QD-containing formulation.: two successive exposures that are 
performed with two different formulations and two perpendicular polarizations.  Fig. 1A and 
1B(inset) show an example of resulting nanostructure made of a gold core and four polymer lobes: two 
of them contain green QDs while the last two contain red QDs. This anisotropic hybrid structure emits 
two colors whose respective rate can be tuned by rotating the incident polarization at λ=405 nm (Fig. 
1B). 

 
 
 
 
 



 
 
 
 
 
 
 

 
 
 

 
 
 

Fig. 1. Two-color hybrid plasmonic nano-emitter. A: Illustration. B: Experimental results. Fluorescence 
spectra with different incident polarization direction. Inset: MEB image of the nanostructure 
 

This polarization sensitivity is interpreted on the basis of the spatial rotation of local excitation rate Γexc , 
making possible the selective addressing of the localized quantum yield Q that is modified by the presence of the 
metal nanoparticle (Eq. 1) 

Γem =QΓexc      (1) 

, where Γem is the rate of emission that is the observable of the experiment. 
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Figure 4 | Nanodisk-based two color anisotropic nano-emitter: topographic and 

optical characterizations. a, SEM image of the nanodisk after first exposure that 

positions green QDs along the X-axis. b, SEM image of the same nanodisk after second 

exposure that traps red QDs along the Y-axis. For clarity, colors of polymer 

nanostructures in SEM images have been artificially modified according to the emission 

wavelengths of the trapped QDs. Original SEM images are provided in the 

Supplementary Information. c, Far-field fluorescence image of the TCANE under 

illumination with X-axis polarization. d, Far-field fluorescence image of the same 

TCANE under illumination with Y-axis polarization. Double arrows present the 
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Abstract- The main aim of our work is to develop new types of technologically important 

inorganic nanoparticulate materials possessing optical activity and chirality, study their properties, 

investigate their nature and explore their applications. Here we report development of new chiral 

nanomateriarials including chiral quantum dots and chiral nanoparticles of technologically 

important titanium and manganese oxides. We demonstrate potential applications of chiral quantum 

dots for chiral recognition and luminescent chemo- and bio- sensing, while titanium and manganese 

oxides exhibit promising catalytic properties in oxidation reactions.  

 

Chirality has been envisaged to play an important role in nanotechnology. The majority of research in this 

field was focused on chiral organic and metallorganic molecules and their supramolecular structures. Over the 

last years the area of chiral metal nanoparticles has received a great deal of attention due to the range of potential 

applications offered by these materials in chiral sensing, catalysis and as metamaterials in advanced optical 

devices [1, 2]. The use of stereospecific chiral stabilising molecules has also opened another avenue of interest in 

the area of quantum dot (QD) research. For the first time chiral QDs (penicillamine stabilised CdS) have been 

prepared by us using microwave induced heating with the racemic (Rac), D- and L-enantiomeric forms of 

penicillamine as stabilisers [3]. Circular dichroism (CD) studies of these QDs have shown that D- and 

L-penicillamine stabilised particles produced mirror image CD spectra, while the particles prepared with a Rac 

mixture showed only a very weak signal It was also found that all three types of CdS particles (D-, L-, and Rac 

penicillamine) show very broad emission bands between 400 and 700 nm due to defects or trap states on the 

surfaces of the nanocrystals. Our density functional calculations of the electronic states have demonstrated that 

the longer-wavelength circular dichroism is associated with near-surface cadmium atoms that are 

enantiomerically distorted by the chiral penicillamine ligands, which translate an enantiomeric structure to the 

surface layers and associated electronic states [4], while the quantum dot core is found to remain undistorted and 

achiral. Later on we have reported chiral CdSe QDs [5] and chiral CdS nanotetrapods [6]. All of these chiral 

nanostructures also showed a very broad distribution of photoluminescence which originates from emissive 

defect states and characteristic CD responses within the band-edge region of the spectrum. Our studies have also 

shown that chiral CdSe QDs demonstrate enantioselective chiral sensing of selected aminoacids and DNA [7]. In 

these experiments addition of the calf thymus DNA resulted in significant decreases in the emission intensities of 

the D- penicilamine stabilised CdSe QDs, while the emission of corresponding L- penicilamine stabilised QDs 

was not affected. However, despite some recent advances in research on chiral inorganic nanoparticles, this area 

is currently still in its infancy. To date few types of chiral nanomaterials have been investigated and the potential 



applications for these materials are very limited at present. Introduction of chirality in many important inorganic 

nanomaterials such as metal oxides is so far unexplored. In this paper we report recent our advances in the area 

of chiral nanomaterials. 

Recently we have found that cancer cells (e.g. HT1080 fibrosarcoma cell line) demonstrate a selective 

uptake of chiral CdS based quantum structures (details including images are available on request). We observed 

almost 100% uptake for D-type of QDs, while L-type QDs have not been taken by the cells. This opens novel 

intriguing opportunities in the development of new drug delivery systems which are based on chiral 

nanoparticles system. Other research involved the synthesis of cadmium free ZnS and manganese doped ZnS 

quantum dots in organic medium using hot injection techniques. The quantum dots produced were subsequently 

transferred into the aqueous phase using various of phase transfer methods. The phase transfer methods involved 

the use of binding chiral ligands such as cysteine or penicillamine to the surface of the quantum in order to make 

them water soluble but also have a chiral response. Through treatment of the QDs a chiral response was achieved 

for both the ZnS and ZnS:Mn quantum dots. The QDs were fully characterised using various instrumental 

techniques UV-Vis, PL, CD, TEM, STEM and EDX. In addition we have prepared and investigated several new 

chiral TiO2 and Mn3O4 based nanostructures. These new materials have shown a very interesting optical activity 

and unusual chiral morphologies which were confirmed by electron microscopy. In addition these chiral oxide 

materials have demonstrated promising catalytic activity in asymmetric oxidation reactions. We expect that this 

research will open up new horizons in the nanotechnology of chiral materials and their applications in biosensing, 

asymmetric synthesis and catalysis. 
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ABSTRACT 

A new optical probe technique using a laser trapped erbium oxide nanoparticle (size ~ 150 nm) is 

introduced that can measure absolute temperature with a spatial resolution on the size of the 

trapped nanoparticle. This technique (scanning optical probe thermometry) is used to collect a 

thermal image of a gold nanodot prepared with hole-masked colloidal lithography. A 

convolution analysis of the thermal profile shows that the point-spread function of our 

measurement is a Gaussian with a FWHM of 165 nm.  We attribute the width of this function to 

clustering of Er2O3 nanoparticles in solution.  The scanning optical probe thermometer is used to 

measure the temperature where vapor nucleation occurs in degassed water (555 K), confirming 

that a nanoscale object heated in water will superheat the surrounding water to the spinodal 

decomposition temperature.   Subsequently, the temperature inside the vapor bubble rises to the 

melting point of the gold nanostructure (~1300) where a temperature plateau is observed.  The 

rise in temperature is attributed to inhibition of thermal transfer to the surrounding liquid by the 

thermal insulating vapor cocoon. 

INTRODUCTION 

Understanding heat transfer at the nanoscale is essential to design new technologies in many 

fields of current research but advances in prediction and manipulation of thermal energy have 

been hampered by a lack of control and sensitivity needed to measure thermal behavior at the 

meso and nanoscales.
1
 For example, in the semiconductor industry, as device dimensions 

continue to be reduced and number densities increase, heat dissipation becomes an increasingly 

serious problem.  This problem is worsened by the fact that certain pathways for heat dissipation 

may become less efficient at the nanoscale because the size of the nanostructure is close in scale 

to the phonon mean-free path and, in this size regime, the classical heat diffusion law breaks 

down with current models not fully describing experimental observations.
1-3

  

Photothermal heating of noble metal nanostructures is an active area of research,
4-26

 where 

applications have been demonstrated in many different areas including remote release of 

encapsulated material
27

, melting of strands of DNA
28

, thermal therapy for destruction of 

mailto:richardh@ohio.edu


tumors
29

, and controlled manipulation of phase transitions of phospholipid membranes
30

.  In 

addition to the traditional research interests in photothermal cancer therapy,
29, 31-33

 a new area of 

research has been initiated where the localized heating of metal nanoparticles is used to activate 

chemical reactions.  The significant surface heating enables molecules in the vicinity of the 

nanoheater to overcome high potential energy barriers in chemical reactions.
23, 34

 Better non-

invasive methods to measure the absolute local temperatures around these nanostructures with 

the spatial resolution on the size of the nanostructures will greatly advance the development of 

nanoheater technologies.   

Measuring temperature at the nanoscale with high spatial (10 nm) and temperature (0.1 K) 

resolution remains challenging.  Several methods have been recently developed to measure 

temperature at the nanoscale
35-42

 but most of these techniques are either limited by spatial 

resolution or only infer temperature indirectly. A successful and intuitive approach is using sharp 

hybrid tip as a thermocouple to measure the nanoscale temperature.
43, 44

  This approach can 

measure temperature with a spatial resolution at ~100 nm, however this approach is extremely 

invasive due to tip punching of samples. More recently, several thermal microscopy techniques 

have been developed that are based on far-field optical measurements and consequently are less 

invasive
39, 40, 42, 45-50

  but the spatial resolution is either diffraction limited (~λ/2NA) or limited by 

the point spread function of the microscope. Near-field measurements can give much greater 

spatial resolution especially when used in conjunction with nanoparticle interactions
51, 52

 but the 

local temperature is usually not measured directly.  In this paper we introduce a new optical 

probe technique using a laser trapped erbium oxide nanoparticle (size ~ 150 nm) that measures 

absolute temperature that is no longer limited by the point spread function of the microscope. We 

apply optical probe thermometry to measure the thermal profile away from an optically excited 

gold nanodot and confirm that the spatial resolution is limited by the cluster size and not limited 

by the point spread function of the microscope. We use this new technique to measure the 

temperature where vapor nucleation occurs in degassed water for a nanoheater limited in size by 

the laser profile of the excitation laser.  Optical probe thermometry is capable of measuring the 

temperature through the entire nucleation event, including inside the vapor nucleation embryo, 

where extreme temperatures (~1300 K) are observed initially after vapor nucleation. 

 

EXPERIMENTAL 

Preparation of Gold Nanorods Sample 

Dilute solutions (~10
10

 particles/mL) of 25 nm diameter x 100 nm length gold nanorods 

(NANOPARTZ) were made with 18 MΩ water. The solutions were then drop cast onto a cleaned 

glass cover slip and heated at 55°C until all water had evaporated. The substrate was then 

cleaned of any residual water or dust with N2 gas. 

Preparation of Gold Nanodots Using Hole-Mask Colloidal Lithography 



Glass cover slip was first immersed in basic piranha solution (3:1 solution of 

concentrated sulfuric acid and 30% hydrogen peroxide) for a couple of hours, rinsed with 18 MΩ 

water and dried with N2 gas. A layer of PMMA was spin-coated onto the cover slip (3500 rpm 

for 30 seconds) and the sample was soft baked on hot plate at 180
o
C for about 5 minutes. The 

sample was then exposed to O2 plasma (300 mTorr, 30 seconds). The sample was coated with 

0.2% aqueous solution of PDDA for about a minute, rinsed with water and dried with N2. The 

sample was then coated with dilute solution of 100 nm polystyrene spheres for about 3 minutes, 

rinsed with water and dried with N2. About 10 nm of Au was evaporated into the sample 

containing polystyrene spheres followed by tape stripping of nanospheres using scotch tape. The 

sample was again exposed to O2 plasma (300 mTorr, 1 minutes and 45 seconds) and about 30 nm 

of Au was evaporated into the sample. The sample was sonicated in acetone for few seconds, 

rinsed with water and dried with N2. The sample was placed under a microscope in dark-field 

illumination and nanostructures were located.  

Preparation of Er2O3 Nanoparticles Solution 

Dilute solution of Er2O3 nanoparticles (~1mM concentration) was prepared by dissolving 

Er2O3 nanoparticle powder in 18 MΩ water with stirring and sonication. In order to stabilize the 

particles in solution, a small amount of ~ 1 µmolar solution of AOT was added to the solution.  

Scanning Optical Probe Thermometry 

The measurement starts with preparation of gold nanostructures (gold particles, gold 

nanowires or lithographically fabricated nanostructures) on a substrate (silicon or glass). The 

glass cover slip with the fabricated gold nanoparticles was placed under the WITec α-

SNOM300s microscope. A very small amount of Er2O3 nanoparticles solution was added on top 

of the cover slip followed by addition of pure water to dilute the solution and a droplet was made 

on top of the cover slip. The Nikon 60X water immersion lens (NA 1.00) was then focused onto 

the surface of the substrate. Through dark field, the erbium oxide nanoparticles suspended in the 

solution are observed. More water was added to the droplet to dilute the solution if too many 

clusters were seen on the region being observed till the point only very few clusters were 

suspended in a solution. A small cluster was then located and selectively irradiated with a CW 

532 nm Nd:YAG laser with adjustable power. Er2O3 nanoparticles are laser trapped and image 

spectra were taken with this optically trapped cluster. The trapped cluster was moved very 

slowly and carefully to the region with fabricated nanostructures seen under dark field 

illumination. A low resolution survey image was first collected to locate the nanostructure and 

the corresponding photoluminescence spectrum from the trapped erbium oxide nanoparticles was 

collected with a 100 µm optical fiber.  This collection fiber is connected to the CCD 

spectrograph. Image spectra collect the Erbium Oxide photoluminescence for a location in space, 

the stage is moved and another spectrum is collected at an adjacent location. This generates an 

image where each pixel is the emission spectrum of the optically trapped Er2O3 nanoparticle. The 

presence of a heater (gold nanostructure) in an image spectrum is confirmed by the changes on 



relative photoluminescence intensities of the erbium peaks in the corresponding pixel regions. 

Once located, high resolution image spectra were collected, yielding the thermal image of the 

optically irradiated gold nanostructure. The high resolution images were collected with an 

integration time at each pixel in the range of 30 – 100 ms and the collected photoluminescence 

information is converted into the thermal image using the photoluminescence at each pixel 

locations within the collected image. Figure 1 shows a schematic diagram of the scanning optical 

probe thermometry (SOPT) measurement. Scanning a laser trapped optical probe (Erbium oxide 

nanoparticle) over a solid/water interface generates a temperature image.   The interface is gold 

nanostructures on glass with a liquid phase (water).  The absolute temperature is determined (see 

temperature calibration of Erbium oxide photoluminescence) from the erbium oxide nanoparticle 

photoluminescence spectra.  

Temperature Calibration of Erbium Oxide Photoluminescence 

Erbium oxide photoluminescence was calibrated as a function of temperature using 

concentrated solution of erbium oxide nanoparticles in 18 MΩ water. This solution was then spin 

coated onto a glass coverslip. Once completely dry, a drop of immersion oil was added on top of 

the erbium oxide coating to ensure good thermal contact and thermal stability. Another coverslip 

was placed over the oil to reduce optical scattering as the oil is heated. The top coverslip was 

positioned so that direct contact of a thermocouple could be made to the bottom coverslip. A 

feedback thermocouple was placed on the peltier heater and connected to the power supply for 

the peltier heater to keep temperatures precise. This setup was then placed under the microscope 

and erbium oxide particles at the bottom coverslip were focused. The laser was turned on and 

photoluminescence spectra were collected.  The peaks at 539 nm (
2
H11/2 → 

4
I15/2 transition) and 

564 nm (
4
S3/2 → 

4
I15/2 ) were used to calibrate the temperature using 

H

S
= Aexp(-

DE

kT
) where H 

is the peak area of the band at 539 nm and S is the peak area of the band at 564 nm.  Plotting the 

natural log of 
H

S
 versus reciprocal temperature yields a straight line (see figure 3) where the 

slope is equal to -
DE

k
and the intercept is equal to the natural log of A (the pre-exponential term 

in the Boltzmann relationship). The laser power was varied with no observable temperature 

change. Once the photoluminescence spectrum for a particular temperature was collected, the 

peltier temperature was changed and collection repeated for temperatures between 286 K and 

334 K. Multiple spectra were collected at each temperature to determine the measurement 

uncertainty.  

 

RESULTS 



Figure 1 shows a schematic diagram of the optical probe thermometry measurement. The 

erbium oxide nanoparticle (~150 nm in size) is trapped with the Nd:YAG laser (wavelength 532 

nm, spot size ~500 nm).  Once the erbium oxide nanoparticle is trapped it can be moved with the 

laser beam.  The trapped particle emits light and by moving the sample under the laser-trapped 

nanoparticle and collecting the luminescence an image can be constructed. The energy levels for 

erbium with typical photoluminescence spectra are shown in Figure 2A and 2B.  The laser 

excites the Er2O3 particle with emission from transition at 539 nm (
2
H11/2 → 

4
I15/2 , labeled H) 

and 564 nm (
4
S3/2 → 

4
I15/2 , labeled S).  The relative population of the different states is reflected 

in the peak areas from the H and S transitions. Temperature affects the population of the states 

and, by measuring and analyzing the relative emission intensities using Boltzmann statistics; the 

absolute temperature can be measured using 
H

S
= Aexp(-

DE

kT
).   

