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PLENARY SPEAKERS
Federico Capasso
Harvard University, USA
Metaoptics in the visible
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 President for
Physical Research. He is visiting professor at NTU with both the School of
Physical and Mathematical Sciences and Electrical and Electronic Engineering. His research has focused on nanoscale science and technology encompassing a broad range of topics. He pioneered band-structure engineering of
semiconductor 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
Research 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.

Dirk Englund
MIT, USA
Towards Scalable Semiconductor Quantum Networks
Dirk Englund received his BS in Physics from Caltech in 2002. Following a Fulbright year at TU Eindhoven, he earned an MS in electrical engineering and
a PhD in Applied Physics in 2008, both from Stanford University. He was a
postdoctoral fellow at Harvard University until 2010, when he started his group
as Assistant Professor of Electrical Engineering and of Applied Physics at Columbia University. In 2013, he joined the faculty of MIT’s Department of Electrical Engineering and Computer Science. Dirk’s research focuses on quantum
technologies based on semiconductor and optical systems. Recent recognitions include the 2011 Presidential Early Career Award for Scientists and Engineers, the 2011 Sloan Research Fellowship in Physics, the
2012 DARPA Young Faculty Award, the 2012 IBM Faculty Award, an 2016 R&D100 Award, the OSA’s 2017
Adolph Lomb Medal , and the 2017 ACS Photonics Young Investigator Award.
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Ortwin Hess
Imperial College London, UK
Active Quantum Nanoplasmonics : From Single Molecule Strong Coupling to Stopped-Light QED and Lasing
Ortwin Hess currently holds the Leverhulme Chair in Metamaterials in the Blackett Laboratory (Department of Physics) at Imperial College London. He obtained the PhD degree from the Technical University of Berlin (Germany) in
1993 and the Habilitation at the University of Stuttgart in 1997. From 2003 to
2010 he was professor at the University of Surrey (Guildford, UK) and visiting
professor at Stanford University (1997/98) and at the Ludwig-Maximilians University of Munich (1999/2000).
Ortwin’s research interests bridge theoretical condensed matter physics with photonics and are focused on
light-matter interaction in nano-photonics, metamaterials and spatio-temporal nano-laser dynamics. He discovered the ’trapped-rainbow’ principle, had the idea of stopped-light lasing and made defining contributions
to the fields of spatio-temporal dynamics of semiconductor lasers, ultraslow light in metamaterials, complex
quantum dot photonics and photonic crystals and strong coupling in nanoplasmonics. Ortwin pioneered active nanoplasmonics and optical metamaterials with quantum gain for which he is awarded the 2016 Royal
Society Rumford Medal.

Satoshi Kawata

Osaka University, Japan
Tip-enhanced Raman scattering microscopy : plasmonic
molecular imaging beyond the limits
Satoshi Kawata has been a Professor (currently Distinguished Professor) of
Applied Physics and Frontier Biosciences at Osaka University since 1993, and
also a Chief Scientist in RIKEN from 2002 to 2012. He has served as the President of Japan Society of Applied Physics, the President for Spectroscopical
Society of Japan, Editor of Optics Communications, and a Director of Board
of OSA. Professor Kawata is one of pioneers in near field optics (the inventor
of aperture-less near-field scanning optical microscope and tip-enhanced Raman microscopy), two-photon
engineering (the inventor of 3D fabrication with two-photon polymerization, isomerization, photo-refraction,
and reduction). He has published a number of papers and books on three-dimensional and nano-resolution
microscopy, vibrational spectroscopy, bio-imaging, signal recovery and photon pressure on nano-structures.
The "8-micron bull" fabricated with his invented two-photon polymerization has been awarded in Guinness
World Record Book 2004 Edition. He is a Fellow of OSA, SPIE, IOP, and JSAP.
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Yong-Hee Lee
Korea Advanced Institute of Science and Technology (KAIST),
Korea
Squeezing of Photonic Energy into A Point-like Space
Yong-Hee Lee received his master degree in Applied Physics and Ph.D degree
in Optical Sciences at Korea Advanced Institute of Science and Technology
(KAIST) and at the University of Arizona, respectively. During his stay at AT&T
Bell Laboratories, he pioneered and demonstrated the first proton-implanted
VCSELs in 1990 and holds the original patent on this industrial VCSEL. In
1991 he joined the Department of Physics of KAIST where he continued his research on VCSELs and started new research on photonic crystal nano-lasers. His laboratory demonstrated various forms of photonic
crystal laser including the first electrically-driven photonic crystal laser. His recent interest lies in on the
physics of light-matter interaction at the nano-scale and the ultimate light source for photonic integrated
circuits and quantum information science. From 2003 to 2004 he was an IEEE LEOS Distinguish Lecturer.
Prof. Lee served as an Associate Editor of Optics Express. He is a Fellow of IEEE and the Optical Society
of America. Domestically he received numerous awards including the National Academy of Science Award,
Korea Scientist Award and the most recent Korea Best Scientist and Engineer Award. In 2014 He received
the Humboldt Research Award and the IEEE Photonics Society Engineering Achievement Award. He coauthored more than 180 international journal papers and patents related to nanophotonics. He advised and
produced over 40 PhD’s in physics during his stay at KAIST.

Franco Nori
RIKEN, Japan & University of Michigan, USA
Parity-Time-Symmetric Optics, extraordinary momentum
and spin in evanescent waves, and the quantum spin Hall
effect of light
Franco Nori is a RIKEN Chief Scientist, as well as Group Director of the "Quantum Condensed Matter Research Group" at CEMS (Center for Emergent Matter Science). Also, he is a Team Leader of the Interdisciplinary Theoretical
Science Program at RIKEN (the Japanese National Laboratory). Also, since
1990 he has been a faculty member of the Physics Department at the University of Michigan, Ann Arbor, USA. Prior to this, he did postdoctoral research
work at the Institute for Theoretical Physics, at the University of California, Santa Barbara. He received
a PhD in Physics from the University of Illinois. He has co-authored over 80 papers in Physical Review
Letters as well as over 30 in Science and Nature journals, and has been cited over 29K times, with an
h-index of 84. He is an Elected Fellow of the American Physics Society (APS), Institute of Physics (IoP),
Optical Society of America (OSA), and the American Association for the Advancement of Science (AAAS).
He received the 2014 Prize for Research in Physics, from the Matsuo Foundation, Japan ; and the 2013
Prize for Science, by the Minister of Education, Culture, Sports, Science and Technology, Japan. Also, an
"Excellence in Research Award" and an "Excellence in Education Award" from the University of Michigan.
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Eli Yablonovitch
UC Berkeley, USA
Optical Antennas ; Spontaneous Emission Faster Than Stimulated Emission
Eli Yablonovitch introduced the idea that strained semiconductor lasers
could have superior performance due to reduced valence band (hole) effective mass. With almost every human interaction with the internet, optical telecommunication occurs by strained semiconductor lasers. He is
regarded as a Father of the Photonic BandGap concept, and he coined the term "Photonic Crystal". The geometrical structure of the first
experimentally realized Photonic bandgap, is sometimes called "Yablonovite".
Prof. Yablonovitch is elected as a Member of the National Academy of Engineering, the National Academy
of Sciences, the American Academy of Arts & Sciences, and is a Foreign Member of the Royal Society
of London. He has been awarded the Buckley Prize of the American Physical Society, the Isaac Newton
Medal of the UK Institute of Physics, the Rank Prize (UK), the Harvey Prize (Israel), the IEEE Photonics
Award, the IET Mountbatten Medal (UK), the Julius Springer Prize (Germany), the R.W. Wood Prize, the W.
Streifer Scientific Achievement Award, and the Adolf Lomb Medal. He also has an honorary Ph.D. from the
Royal Institute of Technology, Stockholm, & the Hong Kong Univ. of Science & Technology, and is honorary
Professor at Nanjing University.
Eli Yablonovitch is the Director of the NSF Center for Energy Efficient Electronics Science (E3S), a multiUniversity Center headquartered at Berkeley. He received his Ph.D. degree in Applied Physics from Harvard
University in 1972. He worked for two years at Bell Telephone Laboratories, and then became a professor
of Applied Physics at Harvard. In 1979 he joined Exxon to do research on photovoltaic solar energy. Then
in 1984, he joined Bell Communications Research, where he was a Distinguished Member of Staff, and
also Director of Solid-State Physics Research. In 1992 he joined the University of California, Los Angeles,
where he was the Northrop-Grumman Chair Professor of Electrical Engineering. Then in 2007 he became
Professor of Electrical Engineering and Computer Sciences at UC Berkeley, where he holds the James &
Katherine Lau Chair in Engineering.