A plot of natural log of 
H

S
 versus reciprocal temperature yields a straight line (see figure 

3) where the slope is equal to -
DE

k
and the intercept is equal to the natural log of A (the pre-

exponential term in the Boltzmann relationship).  The slope is equal to -1084 ± 65 K with an 

intercept of 1.9 ± 0.2.  This gives a Boltzmann expression of 

  

H

S

æ

èç
ö

ø÷
= 6.68e(-1084/T ) and an 

absolute temperature as 

  

T =
1084

1.9 - log
e
(H / S)

.  The slope of -1084 K is related to the difference 

in energy between the H and S transitions
53

 is within the uncertainty of the slope measurement 

The relative sensitivity ( Srel (T) =
1

R

¶R

¶T
 where R is 

 

H

S

æ

èç
ö

ø÷
) of the erbium oxide nanoparticle 

sensor as a function of temperature is given in the figure insert.    The relative sensitivity is given 

by 
1084

T 2
 showing that the nanoparticle sensitivity decreases with temperature.  At 1000 K the 

relative sensitivity has dropped by an order of magnitude.  The temperature uncertainty at 300 K 

is ± 10 K (1 part in 30) if the data collection time per pixel is 0.03 s with a laser intensity of 3 x 

10
10

 W/m
2
.  This uncertainty can be decreased if the integration time per pixel is increased and 

higher laser intensities are used.  A temperature uncertainty of 2 K at 300 K will increase to a 

temperature uncertainty of 20 K at 1000 K.  

Figure 4A shows the thermal image of a nanostructure imaged with the laser trapped 

Er2O3 nanoparticle. The nanostructure was fabricated with hole-mask colloidal lithography (see 

experimental section). The white dotted line on the image shows the location where a 

temperature profile is selected (shown in figure 4B).  A Gaussian fit to the temperature profile is 

shown as the solid red line.  The Gaussian has a Full Width at Half Maximum (FWHM) of 300 

nm.  This FWHM is narrower than the point spread function of the microscope (FWHM ~ 1500 



nm, see supporting information) using the same collection parameters (100 μm collection fiber, 

500 nm laser spot size).
42

 

The vapor nucleation temperature for a cluster of 100 nm × 25 nm gold nanorods 

immobilized on glass and immersed in degassed water was studied with the optical probe 

thermometer. In this measurement, the Er2O3 nanoparticle is trapped and then moved to the gold 

nanorods.  The gold nanorods and Er2O3 nanoparticle have a relatively strong interaction that 

keeps the nanoparticle in place during the duration of the measurement.  The laser intensity is 

increased stepwise from the starting value of 8 x10
9 

W/m
2 

until a nucleation event takes place. 

Figure 5 shows the temperature-time spectrum for nanorods excitation with increasing laser 

intensity. A single nucleation event is observed in the time spectrum at 165 seconds with the 

laser intensity value of 4 x10
10

 W/m
2
. The temperature corresponding to vapor nucleation is at 

555 K (the spinodal decomposition temperature of water).  This nucleation temperature is 

consistent with a recent molecular dynamics simulation
54

 and our previous measurements that 

heating a nanoscale object in degassed water is superheated to the spinodal decomposition 

temperature of water.
55, 56

 

 

DISCUSSION 

 The experimental temperature profile shown in figure 4B is a result of a convolution with 

the point spread function of the scanning optical probe thermometer measurement and the 

thermal profile.  The theoretical expected thermal profile from an optically heated gold nanodot, 

assuming no interface thermal resistance, has been previously described.
52, 57

  Basically, the 

temperature at the nanodot should be constant and the temperature should decrease as 1/r away 

from the nanodot.  This true temperature profile will be slightly different than the expected 

profile because we are moving the nanoheater under our laser source and measuring the 

temperature at the maximum laser position.  This scanning of the nanoheater will clip the wings 

of the expected 1/r profile.  This introduces a small perturbation to the expected profile shown in 

figure 6B but this small perturbation will not significantly effect the convolution.  The 

temperature has been normalized and the distance has been centered on the nanodot.  The 

Gaussian profile that gives the best convolution with the experimental profile is shown in figure 

6A.  The FWHM of the Gaussian profile is 165 nm.  Panel 6C shows the convolution (shown as 

the solid red line) superimposed on the normalized experimental profile.  These results suggest 

that the point-spread function of the scanning optical probe thermometer is around 165 nm.  This 

is larger than the average particle size of the Erbium oxide nanoparticles (45 nm) indicating the 

there is some clustering of particles in solution.  TEM images of samples made from dried 

Erbium oxide nanoparticles solutions confirm that clustering in solution is occurring (see 

supporting information). The size and amount of clustering is affected by the amount of 

sonication as well as the type and amount of surfactant. 



The temperature of vapor nucleation using nanometer-sized optically heated particles is 

expected to depend upon the volume of water heated beyond the boiling temperature.
56

 Greatly 

reducing the volume of water at a temperature higher than the boiling point results in vapor 

nucleation occurring at the spinodal decomposition temperature (SDT) of water (~0.9 TC).
55, 56

  

Vapor nucleation at a lower temperature than the SDT occurs when nucleation sites in the liquid 

help the nucleation process.  Heterogeneous nucleation dynamics is a statistical process that 

should depend exponentially on temperature.
54, 58

 A single nucleation event is recorded in figure 

5 that is near the spinodal decomposition temperature of water. The volume of heated water is 

greatly reduced with a single nanoheater resulting in a nucleation process that occurs 

homogeneously at a temperature near the SDT.  The cartoon in the lower left hand corner is the 

expected configuration of the nucleation bubble.  A vapor cocoon encases the Er2O3 nanoparticle 

sensor with the optically excited nanoheater.  The extreme temperature rise of the sensor and 

heater is due to inhibition of heat transfer to the surrounding liquid by the vapor bubble.  The 

temperature plateau at 1300 K is assigned to a temperature where the gold nanostructure melts.   

Drawbacks/Limitations of the Technique 

The efficiency of trapping is dependent on the dispersion of the Er2O3 nanoparticles and 

the size of the nanoparticle chosen for trapping. For the properly dispersed Er2O3 nanoparticles 

(which can be achieved by addition of surfactant and dispersant), bigger cluster of particles are 

easy to trap and stable upon scanning. Since the spatial resolution of temperature measurement is 

dependent on the size of the Er2O3 nanoparticle, trapping the smaller particles are desired. But it 

is extremely difficult to trap a single Er2O3 nanoparticle with size of ~40nm. Since the Er2O3 

particles has a tendency to form clusters (as supported by TEM images of the particles), smaller 

cluster of particles with the size ~100-200nm can be trapped well and are stable on scanning as 

well. Also the relatively weak forces causes by laser trapping of small nanoparticles results in a 

number of limitations.  Any strong interaction will usually override the weak forces in the laser 

trap.  Instabilities associated with the trap is another concern for imaging which results in the 

particles being removed out of the trap during scan.  Electrostatic interactions between surfaces 

or nanostructures on the surface with the Er2O3 nanoparticles usually override the weak trapping 

forces resulting in the inability to move the thermal sensor particles after falling into the 

electrostatic trap.  Surfactant molecules surrounding the thermal sensor nanoparticle cluster help 

alleviate some of these problems.  Also the surface charge can be changed with monolayers of 

charged polymers. Brownian motion of the particle within trap leads to the fluctuations on the 

spatial resolution leading to the temperature being averaged over the volume of fluctuation, and 

hence poorer spatial resolution. 

We are also using the same 532nm laser for the Er2O3 nanoparticle trapping as well as 

heating the nanoparticle.  The technique can be performed by using two color laser systems, one 

to trap the particle and other to heat the nanoparticles so that the trapping laser and the heating 

laser can be decoupled. The main scope of this work is to successfully introduce the technique of 

achieving absolute temperature measurement and sub-diffraction thermal imaging using optically 



trapped Er2O3 nanoparticles. The strength of this technique is that an absolute temperature 

measurement becomes feasible where the spatial resolution is limited by the size of the particle 

trapped and can be directed to a desired location by moving the thermal sensor cluster to that 

place. Even though there are some limitations associated with the optical probe thermometry, the 

technique still presents significant promise for nanoscale temperature measurement and thermal 

imaging.  

 

CONCLUSIONS 

 A new optical probe technique using a laser trapped erbium oxide nanoparticle (size ~ 

150 nm) can measure absolute temperature with a spatial resolution on the size of the 

nanoparticle. This technique (scanning optical probe thermometry) is used to collect a thermal 

image of an optically excited gold nanodot.  The thermal profile has a Gaussian line shape that is 

a convolution of the point-spread function of the scanning optical probe thermometer and the 

true thermal profile.   A convolution analysis reveals that the point-spread function of our 

measurement is a Gaussian with a FWHM of 165 nm.  We attribute the width of this function to 

clustering of Er2O3 nanoparticles in solution.  The scanning optical probe thermometer is used to 

measure the temperature where vapor nucleation occurs in degassed water (555 K), confirming 

that a nanoscale object heated in water will superheat the surrounding water to the spinodal 

decomposition temperature.   Subsequently, the temperature inside the vapor bubble rises to the 

melting point of the gold nanostructure (~1300) where a temperature plateau is observed.  The 

rise in temperature is attributed to inhibition of thermal transfer to the surrounding liquid by the 

thermal insulating vapor cocoon. 
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Figure captions. 

Figure 1. Diagram of Optical Probe Thermometer. Er2O3 nanoparticle suspended in water is 

optically trapped with the 532 nm laser. The nanostructure (gold nanoparticle, nanorod or 

lithographically fabricated nanostructure) on glass cover slip is then scanned selectively under 

the trapped particle. The photoluminescence from the trapped Er2O3 nanoparticle is collected 

with the microscope objective and focused on the collection optical fiber.  The emission is 

spectrally analyzed with a monochromator/CCD camera combination.  

 

Figure 2.  (A). Energy level diagram of the Er2O3 nanoparticle.  Er2O3 nanoparticles are excited 

with 532 nm light that populate 
2
H11/2 and 

4
S3/2 levels of Er

3+
. The populations of these two states 

become thermalized resulting in photoluminescence intensities that are controlled by the relative 

populations given by a Boltzmann expression.  The absolute temperature is determined by using 

this relationship knowing the difference in energy between the emitting states.  (B) 

Photoluminescence spectrum of laser trapped Er2O3 nanoparticle at 300 K (black) and at 380 K 

(red).   

 

Figure 3. A plot of natural log of the relative peak areas from the H (539 nm) and S (564 nm) 

bands with inverse temperature. The slope (
E

k


) is -1084 ± 65 with an intercept of 1.9 ± 0.2 

giving a Boltzmann expression of 

  

H

S

æ

èç
ö

ø÷
= 6.68e(-1084/T ). A plot of the sensitivity of Er

3+
 emission 

as a function of temperature is shown in the inset.  

 

Figure 4.  (A)  Thermal image of a gold nanodot with the laser trapped Er2O3 nanoparticle. The 

white dotted line represents the place where the temperature profile shown in figure 4B is 

located. The solid red line is a Gaussian fit (FWHM of 300 nm) to the temperature profile.  The 

temperature profile is taken in the direction of the scanned particle.  The temperature image is 

collected as a horizontal scan that moves down vertically.   

 

Figure 5. Temperature-time spectrum of the gold nanorods immobilized on glass and immersed 

in degassed water. The laser intensity is increased stepwise starting from 8.12×10
9 

W/m
2 

to the 

value of 4.3×10
10

 W/m
2
 at which bubble nucleation takes place. The region of the spectrum with 

the nucleation event is magnified and shown on top. The nucleation event is characterized by an 



abrupt increase in temperature and occurs at the temperature of 555K.  The small insert in lower 

left corner is a cartoon depicting the expected configuration of the nucleation bubble. 

 

Figure 6. A Gaussian function having a FWHM of 165 nm (panel A) convoluted with the 

theoretical temperature profile from a 100 nm diameter optically heated nanodot (panel B) to 

give the experimental temperature profile (panel C).  The solid red line is the convolution of A 

with B.  The convolution is superimposed on the experimental profile (solid black squares).   All 

curves have been normalized and plotted in relative distance around the peak maximum.  
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Figure 5. Temperature-time spectrum of the gold nanorods immobilized on glass and immersed 

in degassed water. The laser intensity is increased stepwise starting from 8.12×10
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W/m
2 

to the 

value of 4.3×10
10

 W/m
2
 at which bubble nucleation takes place. The region of the spectrum with 

the nucleation event is magnified and shown on top. The nucleation event is characterized by an 

abrupt increase in temperature and occurs at the temperature of 555K.  The small insert in lower 

left corner is a cartoon depicting the expected configuration of the nucleation bubble. 

 

 

 



Figure 6. A Gaussian function having a FWHM of 165 nm (panel A) convoluted with the 

theoretical temperature profile from a 100 nm diameter optically heated nanodot (panel B) to 

give the experimental temperature profile (panel C).  The solid red line is the convolution of A 

with B.  The convolution is superimposed on the experimental profile (solid black squares).   All 

curves have been normalized and plotted in relative distance around the peak maximum.  

Keywords:  Optical probe thermometry, sub-diffraction limit temperature measurement, bubble 

nucleation  
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Abstract-We introduce a motif for enabling active tuning of the effective optical parameters of 

planar hyperbolic metamaterials. Using the field effect, we gate and electrically modulate the 

permittivity in transparent conductive oxide layers via changes in the carrier density. This enables 

broadband active modulation of the anisotropy characteristics of the metamaterial. We also observe 

“opening and closing” of omnidirectional band gaps within the visible regime. A sensitivity 

analysis over the electronic characteristics of transparent conductive oxides assures experimentally 

measurable modulation over those parameters. 

 

Multilayer metal-dielectric metamaterials (MM) usually exhibit a hyperbolic dispersion of type II whereas 

metallic nanowires in a dielectric host exhibit a hyperbolic dispersion of type I in the effective medium 

approximation
1
. We show in this paper, using parameter retrieval techniques

2
 that planar hyperbolic MMs can be 

designed to also support a hyperbolic I dispersion region and an effective omnidirectional band gap across the 

visible regime. We experimentally demonstrate the existence of those spectral regions in alternating Ag/SiO2 

planar MMs and, utilizing the field effect in a metal-oxide-semiconductor scheme to inject carriers in transparent 

conductive oxide (TCO) layers, we demonstrate active tunability of the effective parameters of MMs.  

Transverse-magnetic polarized light, when propagating through hyperbolic MMs, experiences a dispersion 

given by:          
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where
 
e

o
and

 
m

o
stand for the ordinary permittivity and permeability respectively in the in-plane direction 

while
 
e

e
stands for the extraordinary permittivity along the optical axis. To experimentally measure these 

effective parameters for a stack of 5 alternating layers of 30nm Ag and 50nm SiO2, we use e-beam evaporation 

to deposit the thin films and perform ellipsometric measurements. Utilizing effective permittivity and 

permeability parameters calculated through [2], we fit the ellipsometric data (WVASE32) and verify the 

existence of three distinct spectral regions: for small wavelengths, the extraordinary permittivity is negative 

(hyperbolic I dispersion), followed by a region where both ordinary and extraordinary permittivity are negative, 

yielding an effective band gap, and for large wavelength, the ordinary permittivity is negative while the 

extraordinary one returns to positive values (hyperbolic II dispersion). 

To achieve active spectral tunability over the effective parameters of HMMs, we incorporate Indium Tin 

Oxide (ITO), a TCO widely used in the recent research in plasmonics and MMs
3-5

, in the multilayer stack. Using 

field effect gating to electrically modulate the permittivity in ITO accumulation layers via changes in carrier 

density, we calculate the effective parameters of Eq. (1) for increasing carrier concentration. We consider 

background carrier concentration of ITO 5*10
20

/cm
3 
and account for the electronic properties of ITO according 
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to previous experimental findings
3-5

. We observe blue shifting of the epsilon-near-zero wavelength of the 

extraordinary permittivity by more than 30nm for an order of magnitude increase in the carrier concentration of 

ITO. Secondary resonances also appear in the extraordinary permittivity, as a consequence of the drastic change 

in the carrier distribution along the dielectric-ITO interfaces under applied bias. These resonances are evident in 

the birefringence and dichroism that exhibit broadband tunability for wavelengths 400nm-900nm. Finally, we 

obtain figures of merit (FOM) defined as the ratio of the real over the imaginary part of the wave vector in the 

MM that reach values as high as 15 and that are drastically altered by the applied bias, as shown in Fig. (a1) and 

(b1) for increasing carrier concentration. The corresponding three-dimensional band structure for the MM in the 

lossless limit is shown in Fig (a2) and (b2) to illustrate the shifting and opening of new omnidirectional band 

gaps upon field-effect bias. We are currently fabricating HMMs with ITO layers evaporated using RF sputtering 

deposition. Ellipsometric and transmission and reflection measurements will be presented as a proof of concept.  

 

Figure 1| Tunability of the figure of merit and effective optical band structure. FOM (a1) for 0V applied bias and (b1) for carrier 

concentration in the accumulation layer 2.5*1021/cm3 . Effective band structure along kz (left) and along kx (right): (a2) for 0V applied 

bias and (b2) for carrier concentration 2.5*1021/cm3 

In conclusion, we show the potential of utilizing TCOs for active tuning of the effective birefringence, 

dichroism, and density of optical states –a consequence of the band structure deformation upon applied bias- in 

planar HMMs. A sensitivity analysis over the debye length and maximum carrier concentration in the 

accumulation layer, along with the robustness of the field effect -widely used in CMOS electronics- assure that 

this motif can pave the way to far-reaching novel active optical components for holographic display realizations, 

tunable polarizers, sensors and switches and slow-light media. 
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Abstract. A label-free biosensor based on photonic crystal surface waves was used to study 

dynamics of receptor-ligand interactions with living bacteria and cells. We elaborated a chitosan-based 

protocol of surface modification of the sensor chip enabling to produce sufficiently dense and 

homogeneous monolayers of live bacteria Escherichia coli. The attached bacteria have been exploited 

as a target to study binding kinetics of different ligands onto a bacterial surface, including antibacterial 

drugs and bacterial phages.  

 

Although different types of optical biosensors are widely used to study kinetics of biomolecular 

interactions among a variety of macromolecules including antibodies, enzymes, hormones, low-

molecular-weight molecules, toxins, cancer markers, drugs, etc.1, large biological objects with a highly 

inhomogeneous refractive index such as cell suspensions impose significant difficulties. The principal 

obstacles here are insufficient ca. 100 nm-penetration depth of a surface wave into an external medium 

to sense the interactions on the cell surface typically 1 μm-high, slow diffusion of the cells towards the 

functionalized biosensor chip surface, complex chip surface functionalization, low accessibility of cell 

surface macromolecules, and, as a consequence, low sensitivity to the detection of binding events. 

In the utilized biosensor2, a surface wave is propagating along an optical interface formed 

between a functionalized photonic crystal chip and a suspension of a biological sample under 

investigation. Angular interrogation of the surface wave resonance is used to detect changes in the 

thickness of an adsorbed layer, while an additional detection of the critical angle of total internal 

refection provides independent data on the liquid refraction index (Fig. 1). Besides segregation of 

surface and volume effects, the exploitation of the photonic crystal supporting long-range surface 

waves enables to achieve mass sensitivity at the level of 0.3 pg/mm2 and refraction index (RI) 

sensitivity at the level of 10-7 RIU/Hz1/2. Another characteristic feature of this biosensor is large, on the 

order of 1 μm, surface wave penetration depth into an external medium, which enables to study not 

only binding kinetics of interactions between macromolecules, but also with such large objects as 

viruses, bacteria, and cell organells. 

In this work, we report the first steps in this direction. The essential step in a successful 

biosensor operation is a proper chemical functionalization of the biosensor chip surface. A variety of 

linkers was tested, namely (3-aminopropyl)triethoxysilane (APTES), polylysine (PLL), 

polyethylenimine (PEI), glutaraldehyde (GA), 3-glycidoxypropyltrimethoxysilane (GPTS), and 

chitosan at different concentrations and coating conditions. The combination of APTES and air-dried 

highly diluted polymer solution of chitosan coating resulted in the most homogeneous, reproducible, 

and tight attachment of bacteria (Fig. 1). The main difficulty here was to obtain a homogeneous, 

reproducible, and thin coating of chitosan. The principle obstacle at this step was a drying process, 

which may result in shrinking of the solution droplet to the center of the chip followed by the “coffee-

ring effect”. A trade-off between a wet and dry regime of coating was reached by drying in a vacuum 

desiccator under pressure of 1 mBar at room temperature. 
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Figure 1. Left: Schematic of the biosensor. Right: AFM image of a (mono)layer of E.Coli 

bacteria used as an immobilized target in the sensor.  

 

The attachment of bacteria was performed in a flow cell at the flow rate of 3 μL/min. We 

suppose that the mechanism of the attachment is electrostatic interactions3 between the negatively 

charged bacterial surface and the positively charged chitosan coating. Complex geometry of the 

interactions under the constant flow and rapidly occurred attachment (on the order of 1 min) support 

the electrostatic origin of the interactions. While the suspension of bacteria in phosphate-buffered 

saline (PBS) has been pumped through the biosensor flow cell, the bacterial cells were attaching to the 

chitosan-functionalized chip as this was observed by an increase in the adsorbed layer thickness and 

the bulk refractive index. 

The attached bacteria have been exploited as a target to study binding kinetics of different 

ligands onto a bacterial surface, including bacteriophages and antibacterial drugs. The performed 

experiments served as a starting point to investigate kinetics of complex binding events. The 

implemented technique provides unique research opportunities and could eventually lead to 

clarification of the interaction mechanisms. 
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Abstract-The ability to screen libraries of chemical compounds, or fragments, against a protein 

target is the basic starting point in the search for a novel therapeutic agent in drug discovery. Here 

we introduce a new chip based biophysical measurement technology that would be a powerful tool 

for high throughput screening. We show that gold, plasmonic, substrates imprinted with chiral 

nanostructures can be used to rapidly detect ligand-induced changes of the protein tertiary and 

quaternary structure. 

 

Protein structure can be characterized using chirally sensitive spectroscopic techniques, due to proteins 

displaying chirality on a range of scales. These techniques, such as circular dichroism (CD), can only routinely 

detect secondary structure and to a much more limited extent, tertiary structure of proteins. Here, we take 

advantage of the fact that chiral evanescent fields can be created in the near field of chiral plasmonic 

metamaterials [1, 2]. We show that these fields are uniquely sensitive to both the tertiary structure and the 

orientation of domains within proteins. This allows us to use a new paradigm in chirally sensitive spectroscopy 

to detect ligand-induced changes in the higher order structure of proteins with high sensitivity. 

The plasmonic polarimetry method used in this study depends on the wavelength (λ) of a plasmonic 

resonance on the dielectric environment of the near surface region of the nanostructure [2]. Using this method, a 

wavelength shift (λL/R) is measured for identical chiral dielectric layers on both left and right handed substrates. 

The parameter ΔΔλ = ΔλR – ΔλL represents the asymmetry in the refractive index of the dielectric layer on the 

chiral evanescent electromagnetic fields; it is a direct analogue to the angle of optical rotation measured in 

conventional polarimetry. 

Figure 1. Ribbon representations of the crystal structures of (A) EPSPS and (B) SK showing the open and 

closed forms respectively. 



To show the power of this technique, we have chosen to study two well-characterized proteins from the 

shikimate pathway, 5-enolpyruvylshikimate-3-phosphate Synthase (EPSPS) and Shikimate Kinase (SK). Crystal 

structures, Figure 1, show that on ligand binding EPSPS and SK undergo significant changes in the domain and 

tertiary structure respectively. 

Both proteins induce a positive ΔΔλ value when immobilized on the gold nanostructures, and significant 

negative ΔΔλ shifts when the immobilized proteins are exposed to their relative ligand solutions; with the largest 

observed for ligands binding to EPSPS, Figure 2. 

Figure 2. ΔΔλ values obtained from protein and ligand data. 

 

Plasmonic polarimetry is sensitive to anisotropy in chiral structure which is attributed to the quadrupolar 

contribution to optical activity. In conventional chiroptical spectroscopy, the dipolar and quadrupolar terms can 

contribute to the same order of magnitude to the level of optical activity in anisotropic materials. However, the 

local chiral fields around our chiral nanostructures display steep field gradients, which will enhance any 

quadrupolar contributions relative to the dipolar counterparts [3]. These results clearly demonstrate that 

plasmonic polarimetry is a very sensitive probe, compared to conventional spectroscopy techniques, to changes 

in the anisotropic nature of protein structure induced by changes in the tertiary and domain structure. 
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Abstract- We introduce a novel kind of hybrid plasmonic core-shell systems made of lithographic 

gold nanorods, coated by a thermosensitive polymer shell based on poly(N-isopropylacrylamide). 

We show that the optical response of the plasmonic hybrid structures is strongly modified upon a 

variation of the external temperature, due to a physical change of the conformation of the polymer 

coating. This work provides an important step towards the use of hybrid structures for applications, 

from nanoscale adhesion to molecular sensing. 

 

 The patterning of inorganic nanomaterials combined with soft matter can give access to a fascinating class 

of hybrid structures and properties, in which the stimuli-responsive properties of the soft component can 

drastically modify the electrical, magnetic, optical or catalytic properties of the inorganic component. If the 

hybrid system is made of gold or silver nanostructures coated with polymeric shells, their optical properties can 

be dynamically modified or switched provided that an external stimulus or environment (pH, temperature, 

electrical conductivity...) modifies the physical or chemical properties of the polymer. These optical properties 

are governed by the excitation of localized surface plasmon (LSP) modes. As a result, a large extinction 

cross-section emerges at the resonance, in the visible or near-infrared region (mainly for gold, and silver). For a 

given particle shape, the frequency of the LSP mode strongly depends on the refractive index of the surrounding 

medium, which is the main criterion for the development of active plasmonics applications [1]. 

 Because of the different properties of the soft matter and the inorganic part, the hybrid systems present a 

high degree of complexity. In order to understand and optimize the physical and chemical properties of both 

inorganic/organic components, a fundamental study of their combined performances is required. This 

fundamental study is possible provided that we consider the design of perfectly calibrated hybrid systems with a 

precise control of the particle geometry as well as a control of the thickness of the polymer shell. The 

combination of lithographic arrays of gold nanoparticles sustaining LSP modes with a thermosensitive polymer, 

poly(N-isopropylacrylamide) (pNIPAM) represents a good model for such hybrid systems. The thermosensitive 

polymer exhibits a temperature-dependent solution and surface behavior, with a reversible and abrupt phase 

transition upon going from a swollen conformational state to a collapsed state around its lower critical solution 

temperature (LCST) at 32°C in pure water. Therefore, conformational changes of pNIPAM brushes, when 

varying the external temperature, are expected to achieve dynamic and reversible tuning of the LSP resonance 

frequency, due to a change in the local refractive index around the particles. 



 Up to now, most of the proposed structures were made of colloidal systems in aqueous solution or 

2-dimensional disorganized substrates, which represent a central obstacle for fundamental investigations and 

extensive applications. To our knowledge, no extensive experimental studies have been investigated on the 

influence of the particle geometry and the polymer thickness on the optical performances of the hybrid systems.  

 In this work, we aim to develop a novel kind of hybrid core/shell plasmonic structures with the following 

desired characteristics: (i) a strong sensitivity to the local environment through the design of perfectly calibrated 

anisotropic NPs, (ii) an organic shell confined on the NPs and presenting a high density of polymer chains to 

provide the phase transition between the swollen and collapsed regime.  

 We address these issues by considering regular arrays of gold nanorods (GNRs) of different aspect ratios 

designed by electron-beam lithography (EBL), deposited on an indium-tin oxyde (ITO)-covered glass substrate. 

The GNRs were covered by a polymer shell through a well established strategy (so-called Atomic Transfer 

Radical Polymerization). This chemical strategy enables the confinement of the pNIPAM brushes exclusively on 

the GNRs and not on the underlying ITO substrate. Atomic force microscopy (AFM) images recorded in air and 

in water at different temperatures allowed us to investigate the core-shell characteristics of the GNR@pNIPAM 

structures as well as their dynamic behavior by changing the external temperature (Figure 1). The optical 

properties of the GNR@pNIPAM samples versus the external temperature, were investigated on GNRs of 

different aspect ratios, and different polymer shell thicknesses, highlighting the importance of a proper 

description of these parameters in order to provide optimized GNR@pNIPAM structures for the design of 

efficient chemical sensors [2]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Left: extinction spectra of a GNRs array at 18°C -in blue- in the swollen regime, and at 52°C in 

the collapsed regime. Right: (in red dots) temperature dependence of the height of the pNIPAM, measured by; 

(in blue dots): temperature dependence of the LSP wavelength. Both experimental data are fitted by a signoid. 

The dash blue and red lines represent the derivative of the sigmoids from the temperature dependence of the 

pNIPAM height and the LSP wavelength, respectively. 
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Abstract- Active control of three-dimensional configuration is one of the key steps towards smart 
plasmonic nanostructures with desired functionalities. We lay out a multi-disciplinary strategy to 
create active 3D plasmonic nanostructures, which execute DNA-regulated conformational changes 
on the nanoscale. 

 
 
Construction of 3D reconfigurable plasmonic nanostructures witnesses major technological limitations, 

arising from the required subwavelength dimensions and controlled 3D motion. There have been considerable 
efforts on integration of plasmonic nanostructures with active platforms using top-down techniques [1]. Here we 
lay out and implement a multi-disciplinary strategy to create active 3D plasmonic nanostructures by merging 
plasmonics and DNA nanotechnology on the nanoscale.  
   First, we show the creation of a reconfigurable plasmonic switch, which can execute DNA-regulated 
conformational changes. In one role, DNA works as molecular platform for organizing plasmonic nanoparticles 
into a 3D architecture [2]. In the other role, DNA is used as fuel to drive the constructed 3D plasmonic switch 
along fully programmable routes. Simultaneously, the 3D plasmonic switch serves as optical reporter, which 
transduces its own conformational information into optical circular dichroism changes upon external stimuli in 
real time [3].  

  Next, we demonstrate the first plasmonic walker, which can carry out directional, progressive, and reverse 
nanoscale walking on a DNA origami track. The plasmonic walker comprises an anisotropic gold nanorod as its 
‘body’ and discrete DNA strands as its ‘feet’. Specifically, our plasmonic walker carries optical information and 
can in situ optically report its own walking directions and consecutive steps at nanometer accuracy, through 
dynamic coupling to a plasmonic stator immobilized along its walking track. The dynamic process can be read 
out using circular dichroism spectroscopy at visible frequencies in real time.  

  Our concept may enable a variety of smart nanophotonic platforms for studying dynamic light-matter 
interaction, which requires controlled motion at the nanoscale well below the optical diffraction limit [4]. 
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Sculpted electromagnetic (EM) fields created by artificially engineered metamaterials 

provide a route to new spectroscopic phenomena [1-3].  Thus enabling novel 

measurements, such as < picogram characterisation of the structure of biological 

materials [1], which would be impossible with conventional spectroscopic techniques.  

The scope for these new spectroscopic phenomena to make a significant impact as: 

generic research tools; medical diagnostics; or as biosensing platforms, is limited.  

Due to the fact that the metamaterials, which are formed from periodic arrays of 

individual (noble metal) nanostructures, are fabricated using electron beam 

lithography a costly time consuming production method.  I present a new type of 

plasmonic nanomaterial, a continuous gold film that is moulded so it as nanoscale 

chiral indentations, which can be fabricated using a cheap high throughput method.  

We subsequently demonstrate the application of these nano templated chiral 

plasmonic films for (linear and non-linear) biospectroscopy. 
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Abstract- We present our investigations of the optical phase changes of visible light upon interaction 

with self-assembled polymer-gold nanocomposite films, with a spectral response reflecting the interplay 

between plasmonic and optical interference effects. Thanks to a detailed study of the films by 

spectroscopic ellipsometry, which gives access to amplitude and phase information, their plasmonic and 

interferential spectral features are correlated with their nanostructure.  We explore the potential of 

coupling plasmonic and photonic modes for multiscale metamaterial-based phase-sensitive 

environmental detection at the nanoscale. 

 

Localized plasmon resonances have outstanding properties such as spectrally sharp optical absorption and 

scattering and capabilities to confine light at the nanoscale.  These properties are of great use for a large range 

of applications, like tunable optical filtering, highly efficient light trapping, light emission enhancement and 

non-linear optics. In most of these developments, attention has been focused on the way plasmon resonances 

modify the intensity of light in the near or far field. However, the phase of an electromagnetic field can also be 

altered upon interaction with an effective, absorbing medium. Interestingly, the marked spectral variations of a 

plasmonic medium can be used to drive, in a controlled way, the spectral features of an electromagnetic wave 

both in the intensity and phase spaces.  

Very recently, the topological darkness phenomenon has been evidenced with several metamaterials, 

consisting of planar ordered assemblies of metal nanoparticles on a substrate
1,2,3

, produced via lithographic or 

self-assembly methodologies. Such materials have been shown to present sharp plasmon-induced Brewster 

conditions (incident angle and photon energy), for which p-polarized light is not reflected (rp = 0), and the  

angle as measured by ellipsometry ( = rp/rs) thus drops to zero. Around the zero  photon energy, the 

ellipsometric phase shift coefficient exhibits an extremely steep variation with respect to the wavelength, 

the angle of incidence or the refractive index of the ambient medium. Combining the environmental 

sensitivity of plasmon resonances with their strong influence on the phase of light has thus opened the way to 

ultra-accurate phase-monitored plasmonic sensing.  

In this work, we report an unprecedently flexible and powerful method for tuning plasmon-induced Brewster 

conditions in metamaterials, based on the interplay between plasmon resonances and optical interferences. With 

this approach, the plasmon-induced Brewster conditions can be driven in a broad angular and photon energy 

range. Especially, they can be tuned off-resonance (i.e. away from the photon energy of the plasmon resonances), 

and therefore in low loss conditions, while retaining excellent properties for ultra-accurate phase-sensitive 

plasmonic sensing. We exemplify this genuinely novel approach in the case of multiscale lamellar plasmonic 

metamaterials synthesized using self-assembled diblock copolymer templates. Block copolymers are 



macromolecules made of two molecular chains of distinct chemical nature linked together, and spontaneously 

assemble in domains of characteristic sizes between 10 and 200 nm, mostly depending on the molar mass of the 

chosen copolymer. They provide nanostructured matrices for the fabrication of self-assembled bulk metamaterials 

and plasmonic nanocomposites. Contrary to lithographically produced 2D structures, these bulk materials can have 

both a controlled nanostructure and a finite thickness. Moreover, they present characteristic sizes significantly 

smaller than both the visible wavelengths and the sample thickness. The samples consist in periodic stacks of 

alternating rough layers of pure polymer (dielectric) and layers of composite of polymer loaded with a high density 

of 6-10-nm gold nanoparticles (see Figure 1a). The layers have a thickness between 50 and 100 nm. 