Xiang Zhang
UC Berkeley, USA
Parity-time Symmetry Breaking Lasing and Anti-Lasing
Xiang Zhang is the Ernest Kuh Chaired Professor at the University of California, Berkeley and Director of Materials Science Division at Lawrence Berkeley
National Laboratory (LBNL). He is also the Director of the NSF Nano-scale
Science and Engineering Center (SINAM). He is an elected member of the
US National Academy of Engineering (NAE), Academia Sinica and foreign
member of Chinese Academy of Sciences. His research in optical metamaterials was selected by Times Magazine as "Top 10 Scientific Discoveries in
2008". Xiang Zhang was a recipient of many awards including the NSF CAREER Award, Fred Kavli Distinguished Lecturehip, Fitzroy Medal, Charles R. Richards Memorial Award,
the Max Born Award, the Julius Springer Prize for Applied Physics. He received his BS/MS in physics in
Nanjing University, China, and Ph.D from UC Berkeley in 1996 and was on faculty at Pennsylvania State
University and UCLA prior returning Berkeley faculty in 2004.
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Nikolay Zheludev
University of Southampton, UK & NTU, Singapore
Metamaterials, anapoles and flying donuts
Nikolay Zheludev’s research interest are in nanophotonics and metamaterials.
He is the Director of the Centre for Photonic metamaterials and Deputy Director of the Optoelectronics Research Centre in Southampton University, UK. He
is also co-Director of The Photonics Institute and directs the Centre for Disruptive Photonic Technologies at Nanyang Technological University. His personal
awards include the Thomas Young medal (IOP) for "global leadership and pioneering, seminal work in optical metamaterials and nanophotonics", the Leverhulme Trust Senior Research
Fellowship ; Senior Research Professorship of the EPSRC ; The Royal Society Wolfson Research Merit
Award & Fellowship. He is a Fellow of the European Physical Society (EPS), the Optical Society (OSA)
and the Institute of Physics (London). He is Editor-in-Chief of the Journal of Optics (IOP) and an Advisory
Board Member for Nanophotonics, ACS Photonics and Nature Publishing Group Scientific Reports. In 2007
created European Physical Society international meeting at the crossroads of nanophotonics and metamaterials, NANOMETA. He was among a small group of research community leaders who provided initial
impetus to the International Year of Light, declared by United Nations for 2015.
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KEYNOTE SPEAKERS
Harry Atwater
CALTECH, USA

Dynamic Wavefront Control and Imaging with Active Nanophotonic Structures

Che Ting Chan

HKUST, Hong Kong
Pseudo-spins and their consequences in classical waves

Andrei Faraon

California Institute of Technology, USA
Flat and conformal optics with dielectric metasurfaces

Michael Farle

University of Duisburg-Essen, Germany & Immanuel Kant Baltic Federal University, Russia
Functionalized Hybrid Nanomagnets : New Materials for Innovations in Energy Storage and Medical Theranostics

Peer Fischer

Max Planck Institute, Germany
Chiral plasmonic nanostructures

Jean-Jacques Greffet

Institut d’Optique Graduate School, France
Quantum plasmonics

Yurii Gun’ko

Trinity College Dublin, Ireland
Chiral nanomaterials and their applications

Teruya Ishihara

Tohoku University, Japan
Second order optical nonlinearity in metamaterial
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Chennupati Jagadish

The Australian National University, Australia
Semiconductor Nanowires and Metastructures for Optoelectronic Device Applications

Yoon Young Kim

Seoul National University, Korea
Extreme elastic anisotropy – realization by metamaterials

Byoungho Lee

Seoul National University, Korea
Metasurfaces for in-plane plasmonic arbitrary pattern generation

Stefan Maier

Imperial College London, UK
Hybrid nanostructures for sub-wavelength imaging, nonlinear optics, and chemistry

Namkyoo Park

Seoul National University, Korea
Acoustic omni meta-atom for decoupled access to all octants of a wave parameter
space.

Markus Raschke

University of Colorado Boulder, USA
Seeing with the nano-eye : accessing structure, coupling, and dynamics in matter on
its natural length and times scales

Mu Wang

Nanjing University, China
Making Structured Metal Transparent for Ultra-Broadband Electromagnetic and
Acoustic Waves
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META’17 VENUE
META’17 will be held at the Songdo Convensia, 123 Central-ro, Yeonsu-gu, 21998, Incheon, Korea.
Tel. : +82-32-210-1037
Fax : +82-32-210-1005
Website : www.songdoconvensia.com

GETTING TO VENUE
Address
Songdo Convensia, 123 Central-ro, Yeonsu-gu, 21998, Incheon, Korea.
Tel. : +82-32-210-1037
Fax : +82-32-210-1005
Website : www.songdoconvensia.com
Seoul (Downtown) -> Songdo Convensia

• By Subway

• By Taxi

Incheon International Airport (ICN) -> Songdo Convensia
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1) By KAL-limousine (~40 min, 7,000 KRW)
•

Board the limousine bus (6707B) at the platform 4A

•

Get off at Sheraton Grand Incheon Hotel (last stop)