 

 

Figure 1. (a) SEM micrograph of the side view of a 

thin film of a layered gold-polymer nanocomposite. 

Gold nanoparticles appear in clear and pure 

polymer regions in dark. Bar = 400 nm. (b) 

Ellipsometric angles  (circles, solid lines) and  

(triangles, dashed lines) vs energy, measured on 

the film shown in (a), for angles of incidence of 

70° (blue color) and 55° (orange color). Note the 

deep minima in  associated with large variations 

in  revealing the proximity of extinction points. 

 

The imperfect level of ordering is sufficient to produce oscillations, seen by spectroscopic ellipsometry, that 

account for coherent optical processes, and to allow a good multi-angle broadband fit with layered effective 

medium dielectric permittivities. Thanks to the very good quality of the fits, one can use the “virtual” material 

structure and dielectric permittivity to predict with great accuracy the angles and energies, at which sharp 

spectral holes with near – Brewster conditions can be expected. Two of the extinctions exhibited by the film 

imaged in Figure 1a are shown in Figure 1b, as measured by ellipsometry.  
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Abstract- We implemented a novel light trapping mechanism based on an array of fibers capable of 
forcing a ninety-degree bending of the incident light. Light rays incident close to the intersection 
between to adjacent fibers can be trapped in the fiber structure thanks to a chaotic whispering 
gallery type propagation. When an organic cell is deposited on the backside of the array, sunlight 
harvesting is largely enhanced leading to a measured increase in photovoltaic cell performance 
higher than 30%. 

 
To obtain the maximum possible efficiency, in many light harvesting or light emitting devices, ideally, one 

would want to achieve a ninety-degree bending of the light path.1 This is the case, for instance, in some thin film 
solar cells where an effective sunlight harvesting can only be achieved when the light propagates along the long 
axes of the active material layer, or in edge-lit electronic devices, where a ninety-degree bending is needed to 
illuminate an LCD. In PV cells a certain degree of light bending is possible when small metallic particles are 
inserted in the active or buffer layers.2 However, the fraction of light propagating in a direction perpendicular to 
the incident beam is limited and enhancements are not very significant. 

Figures 1: Absorptivity as a function of the ray position when the fiber array is coated with a 50 nm thick 
absorptive material with an extinction coefficient k equal to 0.1 (blue) and 0.5 (green) and a reflecting surface. 
Inset: Schematic representation of the light ray propagation trapped in the fiber array. 



 
In this paper we propose the use of a fiber array to trap the light in the direction perpendicular to the incident 

beam and to the axis of the fibers as shown schematically in the inset of Figure 1. By modeling light propagation 
we have shown that when a light ray is incident at a position close to the intersection between two adjacent fibers, 
light can be trapped inside the fiber array. In other words, light may travel from one fiber to the next in a 
sequence of total internal reflection steps. This light trapping is chaotic in nature in the sense that a slight 
displacement in the position where the incident beam hits the fiber array may end up in a rather different 
sequence of internal reflections. The combination of a chaotic behavior with a whispering gallery type 
propagation leads to an enhanced absorption when an absorber layer is placed on the backside of the fiber array. 
Such chaotic nature in the WGM propagation is clearly apparent in the absorptivity seen in Figure 2 when ray 
incidence is near the intersection of two adjacent fibers corresponding to angles at around 1 and 2.15 rad. 

 
We designed and implemented a fiber array with an organic small molecule solar cell coated on the side 

opposite to the light entering side as seen in the upper inset of Figure 2. The photovoltaic performance of such 
solar cell was measured and we showed that the efficiency in photon to charge collection relative to the same 
cell fabricated on a planar substrate can be higher than 30% on average and higher than 50% at certain 
wavelengths as shown in Figure 2. 

 

Figures 2: Measured gain in the efficiency in converting photons to current or external quantum efficiency 
(EQE) from a cell deposited on the backside of a fiber array relative the EQE obtained from an equivalent cell 
deposited on a planar substrate. Upper inset: Schematic representation of the fiber array device. Lower inset: 
SEM image of the fiber array solar cell. 
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Abstract- In this presentation we shall address the latest development in chemistry and physics of 

chiral semiconductor and metallic nanostructures. 

 

 

Chirality at 

nanoscale attracts a lot of 

attention during last 

decade.  A number of 

chiral nanoscale systems 

had been discovered 

ranging from individual 

nanoparticles to helical 

nanowires and from 

lithographically defined substrates to DNA origami.   In this presentation, we shall describe 

different types of chiral nanoscale materials (Figure 1) along with the techniques of their preparation, 

advantages/disadvantages, and current 

challenges.   The classes of nanoscale chiral 

materials that will be described include 

individual nanoparticles, nanoscale helices, 

assemblies of nanoparticles and nanorods, and 

abiological chiral lithographic patterns.  The 

case of unexpected chirality as in the case of 

nanoparticle dimers will be highlighted.  The 

origin of the polarization rotation in these 

systems will be theoretically explained and 

substantiated by extensive experimental data 

sets.    

Figure 1: Examples of chiral nanoscale assemblies with optical activity from UV to infrared 

spectral regions.  

100 nm 

Figure 2: Chiroplasmonic films made from ZnO nanowires with 

high chiral anisotropy factors.    



Special effort will be placed on the transitioning of theoretical and experimental knowledge 

about chiral nanoscale systems to applications.  The most obvious direction for practical targets was 

so far, the design of metamaterials for negative refractive index optics.  The results describing the 

3D materials with the highest experimentally observed chiral anisotropy factor will be presented.  It 

will be followed by the discussion of the recent developments in analytical application of chiral 

assemblies.  
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Abstract. We used the induction of bulk chiral nematic liquid crystal phases to image, measure, 
and compare the chirality and chirality transfer ability of chiral ligand-capped gold nanoparticles. 
Characteristic defect textures and helical pitch measurements in the induced chiral nematic phase 
reveal clear tends with respect to nanoparticle size and synthesis method.   

 
The aim of this work was to qualitatively understand 

and quantitatively measure and the effectiveness of 
chirality transfer of in situ capped gold NPs (presence of 
chiral bias during NP formation) compared with those 
obtained by chiral ligand conjugation to existing NPs 
(chirality installed after NP formation). We particularly 
probed the role of NP size and number of chiral ligands 
on the NP surface (Fig. 1). The selection of a chiral 
liquid crystalline (mesogenic) ligand, highly compatible 
with nematic liquid crystal (LC) hosts, allowed us to 
quantify the efficiency of chirality transfer using helical 
pitch measurements (Fig. 2). 

We have demonstrated the important role NP size 
and the presence or absence of a chiral bias during NP 
formation play in chiroptical activity of chiral ligand- 
capped gold NPs. Our findings illustrate that interactions 
between nematic LC phases and chiral ligand-capped 
gold NPs can serve as a unique platform to carefully 
study, sense, and quantify NP chirality. We demonstrated 
that the presence of a chiral bias during NP formation 
produces Au NPs that induce more prominent, stronger 

 
Fig. 1. (a-c) TEM images of three NPs differing in 
size and synthesis method. (d) Concept of using 
N-LC phases to detect, visualize, and measure the 
chirality of chiral ligand-capped.  
 



chiral effects in condensed LC phases in comparison to NPs 
synthesized in the absence of a chiral bias, shining more light 
onto the various mechanisms used to describe NP chirality.1 
We also showed that smaller Au NPs with a total lower number 
of chiral ligands attached to the NP surface in the N-LC 
mixture outperform larger Au NPs.2 We are currently extending 
this concept to Au NP functionalized with other powerful chiral 
molecules (e.g., chiral binaphthalenes with tunable helical 
twisting power)3 and using LC phases such as chromonic chiral 
nematic phases that allow us to test NPs capped with 
hydrophilic chiral ligands such as peptides or amino acids 
described by other research groups4.  
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Fig. 2. (a-d) Grandjean-Cano wedge cells 
images with Grandjean steps of the induced 
chiral N-LC phase. (e) Grandjean-Cano 
wedge cell method to measure helical pitch.  
 



Fig 1. Transmitted beam pattern through 80-nm gold 
nanofluid [inset] and oscillations of the diameter as a 
function time for illuminating powers of 422 mW (black), 
288 mW (red), and 160 mW (blue). 
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Abstract: We describe the first experiments of spontaneous oscillatory behavior in binary-
solvent plasmonically-absorbing nanofluids, which occurs when collimated light grazes menisci.  
We characterize self-focusing dynamics that occur in non-local materials, solvent dynamics, new 
mechanisms for probing nanoparticle-solvent chemistry, and novel thermo-mechanical dynamics.   

 
Metal nanofluids i.e., liquid mixtures containing plasmonically-absorbing nanoparticles, are appealing for their 

potential uses in numerous light harvesting applications[1], however control of the associated light-driven dynamics 
remain a challenge.  Local heating effects increase the 
mean free velocity of both surface and solvent charges 
that shift the chemical, electrical, and hydrodynamic 
equilibrium, particularly in the presence of heat or 
light. Correspondingly, nanoparticles associate with 
the solvent environment in a manner similar to 
molecules during solvation processes. Control of the 
light-driven nanofluid dynamics is further complicated 
by the temperature-dependent refractive indices, 
photo-induced pressure gradients, thermal or chemical 
diffusion processes, and changing reaction affinities 
with the nanoparticles. Complex dynamics are 
observable and in recent years, milestone 
demonstrations of trapping [2,3] and solitons [4] show 
that such nonlinear nanofluid systems are also potentially 
stable and controllable.   

Here, we demonstrate for the first time a new degree 
of stability with nanofluids via a periodic system attractor 
driven by light-induced nanobubbles [5, 6].  What is compelling about our demonstrations of the spontaneous 
formation of Hz-frequency heat cycles is the wide range of conditions over which the oscillatory behavior is 
observed and the robustness of the response and the strength of the response.  The oscillations occur when either 
laser or lamp light graze the menisci of liquid samples containing metallic nanoparticles, which absorb and heat the 
liquid.  Power thresholds for observing the oscillatory behavior are as low as 25mW due to the extreme heating and 
sharp temperature gradients achieved with the metallic nanoparticles close to the plasmonic resonance.  Moreover, 
the onset of period doubling and the growth of instabilities in the temporal dynamics are controllable at higher 
illumination powers.  
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Abstract— We report on the synthesis of aluminum nanoparticles by different ways. For
all the different technique, the optical properties have been carefully studied. Particularly, it
appears that the chemical ways induce hybrid metal / oxyde nanoparticles showing a strong
photoluminescence.

Progress in nanomedicine will be driven by the ability to detect and manipulate the living
matter at the molecular scale in order to cure cancers or fix genetic anomalies. One of the most
promising way is the use of confined optical source in the ultra-violet wavelengths to image by
self fluorescence, to analyse by enhanced Raman spectroscopy and to repair the wrong molecular
sequences by inducing local chemical reaction. Metallic nanoparticles are widely recognized as
local sources of energy that resolve the above issues thanks to their optical properties based to the
plasmon resonance. To achieve UV plasmonics, aluminum appears as the best candidate [1]. This
metal has a negative dielectric constant combined with a low loss coefficient at UV wavelengths down
to 100 nm, matching all the criteria to obtain high energy Localized Surface Plasmon Resonances
(LSPR) [2]. UV Localized Surface Plasmon Resonances (LSPRs) are very attracting because their
energy matches with most of the electronic transition energies of molecules or solids. In this scope,
the development of efficient and low-cost techniques for the synthesis of reproducible Al nano-
structures with very good crystalline quality and optical properties has to be investigated [3, 4].

In this presentation, we describe various methods for the growth of crystalline Al-NPs. The
nanoparticles are made using very reproducible synthesis routes. The first approach is based on the
reduction of aluminum ions. The second approach relies on the use of sono-chemistry of aluminum
foils. Particles as small as 2nm have been synthesized and characterized with a transmission electron
microscope, extinction spectroscopy and other methods. By playing on various the medium of
synthesis and the temperature of reaction, it appears to be possible to tune under control the size
of the nanoparticles. We completed the characterizations by investigating the optical properties of
the synthesized Al NPs. Extinction measurements were performed on different solutions containing
Al NPs using a UV-visible spectrometer as shown figure 1.

Sharp extinction peaks appear unveiling LSPR excitations of Al NPs. The relatively low FHWM
of the LSPR peak indicates a good homogeneity of the NPs size as it has been verified by the TEM
characterizations. Furthermore, it appears that the alumina shell is tremendously photolumines-
cent, thus paving the way for numerous applications as nano markers... To summarize, we described
in this presentation various chemical method for the growth of aluminum nanoparticle. AL-NPs
present a very good homogeneity and reproducibility. They exhibit sharp localized surface plasmon
resonances (LSPRs) in the UV region as it has been showed by extinction spectroscopy character-
ization.
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Abstract- Single-particle absorption spectroscopy on strongly scattering plasmonic nanoparticles is 

investigated by photothermal microscopy with a supercontinuum laser. The absorption spectra are 

compared to scattering spectra of the same individual gold nanoparticles and correlated with 

electron microscopy images that characterize the size and shape of the nanostructures. For many 

applications of plasmonic nanostructures, absorption and scattering cross sections and lineshapes 

are important to distinguish, possible with single-particle spectroscopy that also removes 

nanoparticle heterogeneity. 

 

 Applications of plasmonic nanostructures take advantage of their large absorption and scattering cross 

sections that depend sensitively on the nanoparticle size, shape, and local environment.  Effects due to 

distributions in these parameters can be understood using single particle spectroscopy techniques, especially 

when combined with structural imaging and electromagnetic simulations.  Single particle spectroscopy methods 

have, however, been mostly developed to investigate the scattering or extinction of plasmonic nanostructures.  

The latter equals the absorption, but only if the nanoparticles of interest are small and do not scatter significantly.  

Photothermal imaging is capable of measuring the absorption only of nanostructures, and is based on the heating 

of the local environment following absorption and nonradiative decay [1-3].  Photothermal imaging is typically 

limited to a single wavelength though as it requires a coherent light source for excitation.  Here we show how 

with the use of a white light supercontinuum source we are able to record absorption spectra of plasmonic 

nanoparticles of different sizes/shapes and compare the results to the scattering response. Furthermore, 

time-resolved transient absorption spectroscopy is employed to follow in real time the nonradiative decay of the 

initially absorbed photon energy. 

 

Acknowledgements. Financial support from the Robert A. Welch Foundation (C-1664), the Office of Naval 

Research (N00014-10-1-0989), the Army Research Office (MURI W911NF-12-1-0407), and a DURIP 

equipment grant (N00014-12-1·0727) is acknowledged.  

 

REFERENCES 

1. Boyer, D.; Tamarat, P.; Maali, A.; Lounis, B.; Orrit, M. Science, Vol. 297,No. 5584, 1160-1163. 2002. 

2. Berciaud, S.; Cognet, L.; Lounis, B. Nano Lett., Vol. 5, No. 11, 2160-2163, 2005. 

3. Gaiduk, A.; Ruijgrok, P. V.; Yorulmaz, M.; Orrit, M. Chem. Sci., Vol. 1, No. 3, 343-350, 2010. 



            

Tunable plasmonic properties of rounded object-arrays achievable 

via interferometric illumination of colloid sphere monolayers 

 

A. Somogyi
1
, Á. Sipos

1
, G. Szabó

1
 and M. Csete

1*
 

1
Department of Optics and Quantum Electronics, University of Szeged, Dóm tér 9., Szeged, Hungary 

*corresponding author: mcsete@physx.u-szeged.hu 

 

Abstract Interferometric illumination of colloid sphere monolayers by circularly polarized light 

makes possible complex plasmonic structure generation with six independently tunable geometrical 

parameters. According to plasmonic spectral engineering principles both the near-field and spectral 

properties can be controlled via predesigned geometrical parameters, including periodicity, 

mini-array composition and properties of composing nano-objects. The optimal azimuthal 

orientation and illumination direction are determined for various complex plasmonic patterns and 

the nanophotonical phenomena resulting in extrema on their transmission spectra are described. 

 

Appropriately designed arrays of nano-objects having wavelength-scaled and sub-wavelength characteristic 

geometrical parameters are capable of exhibiting metamaterial properties. The building blocks of these complex 

structures are usually uniform nano-objects, and their optical properties can be tuned with the size and shape 

parameters of composing objects [1]. A conformity was proven between measurements and calculations, when 

magnetic resonance on arrays of C-shaped objects’ was studied, and it was shown that the spectra can be tuned 

by varying the density of nano-objects [2]. For rectangular U-shaped split ring resonators polarization, 

wavelength and aspect-ratio dependent resonance peaks were explained by excitation of plasmonic modes [3]. 

Illuminating colloid-sphere monolayers by laser beams in different configurations results in various complex 

patterns. The spectral and near-field effects of these patterns were studied by finite element method. Illumination 

by single perpendicularly and obliquely incident beam results in hexagonal array of nano-rings and 

nano-crescents. Interferometric illumination of colloid sphere monolayers (IICSM) enables the fabrication of 

complex patterns, namely wavelength-scaled rectangular patterns of rounded nano-objects' mini-arrays, when 

circularly polarized beams are used for realization. IICSM method requires precise overlapping of the lateral 

intensity modulation with preselected arrays of a colloid spheres inside hexagonal monolayers [4, 5]. We have 

proven that complex patterns with six independently tunable geometrical parameters can be fabricated by 

applying the IICSM method. The p periodicity is defined by the lateral intensity distribution, the t distance of 

individual nano-objects can be tuned by varying the relative orientation of the periodic intensity distribution with 

respect to the monolayer, the a and d0 nano-object size parameters are governed by the laser wavelength and 

intensity together with colloid sphere diameter and material, while the polarization has effect on the ε and ω 

parameters qualifying the substructure shape and orientation [6]. The spectra of rectangular patterns consisting 

of nano-ring and nano-crescent mini-arrays are compared to spectra on hexagonal patterns of uniform nano-rings 

and nano-crescents. It is demonstrated that rectangular patterns of mini-arrays consisting of a central nano-ring 

and satellite nano-crescents, which are available via IICSM exclusively, have unique capabilities and exhibit 

metamaterial characteristics. The near-field and charge distribution on the complex structures were also 

inspected, and compared to previous calculations on hole-doublets achievable with linear polarization [7]. 