Time schedule

-

For more information, please visit,
https://www.kallimousine.com/eng/guide01_en.html or
http://www.airport.kr/pa/en/a/3/1/1/index.jsp#none

2) By Bus (~1 hour, ~3,000 KRW)
•

Board a bus line 303 at the platform 13A

•
•

Get off at Songdo The Sharp First World (East gate) station (~40 mins)
Walk 450m (~7 mins on foot)

Bu s s to p

So n gd o Co nv en sia

•
Time schedule

GUIDELINES FOR PRESENTERS
ORAL PRESENTATIONS
Each session room is equipped with a stationary computer connected to a LCD projector. Presenters must
load their presentation files in advance onto the session computer. Technician personnel will be available to
assist you.
Scheduled time slots for oral presentations are 15 mn for regular, 20 mn for invited presentations, 30 mn
for keynote talks and 35 mn for plenary talks, including questions and discussions. Presenters are required
to report to their session room and to their session Chair at least 15 minutes prior to the start of their session.
The session chair must be present in the session room at least 15 minutes before the start of the session and must strictly observe the starting time and time limit of each paper.

POSTER PRESENTATIONS
Presenters are requested to stand by their posters during their session. One poster board, A0 size (118.9 x
84.1 cm), in portrait orientation, will be available for each poster (there are no specific templates for posters).
Pins or thumbtacks are provided to mount your posters on the board. All presenters are required to mount
their papers 30mn before the session and remove them at the end of their sessions. Posters must prepared
using the standard META poster template (available on the conference website).
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PRE-CONFERENCE TUTORIALS
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Frontier's Lectures on Metamaterials and Plasmonics
July 24 (Mon.), Seoul National University
Room 118, Building 301, Dept. of ECE
Lecturer

Session

Title

08:50-09:00

Opening

Thomas Zentgraf

09:00-10:00

Jensen Li

10:00-11:00

Yongmin Liu

11:00-12:00
12:00-13:30

Nonlinear Metasurfaces
Spin-enabled optics with metamaterials
and metasurfaces
Reconfigurable Plasmonics and
Metamaterials
Lunch

Mu Wang

13:30-13:55

Meet Editors – Physical Review Letters

Zachary Lapin

13:55-14:20

Meet Editors – Nature Communications

Ling Lu

14:20-15:20

Topological Photonic Crystals

15:20-15:30

Andrey Miroshnichenko

15:30-16:30

Renmin Ma

16:30-17:30

Cristian Ciracì

17:30-18:30

Coffee Break
Multipole decomposition and
nonradiating sources in
nanophotonics/metamaterials
Plasmonic nanolasers: fundamental,
application and challenges
The optics of film-coupled
nanoparticles: a bridge to
the quantum realm

Tutorial is free of charge, but registration is required. Please follow the link below to register:
https://docs.google.com/forms/d/1w4N8SrZSUlfRWgeuqDhmHoIDmMCgp9L7xEoPc5kowBI/edit

Chairs:

Namkyoo Park
Seoul National University

Hakjoo Lee
CAMM

Junsuk Rho
POSTECH

Session will be held in Multimedia Room 118 of Building 301
Lunch will be served at the faculty cafeteria, first floor of Building 301

Access to Meta Pre-conference
- Rm. 118, Building 301, Seoul National University
From ‘Incheon’ or ‘Gimpo’ International Airport
- By public transportation [~2 hours: KRW ~10,200 (Incheon),~1.5 hour: KRW ~5,200 (Gimpo)]
o Board the limousine bus line number 6003 (The bus stop is 6A,12B in Incheon and 6 in Gimpo).
o Get off at the front gate of Seoul National University.
o Board a bus line 5511 or 5513, or take a taxi.
o Get off at either bus stop number 9 or 10 which are in front of buildings 301 and 302 (last stop).
- By taxi [~1 hour, KRW ~49,000 (Incheon), ~1 hour, KRW ~19,600 (Gimpo)]
From Seoul Station
- By public transportation [~1 hour, KRW ~1300]
o Take the subway (line No. 4) from Seoul station to Sadang station.
o Transfer the subway line from No. 4 to No. 2.
o Take the subway (line No. 2) from Sadang to Nakseongdae station.
o Get out of Exit 4, turn left around the GS gas station, and board a bus line 02.
o Get off in front of buildings 301 and 302 (last stop).
- By taxi [~45 minutes, KRW ~13,500]
From Songdo Convensia, Incheon
- By public transportation [~1 hour, KRW ~2,000]
o Take the subway (line Incheon No. 1) from Incheon Nat’l Univ station to Bupyeong station.
o Transfer the subway line from ‘Incheon No. 1’ to ‘No. 1’ (not Incheon No. 1!).
o Take the subway (line No. 1) from Bupyeong to Sindorim station.
o Transfer the subway line from ‘No. 1’ to ‘No. 2’.
o Take the subway (line No. 2) from Sindorim to Nakseongdae station.
o Get out of Exit 4, turn left around the GS gas station, and board a bus line 2.
o Get off in front of buildings 301 and 302 (last stop).
- By taxi [~45 minutes, KRW ~32,500]

Campus Map of Seoul National University

Accommodation
No.
1

Name
Hoam
Faculty
House

2

Novotel
Ambassador
Seoul
Doksan
Shilla Stay
Guro

3

4

5

Sheraton
Seoul Palace
Gangnam
Hotel
Mercure
Ambassador
Gangnam

Distance
4km
(Bus #02, to
the last stop:
15 minutes)
10km
(~1 hour)

Rates
Standard Double (KRW 104,500)
Standard Twin (KRW 104,500)
Deluxe Double (KRW 148,500)
Deluxe Twin (KRW 148,500)
Superior Double (KRW 125,000)
Superior Twin (KRW 125,000)

10km
(~1 hour)

Standard Double (KRW 126,000)
Standard Twin (KRW 126,000)
Deluxe Double (KRW 137,000)
Deluxe Double (KRW 147,250)
Deluxe Twin (KRW 147,250)

http://www.shillastay.
com/guro/index.do

Standard Double (KRW 132,300)
Standard Twin (KRW 132,300)
Superior Double (KRW 146,300)

https://mercure.amba
tel.com/gangnam/me
eting/hallInfo.amb?br
and_code=M0456&gn
bCode=040000&lnbCo
de=040200&menu_se=
M1244

14km
(~1 hour)

13.5km
(~1 hour)

http://www.hoam.ac.
kr/

https://www.ambatel.
com/main.amb?null

http://www.sheratons
eoulpalace.com/overvi
ew

*Hotel information is just for your reference. You have your own responsibility to reserve your accommodation.

Nonlinear Metasurfaces
Thomas Zentgraf
Department of Physics
Ultrafast Nanophotonics
Paderborn University, Germany
Email: thomas.zentgraf@uni-paderborn.de
For efficient nonlinear processes the engineering of the nonlinear optical
properties of media becomes important. In particular, the phase relation
between the fundamental and the nonlinear waves plays here an important
role. The most well-known technique for spatially engineering nonlinear
properties is the quasi-phase matching scheme for second-order processes
like second harmonic generation (SHG). The quasi-phase matching leads to
efficient frequency conversion compared to a homogeneous nonlinear
medium by providing the extra momentum to compensate the phase
mismatch between the fundamental and harmonic waves. The so-called
‘poling’ is the most widely employed technique for achieving quasi-phase
matching. By periodically reversing the crystalline orientation of ferroelectric
materials, the sign of the χ(2) nonlinear susceptibility can be spatially
modulated along the propagation direction. However, such a poling only leads to a binary state for the
nonlinear material polarization, which is equivalent to a discrete phase change of π of the nonlinear
polarization.
Here I will discuss a novel nonlinear metamaterial with homogeneous linear optical properties but
continuously controllable phase of the local effective nonlinear polarizability. For the demonstration
we use plasmonic metasurfaces with various designs for the meta-atom geometry together with
circular polarized light states. The controllable nonlinearity phase results from the phase accumulation
due to the polarization change along the polarization path on the Poincare Sphere (the so-called
Pancharatnam-Berry phase) and depends therefore only on the spatial geometry of the metasurface.
By using a fixed orientation of the meta-atom the nonlinear phase can be spatially arbitrarily tailored
over the entire range from 0 to 2π. In contrast to the quasi-phase matching scheme 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. We will
demonstrate the concept of phase engineering for the manipulation of the SHG and THG from
metasurfaces and the restriction on the symmetry properties of the geometry.
Furthermore, I will discuss a nonlinear Berry phase in the time domain which arises from the
rotational Doppler shift that can be observed on spinning metasurfaces. The rotational Doppler shift in
nonlinear optics was predicted nearly 50 years ago and recently demonstrated at nonlinear crystals.
The Doppler frequency shift was determined for the SHG of a circularly polarized beam passing
through a spinning nonlinear optical BBO crystal with three-fold rotational symmetry. In our
experiments we found that the SHG signal with a circular polarization opposite to that of the
fundamental beam experiences a Doppler shift of three times the rotation frequency of the optical
crystal. This finding is of fundamental significance in nonlinear optics and also for tailored
nonlinearities, as it provides a further degree of freedom with the design of nonlinear materials, in
particular for moving media. We will briefly discuss how this rotational Doppler Effect can be also
utilized for spinning metasurfaces in the nonlinear regime.