 

Figure 1. (a) Presentation of the IICSM method and of the tunable geometric parameters; (b) hexagonal 

patterns of rings and nano-crescents fabricated via homogeneous illumination and rectangular patterns of 

mini-arrays available via IICSM. (c) Transmittance spectra at γ=0°/30°/60°/90° with the schematic drawing of 

the unit cell used for calculation, and (d) charge distribution on rings / crescents / mini-arrays of rounded objects 

achievable with IICSM at transmittance extrema arising at 90° azimuthal orientation of concave features.  
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Abstract- In this talk I describe the ultrafast response of hybrid nanomaterials of interest for 

nanoscale optical switching and optical energy conversion. I also describe novel means to visualize, 

temporally and spatially, photoinduced charge separation at nanoscale interfaces of hybrid materials. 

The materials and phenomena range from hybrid plasmonic materials with ultrafast hot electron 

responses, to highly reductive type II core/shell quantum dots that permit efficient separation of 

charge across the core/shell interface for enhanced opportunities in photoinduced charge separation.  

 

Nanophotonic architectures will require structures with specific roles, such as structures for nanoscale 

optical switching, for inducing efficient charge separation for photocatalysis/energy conversion, and some for 

guiding and propagating energy. Optical switching at the nanoscale can be targeted with plasmonic structures 

that can confine and enhance optical near-fields so as to induce, for example, strong nonlinear or ultrafast hot 

electron responses that modulate extinction. The free electrons responsible for plasmonic responses also respond 

to light on an ultrafast time-scale, making them ideal for fast switching opportunities. 

In this talk, I will discuss recent advances in our efforts for producing enhanced ultrafast responses from 

hybrid metal-semiconductor systems and for inducing and visualizing ultrafast charge separation in energy 

conversion materials.[1-3] The hybrid plasmonic systems consist of a thin (2nm) semiconductor or insulator 

layer sandwiched between a gold film and an array of gold nanoparticles.[1] Variations in the semiconductor 

composition and ultrafast photon excitation energies produce large changes in the ultrafast temporal and spectral 

responses. The results are analyzed in terms of the impact of energetic surface charge and the ability of the 

semiconductor, depending upon bandgap, to accept the charges. 

I will also introduce a method to visualize photoinduced charge separation processes in nanoscale thin-film 

donor-acceptor heterostructures.[2] Our method has 150 fs temporal resolution and determines the charge 

evolution with nanometer spatial resolution as a function of distance from the heterojunction. This approach 

utilizes a transient Stark shift of the exciton band of a molecular J-aggregate, deposited as a nanoscale probe 

layer adjacent to the organic heterojunction. This method can be applied to characterize photoinduced charge 

injection and separation processes in different materials and architectures where sub-picosecond time resolution 

is needed at high spatial resolution. 

 The dynamics of charge transfer of highly reductive colloidal semiconductors, specifically ZnTe/CdSe 

quantum dots are also described.[3] The work focuses on type II core/shell quantum dots, which are particularly 

relevant to photocatalysis communities because of the separation of charge across the core/shell boundary. This 

is opposed to type I core/shell QDs, where electron and hole remain confined in the core. Thus, type II QDs 

allow superior access of the surrounding environment to charge in the shell. We show that these quantum dots 

are type II materials that undergo extraordinarily fast photoinduced electron transfer to molecular adsorbates 



(<0.2 ps) as a result of the high conduction band energy of these core-shell nanoparticles. This work is also 

important because the highly reductive nature of these materials enable a larger range of critically important 

photoinduced catalysis targets. 
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Abstract -We use molecular dynamics simulations to investigate the cavitation dynamics around 

pulse heated solid nanoparticles immersed in a fluid. We determine the criterion for formation of 

the vapor nanocavity and study the temporal evolution of vapor nanobubbles. MD simulations of 8 

nm diameter gold nanoparticles in water reveals that vapor formation is not observed, even if the 

gold melts. Further increase of the heating power leads to the fragmentation of the gold particle. 

 

Highly non-equilibrium thermal systems created by ultrafast laser excitation are challenging 

and important aspect of nanoscale heat transfer. It has been observed that noble metal 

nanoparticles, illuminated by the plasmon resonance wavelength, can act as localized heat 

sources at nanometer length scales leading to several important applications in the field of 

thermal therapies. Experimentally it is well established that vapor bubbles form around 

nanoparticles under high power continuous-wave and pulsed laser excitations but the condition 

for vapor formation and detailed nanobubble dynamics is difficult to assess.   

 To analyze the vapor formation and collapse process, in this work, we used molecular dynamics 

(MD) simulations that offer a powerful tool to investigate the cavitation dynamics without the 

simplifying assumptions required by continuum-level model formulations.  

 Our model consists of a single solid nanoparticle (radius of 1 to 4 nm) embedded in a 

finite-size argon-like liquid domain. In the model simulations solid atoms are bonded by 

unbreakable springs allowing for arbitrary high temperatures to be explored. After 

equilibriation the nanoparticle kinetic energy is rapidly increased over 5ps resulting in a 

large temperature increase. Subsequently we follow the thermal relaxation process.   

While at lower heating powers thermal relaxation is characterized by monotonous temperature 

decay, at higher heating powers the temperature of the particle exhibits periods of no decay. 

Structural analysis shows that these periods of constant temperature are associated with a 

creating of an insulating vapor layer. Detailed analysis of the simulation results reveals that:  

1) The nanoparticle temperature at which the bubble forms increases with decreasing 

nanoparticle size. However, the fluid temperature 0.5-1 nm away from the solid surface is about 

90% of the critical temperature when the vapor forms, regardless of the particle size, consistent 

with spinodal crossing controlling the vapor formation.  

2) The peak heat flux from the hot solid to the liquid during the heat dissipation stage 

is ~20 times the corresponding steady state critical heat flux. This indicates slow phase change 

kinetics at temperatures below the spinodal temperature. 

3) Bubble collapse is slower than is formation resulting in an asymmetric temporal evolution 



of the bubble size. 

4) The evolution of the bubble can be represented in 4 stages: (I) adiabatic expansion, 

(II) isothermal expansion, (III) isothermal collapse, and (IV) rapid heating due to interaction 

with hot nanoparticle. 

 Preliminary simulations results of the 8 nm diameter gold nanoparticle in water indicates 

that during transient heating even upon melting of the gold, water temperature in the region 

adjacent to the gold surface is still below the critical temperature, hence the vapor is not 

formed. Further increase of the heating power leads to the fragmentation of the nanoparticle. 

We estimate that nanoparticle diameters ~ 10-15 nm are needed to observe vapor formation without 

gold deterioration. To achieve vapor formation without gold melting particle size has to be 

significantly larger.  
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Abstract— We present some recent results regarding physical properties of optical spectra of a
variety of single and coupled graphene nano-flakes, determined using the time-dependent density
functional theory. The time evolution of the charge density induced by a continuous-wave elec-
trical field excitation has been calculated as well and used to identify the nature of the observed
spectral resonances. For small graphene nano-flakes edge plasmons are dominant, whereas for
larger ones the edge plasmons are accompanied by multipolar collective charge oscillations that
can be identified as core plasmons.

1. INTRODUCTION

In the past few years, graphene has attracted a great deal of experimental and theoretical inter-
est [1, 2]. This is because graphene shows intriguing physical properties, including fast electron
transport, quantum Hall effect could be observed at room temperature, and unusually high me-
chanical strength and conductivity. On the other hand, the zero-dimensional form of graphene,
called graphene nano-dots (GNDs), also exists in a stable form but has been studied much less ex-
tensively than its 2D counterpart. The potential applications of GNDs in electronics and photonics
could be driven by their large variety of shapes and sizes, which implies a large chemical flexibility
and more tunable optical response as compared to the case of rigid graphene sheets. Previous the-
oretical studies of plasmonic properties of GNDs have either employed a two-dimensional electron
gas model [3] or have been based on the tight-binding model and random phase approximation [4].
However, the theoretical description of graphene plasmons can be greatly improved by using atom-
istic ab initio simulations relying on more sophisticated density functionals, such as the generalized
gradient approximation (GGA). In this paper, we present a series of first-principles calculations of
optical absorption spectra of GNDs, performed within the GGA. A comparison with predictions
based on the tight-binding model will be presented at the conference.

2. COMPUTATIONAL APPROACH

We have first computed the ground state of GNDs of hexagonal and triangular shape, within the
density functional theory, by using the PBE functional as implemented in the OCTOPUS code.
Then we have performed time-dependent density functional theory (TDDFT) calculations to obtain
the optical absorption spectra. In order to obtain a broad spectral response, we have used a delta-
function time-dependent potential, V (~r, t) = −A~k0~rδ(t), where ~k0 is the photon momentum and
A an arbitrary constant. The TDDFT equation was solved in real time and space domain, and the
corresponding Kohn-Sham wave functions were then propagated by using approximately enforced
time-reversal symmetry methods. The optical absorption spectra have been extracted by Fourier
transforming the time-dependent dipole strength induced by the excitation. In order to study the
nature of specific spectral peaks, we first gradually (exponentially) turned on a continuous-wave
(CW) field excitation whose frequency, ω, matches that of the spectral peak under investigation
then recorded the steady state evolution of the charge density.

3. RESULTS AND DISCUSSION

We considered five hexagonal and triangular GNDs with size varying from 0.9 nm to 2.7 nm, indexed
as (Hex1,T1) through (Hex5,T5). The corresponding optical absorption spectra are presented in
the top panels of Fig. 1. As expected, the spectra of the large disks are red-shifted as compared to
those of the smaller ones, a dependence similar to that shown by spectra of large disks for which a
classical description holds. Importantly, the dynamics of the charge distributions shown in Fig. 1
suggest that there are several distinct types of excitations supported by GNDs. Thus, for large



Figure 1: Optical spectra of hexagonal and triangular GNDs with different sizes are shown in (a) and (b),
respectively. As the size increases, the nature of optical spectra changes from a discrete (molecule-like) one to
a rather continuous (band-like) one. Hybrid-exchange functional PBE0 (in red) is used for a comparison with
that from GGA for Hex1 GND. The induced charge distribution during the time evolution corresponding to
the peaks marked by arrows are shown in (c) and (d) for Hex4 and (e) and (f) for Hex2. For the smaller GND,
Hex2, the induced charge is mainly concentrated on edge whereas for the larger one, Hex4, the induced charge
is located in the middle of the GND. By contrast, for triangular disks, the induced charge is accumulated at
the tip region, which would be expected to generate a strong electrical field enhancement.

disks the charge is distributed throughout the disk and undergoes collective oscillations, called
core plasmons. By contrast, for smaller disks, the charge is primarily concentrated at the edges
of the disks, the corresponding excitations being called edge plasmons. We also investigated the
interaction between these plasmons when dimers consisting of hexagonal and triangular graphene
dots are considered, as well as the nonlinear optical response of isolated and interacting CNDs.
The results of this analysis will be presented at the conference.

We believe that our study will lead to a better understanding of optical properties of graphene
nanostructures and facilitate the development of novel optical nanodevices based on such structures.
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Abstract-This talk will give a brief introduction to the history of plasmon-enhanced solar energy 
harvesting. This presentation will discuss the underlying mechanisms of plasmon-enhanced charge 
separation in the semiconductor. Also, this talk will demonstrate the plasmonic 
metal-semiconductor heterojunction for solar energy conversion. 

 
The commonly used semiconductor-based solar energy materials and devices have limitation on absorption 

and conversion of sunlight. Incorporation of plasmonic metal nanostructures has opened a new route to mitigate 
this problem. Recent studies have shown that plasmon can extend the light absorption significantly.1,2 Plasmon 
can induce or enhance the charge separation in the semiconductor via three typical processes:2 photonic 
enhancement,3 hot electron transfer4,5 and plasmon-induced resonance energy transfer (PIRET) from the metal to 
the semiconductor.6 According to the three underlying mechanism, a lot of plasmonic metal-semiconductor 
heterojunctions have been developed. For example, a recent study has shown that plasmon can enhance the 
photocurrent in hematite nanorod array photoanode by about ten times.3       
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Abstract- We examine colloidal semiconductor nanocrystals upon temperature elevation, reveal 

reversible as well as irreversible exciton quenching pathways, and investigate the role of surface 

termination on exciton integrity with temperature. This work points to strategies to improve upon 

material performance in high temperature applications. We have also exploited these material 

properties in biological sensing applications where we make use of the large absorption 

cross-sections and high optical stability to produce a selective, stable, fast and sensitive all-optical 

pathogen detection assay. 

 

Colloidally prepared semiconductor nanocrystals offer size-tunable energy gaps, large 

photoluminescence quantum efficiencies at room temperature, scalable synthesis, and low cost solution 

processing. Owing to these characteristics, significant interest exists in the development of these 

materials for use in optoelectronic and sensing applications. Despite high room temperature 

photoluminescence quantum yields that in some cases can approach unity, many important devices such as 

displays, lighting, and optical amplifiers experience elevated temperatures during operation, which has generally 

not garnered much attention. For three semiconductor compositions (cadmium selenide, indium phosphide, and 

silicon), we utilize static and time-resolved optical characterizations to improve understanding of carrier 

dynamics under operationally relevant conditions. Specifically, we measure quantum yield vs elevated 

temperature, determine reveal reversible as well as irreversible exciton quenching pathways, and investigate 

the role of surface termination on exciton integrity with temperature. This work points to strategies to 

improve upon the performance of these materials in high temperature applications. We have also made use 

of these materials in biological sensing applications where we make use of the large absorption 

cross-sections and high optical stability of some nanocrystals compositions. Using these materials, we 

describe a selective, stable, fast and sensitive all-optical pathogen detection assay. 
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Abstract-The bottom–up approach is considered a potential alternative for low cost manufacturing 
of nanostructured materials [1]. It is based on the concept of self–assembly of nanostructures on a 
substrate, and is emerging as an alternative paradigm for traditional top down fabrication used in 
the semiconductor industry. We demonstrate various strategies to control nanostructure assembly 
(both organic and inorganic) at the nanoscale. We study, in particular, multifunctional materials, 
namely materials that exhibit more than one functionality, and structure/property relationships in 
such systems, including for example: (i) control of size and luminescence properties of 
semiconductor nanostructures, synthesized by reactive laser ablation [2]; (ii) we developed new 
experimental tools and comparison with simulations are presented to gain atomic scale insight into 
the surface processes that govern nucleation, growth and assembly [3-7]; (iii) we devised new 
strategies for synthesizing multifunctional nanoscale materials to be used for electronics and 
photovoltaics [8-25]. 
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Abstract-We introduce a novel imaging methodology that can directly map the near-fields of 

nanoplasmonics with spatiotemporal resolutions that were not possible before. Ultrafast transmission 

electron microscopy enables the direct visualization of laser-induced electric fields as they rise and fall 

within the duration of the excitation laser pulse (few hundreds of femtoseconds) with several nanometers 

of spatial resolution. We demonstrate this capability by investigating several nanoplasmonic systems, 

including particle dimers, particle ensembles and standing-wave plasmons at the edges of 

layered-graphene strips. 

 

Localized electric fields that are induced optically exhibit unique phenomena of fundamental importance to 

nanoplasmonics. In recent years, they have been considered for efficient photovoltaic and light harvesting 

devices, single molecule detection, biomolecular labeling and manipulation, and surface enhanced Raman 

scattering [1]. Several methodologies have been utilized for probing the near-fields, and these include optical 

methods, cathodoluminesce and transmission electron microscopy [2]. The latter probes the fields with 

sub-nanometer precision but the measured quantity is the dielectric response of the system to an impinging swift 

electron, and not to a photon excitation. 

Ultrafast transmission electron microscopy (UTEM) offers unique opportunities for studying photon induced 

near-fields by combining the versatility of transmission electron microscopes (TEM) and optical techniques. In 

this methodology, sample is excited by a femtosecond (fs) laser pulse and imaging is performed with ultra-short 

electron packets. This imaging, and excitation, approach is in contrast to conventional TEM where continuous 

beam of electrons are used. The plasmonic visualization method presented here is based on an inelastic 

photon-electron interaction process, where the probing electrons gain, or lose, energy equal to the integer 

multiple of the photon quanta (2.4 eV).  

Near-fields of two nanoparticle dimers are shown in Figure 1. When two particles are brought in close 

proximity to each other, closer than the evanescent decay length of λ/2π, their near-fields start to interact 

coherently. Void-channels open up between the particles, where the longitudinal component of the electric field 

(Ez) vanishes. The shape and width of this unique feature depend on the particle separation and on the 

polarization of the inducing laser. In the corresponding bright-field images that are shown in the insets, there is 

nothing in the space between the particles, yet, in the plasmon images high contrast is observed in the in-between 

space, due to a sharp gradient in Ez [3]. 