Biography: Professor Thomas Zentgraf received his bachelor's degree of Engineering from
University of Applied Sciences Jena, Germany, in 2001 and a master’s degree of Physics of the
Technical University Clausthal, Germany, in 2002. After that, he joined the University of Stuttgart,
Germany, where he under the supervision of Professor Harald Giessen received his PhD in the 2006.
Prof Zentgraf was honored with a Feodor-Lynen-Fellowship by the Alexander von Humboldt
Foundation in 2007 and joined as a research fellow the group of Professor Xiang Zhang at the
Mechanical Engineering Department at University of California at Berkeley, USA. In 2011 he
returned to Germany and became full professor for Applied Physics at the Department of Physics,
University of Paderborn, where he is head of the Ultrafast Nanophotonics Group. His research
interests focus on using ultrafast spectroscopy to study linear and nonlinear effects in plasmonic and
dielectric metamaterials and plasmonic-hybrid materials.

Spin-enabled optics with metamaterials and metasurfaces
Jensen Li
School of Physics and Astronomy
University of Birmingham, United Kingdom
Email: j.li@bham.ac.uk

Light, similar to other vector waves such as elastic waves, has a spin-degree
of freedom in its propagation. The interaction between spin and motion
provides an interesting way to manipulate the orbital motion of light, in
addition to the driving force from a refractive index gradient in conventional
optics. In this tutorial, I will give an introduction of geometric phase and the
associated optical-spin Hall effect in a systematic approach and will show
its applications and new opportunities in metamaterials and metasurfaces.
For example, the optical spin-Hall effect can be utilized to control
dynamically the generation of surface plasmon on a plasmonic metasurface
by putting a tailor-made array of anisotropic metamaterial atoms on a
surface. When these anisotropic metamaterial atoms are assembled into a
three dimensional material, I will also show how these can be used to generate a pseudo-magnetic
field or gauge field for photon, which can guide light into cyclotron motion, as if it is a real magnetic
field acting on electron motion. These discussions provide a feasible route to spin-enabled optics.
Biography: Dr. Jensen Li received his BEng degree with first class honours in electrical and
electronic engineering from the University of Hong Kong in 1998 and his MPhil, PhD degree in
physics from the Hong Kong University of Science and Technology in 2000 and 2004. In this period
of time, he worked on the zero-th order photonic band gap and the theoretical proposal of acoustic
negative index metamaterials.
From 2005 to 2007, Jensen worked in Imperial College London, with support from a Croucher
Foundation postdoctoral fellowship, where he developed a theoretical scheme of carpet cloaking.
From 2007 to 2009, he was a postdoctoral researcher at the University of California at Berkeley,
participated in the realization of carpet cloaking at infrared frequencies. He also started to work on
acoustic metamaterials with super-resolution there.
From 2009 to 2013, he was an assistant professor at the City University of Hong Kong. He continued
his research in metamaterials and also worked on alternative schemes in achieving acoustic negative
indices without local resonance from theory to realization.In 2013, he joined University of
Birmingham as a senior lecturer.