Using our visualization methodology, optical response of nanoparticle ensembles can also be mapped, which 

provides high field-of-view imaging with high-throughput of plasmonic information [4]. Using such images, one 

can simultaneously reveal the plasmonic fields of the whole ensemble. The effect of particle-particle and 



particle-substrate interactions on the near-fields can be analyzed in parallel.  

UTEM provides unique capabilities to approach nanoplasmonics. We have demonstrated this novelty on 

several plasmonic system [3-5], and in this particular contribution only the existence of a narrow channel in the 

fields of particle dimers was elaborated. These advances were made possible by the optical excitation and 

resolutions available to our methodology. 
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 Figure 1. Near-fields of two nanoparticle dimers with an edge-to-edge separation of 32 nm (a) and 47 nm (b), 

presented in false-color mapping. The fields were captured when both the photon and electron pulses overlap in 

time, i.e. at time zero. The wavelength of the laser excitation is 520 nm (λ), its pulse duration is 220 fs and peak 

fluence is 4 mJ/cm
2
, its linear polarization is at -45° (counterclockwise) from the vertical; the average energy of 

the probing electron packets is 200 keV. Images are taken at a stroboscopic fashion at 400 kHz repetition rate. 

Bright-field images of the particles are shown in the insets at the bottom right. In the false-color map, white 

indicates the lowest intensity and red the highest.  
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Semiconductors have played an important role in the development of information and 

communications technology, solar cells, solid state lighting.  Nanowires are considered as 

building blocks for the next generation electronics and optoelectronics.  In this talk, I will 

introduce the importance of nanowires and their potential applications and discuss about how 

these nanowires can be synthesized and how the shape, size and composition of the nanowires 

influence their structural, electronic and optical properties. I will present results on axial and 

radial heterostructures and how one can engineer the optical properties to obtain high 

performance optoelectronic devices.  I will discuss the role of surface non-radiation 

recombination and how the quantum efficiency of these nanowires will be discussed.  I will also 

present the crystal phase control of nanowires and implications for polarization properties of 

these nanowires.   

 

Plasmonic cavities and how one can enhance the quantum efficiency of nanowires using 

plasmonic cavities will be discussed.   

 

I will present results on room temperature operation of GaAs/AlGaAs nanowire lasers and also 

Wurtzite InP nanowire lasers.   

 

I will also present results on GaAs/AlGaAs nanowire THz detectors.  These detectors have shown 

excellent signal to noise ratio similar to bulk ZnTe detectors despite sub-wavelength dimensions.  

Bandwidth of these detectors will be discussed.  

 

Nanowire solar cells have drawn considerable attention in recent times and I will present results 

on nanowire solar cells and identify the challenges in improving the efficiency of the solar cells.  

 

Future prospects of the semiconductor nanowires will be discussed.  
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Abstract-Quantum dynamics calculations are carried out on model Hamiltonians corresponding  
two and three quantum dot systems interacting with a dissipative, plasmonic system that is 
subjected to ultrafast laser pulses. We show how the pulses can be used to create significant 
entanglement among the dots from an initially cold system. 

 
     We propagate the quantum mechanical density matrix, including dephasing, spontaneous emission and 
dissipation1,  to study systems composed of two and three quantum dots in proximity to a plasmonic system 
when exposed to an optical pulse (Figure 1).  The plasmonic system could be a single metal nanoparticle or an 
array of metal nanoparticles or some other plasmonic structure and serves to enhance the local electric fields that 
arise due to the pulse.  We have previously studied a single quantum dot interacting with a plasmonic system 

and demonstrated how Fano resonances in transient optical 
response can be reshaped with ultrafast laser pulses1. Our 
model treated the quantum dot as a two-state system and 
the plasmonic system as a boson.  Dissipation of the 
plasmon and dephasing and spontaneous emission of the 
quantum dots are included via the Lindblad formalism.  
Here we extend this model to multiple quantum dots being 
present and  show that it is possible to induce 
entanglement in systems with two or more  Quantum dots 
by starting from the ground state and using  pulsed laser 
excitation.  Significant bipartite (two quantum dot case) 
and multiple bipartite entanglements (three quantum dot 

case), as measured by concurrence2, are found. Finally, we show how a repeating laser pulse pattern can be used 
to prepare the system in an entangled state for an arbitrary length of time.   
     These results represent positive indicators for the eventual use of such systems in quantum information 
applications. 
 
 

       

Figure 1.  Schematic diagram of three metal 
nanoparticles (gold) and two Quantum dots (red).  
Typical particle diameters would be 30 nm and 4 
nm for the metal nanoparticles and Quantum dots, 
respectively. 
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Abstract- Ideal solar-to-fuel photocatalysts must effectively harvest sunlight to generate significant 

quantities of long-lived charge carriers necessary for chemical reactions. Here we demonstrate the 

merits of augmenting traditional photoelectrochemical cells with plasmonic nanoparticles to satisfy 

these daunting photocatalytic requirements. Electrochemical techniques were employed to elucidate 

the mechanics of plasmon-mediated electron transfer within Au/TiO2 heterostructures under 

visible-light (λ > 515 nm) irradiation in solution. Significantly, we discovered that these transferred 

electrons displayed excited-state lifetimes two orders of magnitude longer than those of electrons 

photogenerated directly within TiO2 via UV excitation. These long-lived electrons further enable 

visible-light-driven H2 evolution from water, heralding a new photocatalytic paradigm for solar 

energy conversion. 
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Abstract-We use DNA self-assembly to introduce reproducibly single emitters in the center of 

plasmonic antennas. A nanometer control of the emitter position allows us to enhance its 

spontaneous decay rate by two orders of magnitude. The effective quantum yield and emission rate 

of these hybrid nanostructures can be optimized by increasing the gold nanoparticle diameters. 

Furthermore, a control over the excitation polarization allows us to select emitters whose transition 

dipole is preferentially parallel to the axis of the dimer antenna.  

 

Because of homogeneous broadening effects, single organic molecules exhibit weak absorption 

cross-sections at room temperature even though they feature large dipolar transition moments for their electronic 

excited states. To enhance the fluorescence properties of single molecules in an aqueous environment, we 

assemble them in the centre of an optical nanoantenna using a short DNA double-strand (figure 1-a). 

Gold nanoparticle (AuNP) dimers are obtained in large scale as a purified colloidal suspension (figure 1-b). 

Confocal luminescence lifetime measurements in microfluidic conditions demonstrate that these nanostructures 

are single photon-emitters with picosecond lifetimes [1]. To preferentially select molecules with a dipolar 

transition moment parallel to the dimer axis, we use radially-polarized first-order Laguerre-Gauss beams with 

antennas oriented perpendicularly to our sample plane (figure 1-a-c) [2]. 
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Figure 1: (a) Schematic representation of AuNP dimers with radial or azimuthal excitations. (b) Cryo-EM image 

of 36 nm dimers linked by a 30 base-pair long DNA double strand. (c) Fluorescence lifetime of ATTO dyes 

isolated (blue, 3.3 ns) or in the center of 40 nm gold particle dimers excited with azimuthal (orange, 150 ps) or 

radial (red, 60 ps) polarizations. 



 

A conjunction of time-resolved luminescence and fluorescence correlation spectroscopy allows us to fully 

characterize the photophysical properties of these hybrid emitters that feature excitation cross-sections and decay 

rates enhanced by more than one order of magnitude with respect to isolated organic dyes [3]. To optimize the 

fluorescence quantum yield, we increase the size of the AuNPs up to 80 nm diameters and reach an average 44 

times enhancement of the fluorescence count rate with picosecond lifetimes. These values correspond to 

unprecedented dipolar transition moments of isolated quantum emitters at room temperature. 
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Abstract- Recently it has been demonstrated that a rapid phase-change at a phase-discontinuity 

metasurface (PDM) leads to an additional momentum gradient enabling a direct observation of 

optical spin Hall (OSH) shift. We show that that the helicity-dependent OSH shift depends on 

incidence and refraction angles at PDM, and construct a weak value measurement to control OSH 

shift by a variable phase retardance in the post-selection. 

 

The optical spin Hall effect is attributed to spin-orbit coupling and it results in spin helicity-dependent 

transverse shift. In an inhomogeneous isotropic medium, when a linearly polarized beam refracts at the interface 

of two optical media, optical beams with spin +1 and -1 experience a transverse spatial shift in opposite 

directions. This spin dependent splitting of photon is just a few tens of nanometers, which requires high 

sensitivity measurement.[1] Recently it has been shown that an engineered material, named phase-discontinuity 

metasurface (PMS), possesses a momentum gradient tangential to the surface of PMS, and both positive and 

negative refractions take place satisfying the generalized Snell’s law.[2] Large momentum gradient over 

subwavelength distance at PMS enabled an observation of OSH transverse shift without resorting to weak 

measurement amplification.[3] 

  

In this study, we examine OSH transverse shift by a weak measurement in PMS. First, we identify that the 

directions of spin-dependent transverse shifts in PMS depends on incidence and refraction angles and it can be 

switched by varying of incident angle. Phase-discontinuity metasurface is composed of V-shape antenna pattern. 

[2] A linear array of eight V-shape apertures is repeated along x-axis with the lattice constant Γ of 2400nm. 

Focused ion beam milling is utilized to fabricate Babinet complementary V-shaped antennas in an e-beam 

evaporated 30nm-thick Au film on top of fused silica substrate with adhesion layer of 3nm thick titanium. We 

adopted 10mW, λ = 1310nm pigtail laser diode as the light source with the output fiber diameter 50 µm. 

Transverse shift δy upon refraction at PMS is related to the phase gradient ∇Φ and Berry connections of 

incidence and refraction beams, yielding the expression of relative transverse shift δy = −2(cos θt - cos θi)/|∇Φ|.  

From the two facts that both positive and negative refractions can take place at PMS and that phase gradient is 

tangential to the PMS surface, the sign and magnitude of transverse shift δy depend on incidence and refraction 

angles θi and θt as well as phase gradient |∇Φ|=|-2π/Γ|. Figure 1 shows theoretical calculation (solid curves) 

and experimental measurement (solid circles) of transverse shift δy as a function of the phase retardance in the 

post-selection of weak value measurement. 



 

Figure 1 Optical spin Hall transverse shift is measured as a function of phase retardance in a weak value measurement. The open circles 

are measurement data, and the dashed curve corresponds to a theoretical curve when the beam waist of Gaussian beam is very large, while 

the magenta, gray, and red curves correspond to theoretical curves when the beam waists of Gaussian beam are 100micron, 50micon, and 

25micron.  

 

A destructive interference between two Gaussian beams leads to an amplification of OSH, which depends on 

the phase retardance. Furthermore, as shown in Figure 1, the amplification is dependent of the beam waist of 

Gaussian beam, which is important to determine the amount of maximum amplification that could be obtained 

by a weak measurement amplification. We also studied a control of transverse shift by weak measurement 

post-selection. By introducing a variable optical phase retardance in the post-selection, the post-selected state 

was able to be tuned. [4] 

 

Acknowledgements  

This work is supported by Quantum Metamaterial Research Center program and Global Frontier Program of 

Center for Advanced Meta-Materials (Ministry of Science, ICT and Future Planning, National Research 

Foundation, Republic of Korea). 

 

REFERENCES 

1. O. Hosten and P. Kwiat, “Observation of the spin hall effect of light via weak measurements,” Science 319, 

787–790, 2008.  

2. N. Yu, P. Genevet, M. A. Kats, F. Aieta, J.-P. Tetienne, F. Capasso, and Z. Gaburro, “Light propagation with phase 

discontinuities: generalized laws of reflection and refraction,” Science 334, 333–337, 2011. 

3. X. Yin, Z. Ye, J. Rho, Y. Wang, and X. Zhang, “Photonic spin hall effect at metasurfaces,” Science 339, 

1405–1407, 2013. 

4. Y.U. Lee and J.W. Wu, “Control of optical spin Hall shift in phase-discontinuity metasurface by weak value 

measurement post-selection”, arXiv:1502.04546 



            

Functional Assemblies with Plasmonic Semiconductor and Metal 

Nanoparticles 

 

Jessica Rodríguez-Fernández
1,2*

 
1Department of Physics and Center for Nanoscience (CeNS), Ludwig-Maximilians-Universität (LMU), Munich, 

Germany   
2Nanosystems Initiative Munich (NIM), Munich, Germany 

*corresponding author: jessica.rodriguez@lmu.de 

 

Abstract- In this talk several examples of functional assemblies of plasmonic nanoparticles based 

on metal and vacancy-doped semiconductors will be presented. It will be shown how various 

self-assembly approaches can be used to control the spatial positioning and self-organization of 

different plasmonic building-blocks and how this grants access to the investigation of interesting 

optical effects. 

 

Directing the spatial positioning and self-organization of nanoparticle building-blocks at different length 

scales is an issue of fundamental importance in nanoscience. Gaining control over such processes is crucial to 

produce functional assemblies with controlled properties, and therefore, to gain access to phenomena and 

applications that would otherwise not be accessible. Along this line we have recently shown how optical forces 

can be used to accurately position plasmonic nanoparticles and plasmonic DNA origami-based assemblies at the 

defect site of a photonic nanocavity[1] and on 2D surfaces,[2] respectively. In the former case, this control has 

allowed us to investigate the interaction between the cavity mode and the plasmonic modes of the nanoparticles, 

while in the second case we have determined the impact of optothermal effects on the stability of the assemblies. 

  

In this talk an overview will be given on our most recent research on functional assemblies of plasmonic 

building-blocks where control over their spatial positioning and self-organization is attained by non-optical 

means. The focus will be set to vacancy-doped semiconductor[3-6] and metal[7-8] nanoparticles as plasmonic 

building-blocks. It will be shown how various self-assembly approaches exploiting either the physicochemical 

properties of graphene oxide,[9] electrostatic forces[10] or the versatility of DNA[11] can be used to produce 

functional assemblies of dissimilar plasmonic nanoparticles at different length scales. The optical effects 

stemming from the controlled interaction of the plasmonic building-blocks will be thoroughly discussed and 

supported by optical modeling.  
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Abstract-Plasmonic nanoparticles feature intriguing optical properties that can be utilized to manipulate 

them by means of light. Light absorbed by gold particles, for example, is very efficiently converted into 

heat. A single particle can thus be used as a fine tool to apply heat to a nanoscopic area. At the same time, 

gold nanoparticles are subject to optical forces when they are irradiated with a laser beam which renders 

it possible to optically manipulate them in two- and three dimensions. 

The optical forces acting on a gold nanoparticle upon irradiation with a focused laser beam are divided into 

scattering forces that originate from momentum transfer of scattered and absorbed photons and gradient forces 

that are proportional to the intensity gradient of the Gaussian beam.1 A single particle can thus be trapped or 

pushed by light depending on its plasmonic properties. Trapping is possible if the gradient forces are dominant 

and the laser wavelength is far red shifted from the plasmon resonance frequency. Both, absorption and 

scattering of light are stronger for a wavelength close to resonance which results in a strong, forward-directed 

scattering force that is essentially pushing the nanoparticle along the direction of the propagating beam. The light 

absorbed by the gold particle in this case, however, is also very efficiently converted into heat and temperatures 

of several hundred degrees centigrade can be reached within a few nanoseconds. Optical manipulation of a 

single gold nanoparticle can thus be used to apply force and heat in combination to only a nanoscopic area. This 

opens the door to exciting new experimental applications where temperature sensitive processes can be studied 

and controlled with unprecedented resolution. 

In my presentation, I will first discuss how plasmonic heating can be used to control chemical reactions at 

the nanoscale. As an example, I will demonstrate how the optothermal manipulation of individual gold 

nanoparticles can be employed to synthesize polymer fibers and fiber networks with sub-diffraction limited 

resolution.2 This approach represents an all-optical analogue to conventional scanning probe nanolithography in 

a sense that only light is used to move and heat a single gold particle to generate a nanostructure and that no 

mechanical connection between the particle and the microscope is required. In the second part, I will discuss 

how plasmonic heating can also be applied to control certain cell functions. Lipid membranes, that are 

surrounding all living cells, are almost impermeable for charged molecules and ions which can only pass the 

membrane barrier with the help of specialized transport proteins. The permeability of cell membranes, however, 

is affected by temperature changes. We probed the temperature dependent permeability of a synthetic bilayer 

membrane in absence of any carrier proteins or ion channels with a planar patch-clamp device on an optical 

microscope. In our experiment, gold nanoparticles that are bound to the membrane are used as small, localized 

sources of heat which are controlled by a focused laser beam. We found that the bilayer resistance and ion 

current across the membrane could be switched reversibly by adjusting the nanoparticle temperature. Shifting to 



real cells, I will show that single gold nanoparticles can even be injected into living cells by a combination of 

plasmonic heating and optical force, which paves the way for future biomedical applications in nanotheranostics 

and drug delivery.3 
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Abstract- We combine the use one-pot aqueous growth route with the photochemically 

sensitive nature of lipoic acid molecules to prepare fluorescent clusters made of gold 

(AuNCs) with tunable emission ranging from the blue to the red region of the optical 

spectrum.  The growth strategy exploits the natural UV-induced photochemical 

transformation of LA-based ligands to thiols and thiol radical byproducts that exhibit great 

affinity to metal-rich complexes. The materials were characterized using UV-Visible 

absorption and fluorescence spectroscopy, TEM and DOSY-NMR.. 

 

Summary- We have combined the use one-pot aqueous growth route with the photochemically 

sensitive nature of lipoic acid molecules to prepare fluorescent clusters made of gold (AuNCs) with 

tunable emission ranging from the blue to the red region of the optical spectrum.  The growth 

strategy uses a single ligand scaffold made of a polyethylene glycol segment appended with lipoic 

acid metal-coordinating anchor. It exploits the natural UV-induced photochemical transformation 

of LA-based ligands to thiols and thiol radical byproducts that exhibit great affinity to metal-rich 

complexes. The influence of various experimental conditions, including the photo-irradiation time, 

the gold precursor-to-ligand molar ratios, time of reaction, growth temperature and the medium pH, 

on the growth rate of AuNCs has been systematically investigated. The photophysical properties, 

size and structural characterization were carried out using UV-Visible absorption and fluorescence 

spectroscopy, TEM and DOSY-NMR, and X-ray photoelectron spectroscopy (XPS). The 

hydrodynamic size (rH) obtained by DOSY-NMR confirms that the size measured for the cluster 

closely tracks the anticipated trend based on the absorption and PL data, with rH(red) > rH(yellow) > 

rH(blue). We will discuss the importance of the various parameters controlling the growth reaction, 

and size- and composition-dependent optical and spectroscopic characteristics of these materials. 

We will also present preliminary data on the fluorescence properties at the single molecule level. 
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Abstract - Plasmon induced circular dichroism (CD) response in the region of visible light is an 

emerging scientific subject. Although great progress has made in novel chiral nanostructure design 

and preparation, there are still significant difficulties in scaling-up preparation and real applications. 

Herein, we report a powerful tool of polymerase chain reaction (PCR) to assembly nanoparticles. 

CD responses of nanostructures can be manipulated on both intensity and wavelength in the range 

of 400 nm to 700 nm. 

 

PCR as a classical basic tool has been widely used for template DNA amplification with several orders of 

magnitude. Nanoparticles modified with complementary primers, can be orderly assembled using PCR in several 

minutes. Various chiral motifs (dimer, chains, rod ladders and so on) have been achieved by PCR assembly and 

the CD signal was tuned through design of primer and structure, cycling regime, DNA quantity, length, and 

sequence.  

Table 1  CD response and g factor of Heterodimers by PCR 

Assembly Type CD spectrum g  factor 

NP: Au(25nm)-Au(10nm) 520nm 0.4×10-2 

NP: Au(28nm)-Ag(13nm) 400nm, 520nm 8×10-3 

NR pair (62nmx22nm) 529nm, 705nm 1.6×10-3 

NR(61mx16nm)-NP(50nm) 520nm, 693nm 1.96×10-2 

 

Among them, dimers were found excellent CD response (Table 1). The wavelength of CD response of 

asymmetric gold nanoparticle(NP) dimer and  gold nanorod (NR)pairs is 520nm and 705nm respectively . We 

tried to deposition gold or silver shells around the gold nanoparticle before heterodimers assembly. The 

plasmonic CD intensity and wavelengths of core-shell assemblies could be manipulated from 400nm to 555nm 

by tuning the metallic shell. In this case, the gap between two particles keeps same while anisotropic 

enhancement of optical activity is discovered, suggesting that the enhancement of the localized surface plasmon 

resonance (LSPR) in core-shell structure is much more apparent(Figure 1 left). Besides, we directly deposition 

gold or silver shells around gold dimers. In this way, the gap between two nanoparticles changed with the 

growing shells, resulting spectral modulation of their chiroplasmonic bands in 400-600 nm region and 

significantly enhanced optical activity with g-factors reaching 1.21 × 10−2(Figure 1 right). The amplified 

chiroptical signal combined with the exponential amplification of PCR enables core-shell assemblies to achieve 

zeptomolar DNA detection. This significant improvement in the sensitivity of detection is attributed to 

improvement of base pairing in the presence of nanoparticles, low background for chiroplasmonic detection 



protocol, and enhancement of photon-plasmon coupling for light with helicity matching that of the twisted 

geometry of the heterodimers. 

 

 

 

Figure 1  Left : Schematic illustration of PCR-assembled Au@Ag core-shell(CS) NPs and Au@Au CS NPs 

with different shell thicknesses. Right: sequential post-assembly deposition of Ag and Au shell(s). 

 

Similarly, using cytosine-rich single-stranded DNA as the template for the guidance of silver shell growth, 

universal gold core-DNA-silver shell NPs were synthesized. The anisotropy factor of the optically active NPs at 

420 nm reaches 1.93× 10−2. These novel NPs exhibited very intense CD activities in the visible range, with the 

highest g-factor value reported so far for the individual NPs with chiroplasmonic activity. Their chiroptical 

properties are likely induced by the DNA-plasmon interaction and markedly amplified by the strong 

electromagnetic coupling between the gold core and silver shell. These unique optically active NPs may open up 

avenues for biosensing, chiral catalysis, the fabrication of “chirophotonic devices,” and other potential 

applications. 
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Abstract-This paper presents the synthesis and surface functionalization of near-infrared excited 
and emitting nanoparticles and demonstrates their potential in multi-functional hybrid 
nanoplatforms for biological applications. 

 
Nanoparticles excited in the near-infrared (NIR) are quickly emerging as useful tools in diagnostic and 
therapeutic medicine. In particular, the usefulness of these nanomaterials for applications in biology stems 
primarily from the fact that NIR light is silent to tissues thus minimizing autofluorescence, possesses greater 
tissue penetration capabilities, reduced scattering, and does not cause photodamage to the specimen under 
investigation. Moreover, tailoring of the nanoparticles’ absorption and emission wavelengths allow them to 
operate within the so-called “biological windows”, regions of the spectrum in which tissues are partly 
transparent.  
In this regard, lanthanide (Ln3+)-doped nanoparticles (LnNPs) are at the vanguard since they posses multiple 
absorption and emissions in these “biological windows” (approximately 750-1000, 1100-1450, and 1500-1700 
nm). Thus, it is feasible to excite within one window and observe emission in another. Moreover, with LnNPs, it 
is also possible to induce multiphoton excited luminescence (known as upconversion) where both the excitation 
(typically 980 nm) and emission lie within the “biological windows”. This multiphoton excitation process differs 
from what occurs in conventional multiphoton excited materials where the absorption of photons is simultaneous. 
In the case of LnNPs, the multitude of long-lived “real” electronic energy states of the Ln3+ ions (from the 
partially filled 4f shell) allow for sequential absorption of multiple NIR photons eliminating the need for 
complex and expensive optical excitation. Thus, upconverted luminescence can be observed using an 
inexpensive commercial continuous wave diode laser.  
Here, we present the synthesis and surface functionalization of various NIR excited nanoparticles and 
demonstrate how they can be used for biological applications. Furthermore, we show how they can be used as 
the cornerstone in the development of a multifunctional hybrid nanoplatform for the potential diagnostics and 
therapeutics of disease.  
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Abstract Porous materials such as cellular cytosol, hydrogels, and block copolymers have 
nanoscale features that control macroscale function. Super-resolution imaging generally requires 
chemical labeling, which alters the surface chemistry and limits utility. We introduce a 
super-resolution optical imaging technique that relies on probing the porous space within 
nanomaterials. The method provides sub-diffraction-limited structural information about the 
material as well as transport dynamics. Pore sizes and diffusion coefficients are better understood 
compared to diffraction-limited imaging and particle tracking.  

 
A wide range of both natural and synthetic materials derive their function from their nanoscale porous 

structure. Despite the importance of these materials, a detailed understanding of the relationship between the 
heterogeneous structure and the functional capabilities is lacking due to insufficient characterization techniques. 
Electron and force microscopy methods have experimental requirements that distort and possibly destroy the 
porous structure. Ensemble techniques report average pore properties, losing information about the spatial 
heterogeneity. An optimized analytical method would image in situ, and relate the heterogeneous nanoscale 
structure to a functional property such as intra-material transport.  

Correlation analysis can provide important spatial and transport details about materials. Super-resolution 
Optical Fluctuation Imaging (SOFI)1 uses correlation analysis to achieve spatial resolutions below the diffraction 
limit, or “super-resolution.” SOFI offers advantages over other localization-based super-resolution techniques, 
reducing requirements for low-density emitters or well-described point spread functions (PSFs)2-4. Correlation 
analysis can also resolve transport characteristics. Fluorescence correlation spectroscopy (FCS)5 and imaging 
analogues6-9 quantify diffusion dynamics. Emitters diffuse through an open, stationary focal volume, creating 
spontaneous fluctuations recorded in a temporal photon series. The decay of the temporal autocorrelation 
function of the photon trace is analyzed to extract information on the type and rate of diffusion.  

Here, we introduce a new super-resolution optical imaging technique that simultaneously characterizes the 
nanoscale dimensions and transport dynamics of porous structures. Inspired by SOFI and FCS, we correlate 
fluctuations from diffusing probes within the negative, porous space of the sample. While the average 
diffraction-limited image cannot resolve the spatial or transport properties of the material, further analysis of the 
intensity fluctuations by autocorrelation can. A super-resolution spatial image of the pore sizes is obtained from 
the amplitude of the correlation curve. Diffusion properties are mapped at the diffraction limit by curve fitting 
the correlation curve. Image fusion produces a final map of the nanoscale spatial and transport information. The 
theoretical framework for stochastic diffusion to produce super-resolution information is provided and the 
technique is demonstrated by simulation. Our results are compared to diffraction-limited imaging and 



localization-based single particle tracking (SPT) to show correlation provides an objective, sensitive analysis, 
especially under challenging experimental conditions with low signal or high density of emitters.  
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Optical activity in inorganic nanostructures can be made much more intense than in chiral 

molecules. It may be the result of forming nanostructures with chiral shapes made of metals 

or semiconductors, but also arise from interaction of achiral inorganic nanostructures with 

chiral molecules. 

We have recently shown that it is possible to perform an enantioselective synthesis of 

inorganic nanostructures made of intrinsically chiral crystals, such as -HgS,1 Te and Se.2 

These crystals, belonging to the P3121 (or P3221) chiral space group, were grown as 

nanocrystals in the presence of thiolated chiral molecules, such as cysteine, penicillamine or 

glutathione. This led to a preference in the growth of the nanocrystals towards a certain 

handedness and consequent strong optical activity.  

Furthermore, in the case of Te nanostructures particular synthesis conditions led to overall 

chiral shape of the elongated nanostructures, expressed as a twist on the scale of the size of 

the nanostructures of the order of 100 nm. These nanostructures behaved as nanoscale 

chiral optical resonators, with tunable optical response, depending on their length.2 Finally, 

the Te could be easily converted to other materials, such as gold or silver telluride,2 while 

preserving the chiral shape, opening the way to the formation of strongly optically active 

nanostructures made of various plasmonic or semiconductor materials. 

In the case of achiral inorganic materials (plasmonic, excitonic), forming symmetric 

nanostructures, the proximity of chiral molecules to their surface may induce optical activity 

in the plasmon or exciton resonances, providing that the molecules are well oriented with 

respect to the nanostructure's surface. These effects may be used to amplify the chiroptical 

response of the chiral molecules and teach us on the molecule-plasmon or molecule-exciton  

interactions in general. 

 

1. A. Ben-Moshe, A. O. Govorov, G. Markovich, "Chiral mercury sulfide nanocrystals – A case study for 

enantioselective synthesis of  intrinsically chiral inorganic nanocrystals", Angew. Chem. Int. Ed. 52, 

1275 –1279 (2012). 

2. A. Ben-Moshe, S. Grayer Wolf, M. Bar Sadan, L. Houben, Z. Fan, A. O. Govorov, G. Markovich, 

"Enantioselective control of lattice and shape chirality in inorganic nanostructures using chiral 

biomolecules ", Nature Comm. 5, 4302 (2014). 
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Abstract-We proposed a new metallic nanostructure that includes two spiky metallic nanoparticles. 

The spiky metallic nanoparticle dimer could have large electric field enhancement and large hot 

volume at the same time. The hot spot volume in tip-to-tip dimer is 7 times and 5 times larger than 

those in the spike dimer and sphere dimer with the same gap size of 2 nm. These results show high 

potential for enhanced spectroscopic sensing and other optoelectronic application. 

 

Noble metallic nanostructures have great potential in optical sensing applications in the visible and the 

near-infrared frequencies, especially for water sensing. Hot spots with a large electric field enhancement usually 

come in small volumes, limiting their applications in surface-enhanced spectroscopy. Using a finite-difference 

time-domain method, we demonstrate that spiky nanoparticle dimers (SNPD) can provide hot spots with both 

large electric field enhancement and large volumes because of the pronounced lightning rod effect of spiky 

nanoparticles. We find that the strongest electric fields lie in the gap region when SNPD is in a tip-to-tip (T–T) 

configuration. The enhancement of electric fields intensity (|E|2/|E0|
2) in T–T SNPD with a 2 nm gap can be as 

large as 1.21 × 106. The hot spot volume in T–T SNPD is almost 7 times and 5 times larger than those in the 

spike dimer and sphere dimer with the same gap size of 2 nm, respectively. Our results provide a strategy to 

obtain hot spots with both intense electric fields and large volume by adding a bulky core at one end of the 

spindly building block in dimers. Using the same methodology, recently we have also investigated 

electromagnetic field enhancement in the gap between a flat metal surface and gold nanoparticle in several 

geometries.  Both simulation results and experimental results show high potential for enhanced spectroscopic 

sensing and other optoelectronic applications. 
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Abstract DNA self-assembly and in particular DNA origami are powerful tools to build complex 

arrangements of nanoparticles with nanometer positioning accuracy. The DNA-supported structures 

assemble at high yields and exhibit designed optical properties such as circular dichroism and 

electric and magnetic resonances.  

 

We use the DNA origami method [1] for the fabrication of functional self-assembled nanoscopic objects and 

materials [2]. In DNA origami, a virus-based 8 kilobase-long DNA single-strand is folded into shape with the 

help of ~ 200 synthetic oligonucleotides. The resulting DNA nanostructures can be designed to adopt any two- 

and three-dimensional shape. By offering attachment sites for active nano-components on these DNA objects, 

we have realized complex and nanometer-precise assemblies of organic fluorophores as well as of fluorescent 

and plasmonic nanoparticles.  

 

Figure 1: Transmision electron microscopy images of nanoparticle ring structures assembled with DNA 

origami. Scattering spectra of these rings exhibit electric and magnetic resonances at visible frequencies. 

Simulations reveal two electric modes at 550 nm and 625 nm and one magnetic mode at 700 nm [6] (Scale bars: 

50 nm).  

 

With this method in hand we are able to build plasmonic metamolecules that freely float in solution and 

exhibit striking optical properties such as switchable optical activity in the visible range [3,4]. The 



metamolecules can also be tethered to surfaces to be operated by external stimuli [5]. The observed circular 

dichroism signals are reversible and in very good agreement with plasmonic dipole theory. 

We are currently exploring the possibility to create defined electric and magnetic responses at visible 

wavelengths with DNA-based plasmonic arrangements of sub-wavelengths sizes. By, e.g., positioning 40 nm 

gold particles in rings with a diameter of 65 nm we were recently able to observe signatures of magnetic 

resonances in such ring structures at the red end of the optical spectrum [6]. 
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We investigate the effects of generation of heat and hot plasmonic carriers in metal 

nanostructures.  The problem of heat release from optically-excited plasmonic nanocrystals is 

treated classically [1,2] whereas the hot electron problem is calculated using the quantum 

mechanical approach based on the equation of motion for the density matrix [3-5]. The energy 

distribution of optically-excited plasmonic carriers is very different in metal nanocrystals with 

large and small sizes. In large nanocrystals, most excited carriers have very small energies and 

the electron distribution resembles the case of a plasmon wave in bulk. For gold nanocrystal with 

smaller sizes (less than 20nm), the energy distribution of hot carriers becomes flat and has a 

large number of carriers with high energy [3-5]. Therefore, smaller nanocrystals are preferable 

for injection of plasmonic carriers into semiconductors or into molecules on the surface. The 

physical reason for the above behavior is non-conservation of momentum in a nanocrystal. The 

geometry, type of metal, and orientation of the external electric field are important to obtain high 

quantum efficiencies of generation and injection of plasmonic electrons [3-5].  Other important 

properties and limitations: (1) Intra-band transitions are preferable for generation of energetic 

electrons and dominate the absorption for relatively long wavelengths (approximately >600 nm), 

(2) inter-band transitions efficiently generate energetic holes in the d-band of gold and (3) the 

carrier-generation and absorption spectra can be significantly different [3-5].  The d-band hole 

generation can be used for efficient plasmonic photochemistry [6].  Along with the optical-

energy conversion processes, we are looking at plasmonic and hybrid metastructures with 

unusual properties such as strong chirality and transparency windows [7,8,9].  The results 

obtained in this study can be used to design a variety of plasmonic nanodevices based on hot 

electron injection for photo-catalysis, light-harvesting, and solar cells. 
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Abstract-Cobalt oxide octahedra were synthesized by thermal decomposition. Each 
octahedron-shaped nanoparticle consists of an antiferromagnetic CoO core enclosed by eight {111} 
facets interfaced to a thin (∼ 4 nm) surface layer of strained Co3O4. The nearly perfectly octahedral 
shaped particles with 20, 40 and 85 nm edge length show a weak room temperature ferromagnetism 
which can be attributed to ferromagnetic correlations appearing due to strained lattice 
configurations at the CoO/Co3O4 interface.  