Reconfigurable Plasmonics and Metamaterials
Yongmin Liu
Assistant Professor
Department of Mechanical and Industrial Engineering
Department of Electrical and Computer Engineering
Northeastern University, Boston, USA
Email: y.liu@neu.edu
Group Website: http://www.northeastern.edu/liulab
Plasmonics has become a very important branch in nano optics. It allows us
to concentrate, guide, and manipulate light at the deep subwavelength scale,
promising enhanced light-matter interaction, next-generation optical circuits,
sub-diffraction-limited imaging, and ultrasensitive biomedical detection [13]. Furthermore, the assembly of judiciously designed metallic structures can
be used to construct metamaterials and metasurfaces with exotic properties
and functionalities, including anomalous refraction/reflection, strong
chirality and invisibility cloak [4,5]. There is a pressing need of tunability
and reconfigurability for plasmonics and metamaterials, in order to perform
distinctive functionalities and miniaturize the device footprint. In this talk, I
will present our recent work in reconfigurable plasmonics and metamateirals. First, I will discuss the
first demonstration of reconfigurable plasmonic lenses operating in microfluidic environment, which
can dynamically diverge, collimate and focus surface plasmons [6]. Second, I will present a novel
graphene metasurface to fully control the phase and amplitude of infrared light with very high
efficiency. It manifests broad applications in beam steering, biochemical sensing and adaptive optics
in the crucial infrared wavelength range [7]. Finally, I will discuss origami-based, dual-band chiral
metasurfaces at microwave frequencies. The flexibility in folding the metasurface provides another
degree of freedom for geometry control in the third dimension, which induces strong chirality from
the initial, 2D achiral structure [8]. These results open up a new avenue towards lightweight
reconfigurable metadevices.
References: [1] S. A. Maier, "Plasmonics: fundamentals and applications", Springer Science+
Business Media (2007); [2] T. Zentgraf et al., "Plasmonic Luneburg and Eaton lenses", Nature
Nanotechnology 6, 151 (2011); [3] Y. M. Liu, et al., "Compact magnetic antennas for directional
excitation of surface plasmons", Nano Letters 12, 4853 (2012); [4] Y. M. Liu and X. Zhang,
"Metamaterials: a new frontier of science and technology", Chemical Society Reviews 40, 2494
(2011); [5] K. Yao and Y. M. Liu, "Plasmonic metamaterials", Nanotechnology Review 3, 177 (2014);
[6] C. L. Zhao et al., "A reconfigurable plasmofluidic lens", Nature Communications 4:2350 (2013);
[7] Z. B. Li et al., "Graphene plasmonic metasurfaces to steer infrared light", Scientific Reports 5,
12423 (2015); [8] Z. Wang et al., manuscript in preparation.
Biography: Dr. Yongmin Liu obtained his Ph.D. from the University of California, Berkeley in 2009.
He joined the faculty of Northeastern University at Boston in fall 2012 with a joint appointment in the
Department of Mechanical & Industrial Engineering and the Department of Electrical & Computer
Engineering. Dr. Liu’s research interests include nano optics, nanoscale materials and engineering,
plasmonics, metamaterials, biophotonics, and nano optomechanics. He has authored and co-authored
over 50 journal papers, including Science, Nature, Nature Nanotechnology, Nature Communications,
Physical Review Letters and Nano Letters. Dr. Liu received Office of Naval Research Young
Investigator Award (2016), 3M Non-Tenured Faculty Award (2016), Air Force Summer Faculty
Fellowship (2015), and Chinese Government Award for Outstanding Students Abroad (2009).
Currently he serves as an editorial board member for Scientific Reports, EPJ Applied Metamaterials
and Nano Convergence.

Topological Photonic Crystals
Ling Lu
Institute of Physics, Chinese Academy of Sciences, Beijing, China
Due to the recent discovery of topological insulators, it has been
recognized that topology is indispensable in distinguishing phases
of matter. Similarly, new optical material systems are being
discovered with non-trivial topologies of their global wavefunctions in the momentum space, whose interfaces support novel
states of light with ideal transport properties such as the robustness
to large disorder or fabrication imperfections.
In this talk, I will show experimental realizations and theoretical
predictions of 2D and 3D photonic crystals with topologically
protected edge and surface states. Specifically, I will discuss single
and multimode one-way waveguides, the observation of Weyl points, a single Dirac cone surface state
immune to random disorder and topological one-way fibers. This research can be extended to phonons,
plasmons and other bosons. These new degrees of freedom in bosonic band topologies promise wide
exciting opportunities in both fundamental physics and technological outcomes.
Biography: Ling Lu is a professor in the Institute of Physics of Chinese Academy of Sciences in
Beijing China. He obtained his bachelor in Physics in 2003 from Fudan University in Shanghai, China.
He got his Ph.D. in Electrical Engineering in 2010 at University of Southern California in Los
Angeles. His thesis work, advised by Prof. John O’Brien, was on photonic crystal nanocavity lasers.
He was a postdoc and later a research scientist in the Physics Department of Massachusetts Institute
of Technology, where he worked with Prof. Marin Soljačić and John Joannopoulos and collaborated
with Prof. Liang Fu. His current research focuses on topological photonics.

Multipole decomposition and nonradiating sources in nanophotonics and
metamaterials
Andrey Miroshnichenko
Associate Professor
Nonlinear Physics Centre
Research School of Physics and Engineering
Australian National University
Acton, ACT, 2601, Australia
Email: andrey.miroshnichenko@anu.edu.au
Website: andreysquare.com