 

The antiferromagnetic CoO consists of ferromagnetically aligned (111) layers with alternating magnetization 

directions, characterized by a magnetic ordering Néel temperature TN = 291 K. Due to the polar character of the 

oxygen (O2-) and Cobalt (Co2+) ions in alternate (111) planes, stacking a ferromagnetically aligned Co2+ (111) 

surface termination at the nanoscale is electrostatically unstable and complex surface reconstructions have been 

reported to compensate for the electrostatic imbalance. In the particular case of octahedron-shaped nanocrystals, 

the reconstruction establishes a robust – above room temperature – environmentally stable- ferromagnetically 

coupled interface layer between the antiferromagnetic rock salt CoO core and a 2-4 nm thick antiferromagnetic 

Co3O4 surface layer. Combining high-resolution transmission electron spectroscopy and quantitative 

magnetometry with density functional theory calculations we identify the origin of the experimentally observed 

ferromagnetic phase (Curie temperature TC >> 300 K) as a charge transfer process (partial reduction) of Co3+ to 

Co2+ at the CoO/Co3O4 interface. This finding may serve as a guideline for designing new functional 

nanomagnets based on oxidation resistant antiferromagnetic transition metal oxides. 

 



 

Figure 1. Transmission electron microscopy image and selected-area electron diffraction analysis of the 
cobalt oxide octahedra. 
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Abstract - We detail the computational design, fabrication and optical characterization of an 

aluminum-based nano-hole array.  Arrays of aluminum nano-holes were patterned on a 

silica-coated aluminum base mirror plane using nanosphere lithography.  This architecture 

provided a means of exploring the coupling of the localized surface plasmon resonance (LSPR) 

exhibited by the aluminum nano-hole array with the Fabry-Perot cavity resonance that is generated 

within the silica spacer layer.  Finite difference time domain (FDTD) calculations and infrared 

spectroscopy were used to design and characterize the structures, respectively.   

 

Background 

 

The optimization and design of plasmonic and metamaterial nanostructures continue to highlight progress 

being made in the nanophotonic field of research.  This progress is largely due to the ability of these structures 

to control light-matter interactions at the nanoscale.  The optical properties of these engineered materials are 

highly dependent on the size, shape, and periodicity of metallic and dielectric components.  Hence, a plethora 

of designs have been explored as a means of generating and tuning various optical properties including 

transmission, reflection, absorption, and emission.
1-3

  One particularly intriguing and simple design is the use of 

a Fabry-Perot cavity to further tune and enhance the plasmonic resonance of a given array.  These multilayer 

thin-films typically consist of a metallic base plane mirror, a dielectric cavity layer with variable thickness, and a 

top layer consisting of the plasmonic array.  The top plasmonic array layer may be tuned to generate resonances 

that range from the UV through infrared regions, via the careful control of the size, shape, and periodicity of the 

metallic nanostructures within an array.  In turn, the thickness of the underlying Fabry-Perot cavity may be 

varied to both tune and enhance the plasmon resonance of the top metallic array layer.
4-5

   

In terms of metallic array fabrication, photolithography is often used to create nanostructures with controlled 

size, shape, and periodicity.  However, due to the diffraction limit of λ/2, structures smaller than 300-500 nm 

are not achievable using this technique.  Hence, electron beam lithography may be used to fabricate structures 

that are smaller than 300 nm. This technique however is limited by low throughput, inability to control shape, 

and high cost.  As an alternative to both photolithography and E-beam lithography, nanosphere lithography is 

an inexpensive and scalable nanofabrication technique that may be used to fabricate an array of various metallic 

structures including discs, triangles, nanorings, and nanocrescents.
6-7

   

Nanosphere lithography is a simple technique in which a solution containing mono-disperse spheres (e.g. 

polystyrene latex spheres) is self-assembled onto a given substrate forming a two-dimensional colloidal mask.  

The colloidal solution of spheres may deposited onto the substrate via spin-coating or drop coating.  As the 



solvent evaporates, the nanospheres are drawn together via capillary forces, and generate hexagonally 

close-packed patterns on the substrates.  After self-assembly is achieved, a metal is then deposited from a 

source that is either normal to the substrate, or at an angle to the substrate, depending upon the desired 

nanostructure.  Metal deposition may be achieved by thermal evaporation, electron beam deposition, or pulsed 

laser deposition.  Upon completion of the metal deposition, the nanosphere mask is removed by dissolving in a 

suitable solvent in the presence of sonication, leaving behind the patterned metallic array.  The shapes of the 

formed patterns are dependent upon the degree of nanosphere packing, and may be additionally altered via the 

use of etching or photoresist steps. As an example, an array of metallic triangles may be formed when metallic 

deposition occurs after the nanospheres are tightly packed (See Figure 1). 

 

 

Figure 1. (On left) SEM image of a monolayer of 490 nm polystyrene spheres spin-coated and packed on a 

silicon substrate.  (On right) SEM image of a silicon substrate after Au deposition and subsequent 

polystyrene sphere removal. 

 

Fabrication, Computational Design, and Characterization  

 

In this study, our aim was to fabricate a nano-hole array using a slightly modified approach to that which 

was used in the fabrication of the triangular array.  Specifically, our goal was to design and fabricate an 

aluminum nano-hole array that was superimposed onto a Fabry-Perot cavity structure.  The use of aluminum as 

a plasmonic metal represents a viable alternative to the gold and silver plasmonic nanostructures that are 

commonly explored in the literature.
8
  To our knowledge, this paper represents the first documented attempt to 

use nanosphere lithography in the fabrication of an aluminum-based array, while also incorporating this array 

with a Fabry-Perot cavity structure.  A schematic detailing the fabrication steps is provided in Figure 2. 

 



            

 

        

Figure 2. Fabrication process for generating a Fabry-Perot nano-hole array structure.  1) A base-plane 

metallic mirror is first deposited on a given substrate using physical vapor deposition (PVD). 2) A SiO2 

cavity layer with a given thickness is subsequently deposited using chemical vapor deposition (CVD).  3) 

Next, polystyrene latex spheres are spin-coated on the SiO2 layer, forming a tightly-packed layer of 

nanospheres.  4) The nanospheres are then shrunk to a given size, using a reactive ion-etch (RIE) 

approach, e.g. oxygen plasma.  5) A thin layer of aluminum is deposited onto the spheres and into the 

interstitial spaces between the spheres, using electron beam evaporation.  6) Finally, the polystyrene latex 

spheres are dissolved in a suitable solvent such as toluene with the aid of sonication, leaving the patterned 

nano-hole array.   

 

A more detailed description of the fabrication process is provided herein.  First, a new 4” silicon wafer was 

cleaved into 35mm square samples. The samples were cleaned in an O2 plasma for 10 minutes at high power.  

Silicon naturally forms a layer of SiO2 at room temperature. Utilizing this phenomena and the hydrophilic nature 

of silica, the polystyrene spheres can simply be spin coated onto the substrate. 490nm polystyrene spheres were 

drop coated onto the sample and then spun at 3000 rpm for 45 seconds. The sample was then subjected to 

reactive ion etch (oxygen plasma) for 2 minutes.  The sample was imaged at this point (Fig. 3 on left). 

 

 

 



Figure 3. (On left) SEM image of a monolayer containing polystyrene latex nanospheres (average 

diameter = 490 nm), after a 2 minutes oxygen plasma etch was applied.  (On right) SEM image of an 

aluminum nano-hole array, after nanosphere removal.  Nano-hole diameters range from approximately 

290 nm to 360 nm, which were generated from the original polystyrene latex nanospheres (average 

diameter = 490 nm). 

 

 Next, the sample was loaded into an electron beam evaporation system. During the subsequent evaporation 

steps the sample holder was not rotated. The chamber achieved a pressure of 8x10
-7

 torr before beginning the 

deposition. A 10 nm of titanium was first deposited at a rate of 0.5Å/s. This layer promotes adhesion of 

aluminum to the substrate. A 100 nm layer of aluminum was then evaporated at a rate of 0.5Å/s. The sample was 

subsequently removed from the evaporator. To remove the spheres, the sample was submerged in a beaker of 

toluene. To promote the liftoff of the spheres, the beaker was placed in an ultrasonic bath for 5 minutes. The 

sample was again imaged (Fig. 3 on right). 

Certain variables during the fabrication process were found to impact the array morphology and dimensions.  

For example, the diameters of the polystyrene spheres were found to impact the average nano-hole diameter that 

was generated, since the evaporation technique used to deposit the aluminum layer was orthogonally applied in 

this study, i.e. the diameter of the nanosphere mask determines the diameter of the hole.  Additionally, the 

periodicity of the array was also found to be impacted by the degree of nanosphere etching, i.e. the degree of 

nanosphere shrinkage.  The SEM image in Figure 3 on left depicts the polystyrene spheres after a two minute 

oxygen plasma etch.  The SEM image in Figure 3 on right represents the aluminum nano-hole array after 

subsequent nanosphere removal. 

In order to predict and aid in the design of the optical properties of the subject structures, finite difference 

time domain (FDTD) calculations were performed using Lumerical software (Lumerical Solutions, Inc, 

Vancouver, Canada).  For the simulations, experimental frequency-dependent complex dielectric constants for 

aluminum were used.
9
  A refractive index of 1.46 was assumed for SiO2, which was obtained from the 

literature.
10

  The impact of SiO2 cavity thickness on the optical properties of the nano-hole Fabry-Perot cavity 

structure was first explored in the initial FDTD calculations.  A size parameter (2a/Λ) of 0.6 was assumed, 

where a represents the nano-hole radius (90 nm), and Λ represents the periodicity (300 nm).  The thickness of 

the base plane aluminum layer as well as the nano-hole array aluminum layer were assumed to be 50 nm.  

Figure 4 depicts the FDTD results for the subject structures in which the SiO2 cavity thickness was varied (200 

nm, 378 nm, 556 nm, 733 nm, 911 nm). 



            

 

Figure 4 – FDTD calculations which predict the impact of SiO2 cavity layer (ds) thickness on resonance 

wavelength and strength.  

  

Inspection of Figure 4 reveals that cavity thickness should have a significant impact on the resonance 

wavelength for the overall structure, as predicted by FDTD.  Namely, as the SiO2 cavity thickness is increased 

and the size parameter (2a/Λ) is held constant, the resonance is red-shifted to a wavelength that is approximately 

3-4x that of the cavity thickness.  Additionally, the calculations predict that the absorption properties of the 

subject structure are also enhanced as the cavity thickness is increased, yielding a near perfect absorption for a 

SiO2 cavity thickness of 911nm. 

To further determine the impact of size parameter (2a/Λ) on the optical properties of the structure, FDTD 

calculations were performed for scenarios in which the size parameter was varied as the metal and cavity layer 

thicknesses were held constant.  Specifically, the size parameter was varied from 0.6 to 0.96 (Λ = 300 nm).  

Inspection of Figure 5 details these calculations and reveals that as the size parameter is increased, the resonance 

of the overall system is predicted to red-shift.  Of particular note is the prediction of a near perfect absorption 

for the scenario in which the size parameter equals 0.69. 

 

 



Figure 5 – FDTD calculations for an aluminum nano-hole array/Fabry-Perot cavity structure which 

predict the impact of size parameter on resonance wavelength and strength.   

 

In order to compare the FDTD predictions with experimental results, the nanosphere lithographic approach 

was used to fabricate an aluminum based Fabry-Perot/nanohole array with the following dimensions: 1) a 100 

nm aluminum base mirror plane, 2) a 600 nm SiO2 cavity thickness, 3) a 50 nm thick aluminum nano-hole array, 

with an average hole diameter of 320 nm and periodicity of 500 nm (as determined by SEM imaging).  The 

optical properties of the fabricated structure were subsequently characterized in the infrared region using an 

FTIR (Digilab 3100, Excalibur Series) in the reflectance mode.  Background spectra was obtained using an 

aluminum coated silicon wafer.  A comparison of the predicted and measured reflectance spectra for the subject 

structure is provided in Figure 6.  Good agreement between the predicted and measured resonance was 

observed.  In particular, the strength of the experimental absorption is in excellent agreement with the predicted 

absorption (~70% absorption), while a slight discrepancy in the resonance wavelength is observed.  We 

hypothesize that this discrepancy is due to 1) the SiO2 cavity thickness was slightly thinner than 600 nm, 2) the 

non-uniformity in both the nano-hole diameters and the periodicity of the array, which were not taken into 

account in the computations, and 3) the presence of a thin aluminum oxide layer on the surface of the aluminum 

nano-hole array, which was not taken into account in the predicted spectra, i.e. the dielectric constant used for 

the nano-hole array assumed a 100% composition of aluminum. 

 

Figure 6.  Computational and experimental reflectance spectra of an aluminum based Fabry-Perot 

nano-hole array.  Dimensions of the structure include: 1) a 100 nm aluminum base plane, 2) a 600 nm 

SiO2 cavity thickness, 3) a 50 nm thick aluminum nano-hole array, with an average hole diameter of 320 

nm and periodicity of 500 nm (as determined by SEM imaging). 

 

Conclusions 

 

 Nanosphere lithography is a plausible approach for fabricating an aluminum-based nano-hole array.  



            

Incorporation of an aluminum nano-hole array into a Fabry-Perot cavity structure provides a means of obtaining 

considerable control over both the resonance wavelength and the strength of the resonance, as demonstrated with 

FDTD calculations.  Finally, the agreement that was observed between the computational and experimental 

results demonstrate that the FDTD approach is a plausible means of designing and characterizing Fabry-Perot 

structures that incorporate nano-hole arrays. 
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Abstract  –  Atomically thin materials, such as graphene and transition metal dichalcogenides, offer an 
interesting platform to tailor nanoscale light-matter interaction. The ease with which these materials can 
be incorporated into optoelectronic devices has given rise to the emerging area of nano-optoelectronics. In 
this talk I will discuss some recent results on merging plasmonics and atomically thin materials as well as 
the possibility of exploiting atomically thin semiconductors for integrated quantum photonics 
applications. 

 
I. INTRODUCTION 

 
As silicon photonic integrated circuits have continued to mature, novel nanophotonic devices and nanomaterials 
are being explored for their potential in next-generation on-chip optical processing [1-3]. Particularly exciting is 
the possibility to engineer nanophotonic devices that both enhance light-matter interaction and support confined 
electromagnetic modes that can propagate in deeply subwavelength regions. Surface plasmon polaritons (SPPs), 
electromagnetic excitations that propagate along the interface between a metal and a dielectric, are a natural 
candidate for both integrated subwavelength light guiding and pronounced light-matter coupling. An exemplary 
system in this regard is silver (Ag) nanowires and the optical properties of individual Ag nanowires have been 
extensively studied. A step towards efficient and compact nanophotonic circuitry is the integration of plasmonic 
waveguides that couple directly to on-chip sources, detectors, and modulators. Initial steps have been made in 
coupling Ag nanowires with other nanostructures, such as quantum dots, fluorescent molecules and nitrogen-
vacancy centers. Furthermore, near-field coupling between these nanostructures and the wire allows for 
plasmons to be generated anywhere along the wire, not just at the ends.  
 
Although there has been some investigation into graphene-nanowire hybrids for nanophotonic circuitry the vast 
potential for two-dimensional atomically thin materials in this realm is largely unexplored. Single-layer 
molybdenum disulfide (MoS2), a semiconductor being explored for its photoluminescence, valley-selective 
properties, and potential as a transistor and photodetector, is an ideal choice to couple with nanoplasmonic 
circuitry. In this paper, we explore the nanophotonics of a MoS2/Ag nanowire hybrid structure. We demonstrate 
coupling between a single-layer MoS2 flake and a single Ag nanowire. We show that a plasmon excited at the 
uncovered end of the nanowire can propagate and excite MoS2 photoluminescence (PL), both by direct plasmon-
to-exciton conversion along the wire and by absorbing photons rescattering from the end of the wire. We also 
demonstrate that MoS2 excitons can decay to generate Ag-nanowire plasmons. Finally, we show it is possible for 
the Ag nanowire to serve a dual role as both a channel for MoS2 excitation and subsequent extraction of the 
decaying MoS2 excitons. 
 

II. NEAR-FIELD DETECTION OF OPTICAL PLASMONS 
 
Figure 1a presents an image of the fabricated MoS2/Ag nanowire device. The flake is electrically contacted 
enabling both photocurrent measurement and voltage biasing. A photon incident on the uncovered end of the 
nanowire generates a wire plasmon via scattering. Although there are several decay channels available to the 
plasmon, we study plasmons that propagate along the nanowire and induce a current in MoS2. Figure 1b presents 
an exemplary spatially-resolved photocurrent map, with highlighted regions representing the contact electrodes 



and the nanowire, from the device under zero external voltage bias. The single-layer MoS2 flake is only between 
the source and drain contacts. Apparent in the photocurrent map is direct photocurrent generation in the MoS2 
flake and photocurrent when the far-field photons excite Ag nanowire optical plasmons at the uncovered end of 
the nanowire (solid box).   Polarization dependence of the photocurrent indicates optical plasmons are being 
detected in the near-field with the MoS2 detector. It is interesting that the plasmon current is observed for the 
unbiased device indicating some potential energy landscape asymmetry resulting in a built-in electric field that 
can separate the plasmon generated carriers. 
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Figure 1.  a) Image of lithographically patterned contacts on MoS2/Ag nanowire device just before metal evaporation. 
b) Photocurrent map of panel a) device. 
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