Multipole decomposition is indispensable tool in analyzing the optical response
of nanoscale structures consisting of finite size elements. In general, there are
two complementary approaches based on Cartesian (current) multipoles and
Spherical (scattered field) multipoles. For subewavelength elements they
produce similar description. But for larger elements certain deviations might
occur. In this tutorial, I will provide the basic description of both methods and
specify kind of complementary information they provide. I will also introduce
the concept of nonradiation sources, provide specific examples of so-called
anapole modes and demonstrate the importance of toroidal dipole moments.
References:
1. Kaelberer, M. et al., Science 330, 1510, (2010).
2. Chen, J. et al., Nature Photonics 5, 531 (2011).
3. Grahn, P. et al., New J. Phys. 14 093033 (2012).
4. Miroshnichenko, A. E. et al., Nature Comm. 6, 8069 (2015).
Biography: A/Prof. Andrey Miroshnichenko obtained his PhD in 2003 from the Max-Planck Institute
for Physics of Complex Systems in Dresden, Germany. In 2004 he moved to Australia to join the
Nonlinear Physics Centre at ANU. During this time A/Prof. Miroshnichenko made fundamentally
important contributions to the field of photonic crystals and bringing the concept of the Fano
resonances to photonics. In 2007 A/Prof. Miroshnichenko was awarded by APD Fellowship from the
Australian Research Council. It allowed him to initiate the research on a new class of tunable photonic
structures infiltrated with liquid crystals. Later, in 2011 he was awarded by Future Fellowship from
the Australian Research Council. During this period, he pioneered the research of high-index
dielectric nanoparticles in the visible range, including one of the first demonstrations of the optically
induced magnetic response in silicon nanoparticles. The current topics of his research are nonlinear
nanophotonics, topologiccal photonics, and resonant interaction of light with nanoclusters, including
optical nanoantennas and metamaterials.

Plasmonic nanolasers: fundamental, application and challenges
Renmin Ma
School of Physics
State Key Lab for Mesoscopic Physics
Collaborative innovation center of quantum matters
Peking University, China
Email: renminma@pku.edu.cn
Plasmonic nanolasers are a new class of quantum amplifiers that deliver
coherent surface plasmons well below the diffraction barrier which brings
fundamentally new capabilities to biochemical sensing, super-resolution
imaging and on-chip optical communication. In this talk, I will
review fundamental, application and challenges of this emergent device.
Biography: Ren-Min Ma is an assistant professor in the School of Physics,
Peking University. He received his PhD from Peking University. His
dissertation was focused on semiconductor physics and devices in low
dimensional structures and received the National Top 100 Ph.D. dissertations of
China Award. He was a postdoc researcher at UC Berkeley during 2009-2014. He developed the first
room temperature semiconductor plasmon laser, directionally emitted waveguide embedded plasmon
laser and applied plasmon lasers to sensing field. His current research interests include nanophotonics
and nanomaterials.

The optics of film-coupled nanoparticles: a bridge to the quantum realm
Cristian Ciracì
Center for Biomolecular Nanotechnologies, Istituto Italiano di Tecnologia,
Via Barsanti 14, 73010 Arnesano, Italy
Email: cristian.ciraci@iit.it
Metals support surface plasmons at optical wavelengths and have the ability to
localize light to sub-wavelength regions. The film-coupled nanoparticle
system—in which plasmonic nanoparticles are separated nanometer distances
from a metal film by an insulating spacer—has unique properties that make it
useful for a variety of processes depending on the nanoparticle shape.
Nanospheres that are coupled to a film, for example, have been predicted to
produce enormous field enhancements—as much as thousands of times that of
the incident radiation—in the separating region between
nanoparticle and film. For the narrowest (<1 nm) gaps, light can be so tightly confined that the
nonlocality associated with the dielectric response of the metal and quantum effects can have a strong
impact on the scattering properties of the system, placing strict bounds on the ultimate field
enhancement.
Another interesting system is that of nanocubes or planar structures, which support transmission linelike modes between the two planar metal contact regions. Collective scattering of film-coupled
nanocubes can strongly modify reflectance properties of the underlying surfaces, creating a nearly ideal
absorber at desired wavelengths. The controlled reflectance of the surface might provide a means for
enhancing nonlinearity, for example by allowing potentially all of a fundamental beam to be converted
into higher harmonics. Moreover, we numerically find a sub-nm gap regime in which
nonlocal effects can dramatically enhance the nonlinear optical response of the metal by several order of
magnitude.
All mentioned structures can be easily and cheaply fabricated using colloidal nanoparticles, surface
chemistries, or atomic layer deposition lithography, allowing for near angstrom-scale control over the
spacer thickness and large-area uniformity. At the same time, a reliable way to theoretically describe and
numerically model optical properties of plasmonic nanostructures with different length scales requires
methods beyond classical electromagnetism. In this tutorial I will present an implementation of the
hydrodynamic model that takes into account the nonlocal behavior of the electron response by including
the electron pressure and it is generalized so that it can describe electron spill-out and tunneling effects,
including nonlocal broadening near metal surfaces.
Biography: Cristian Ciracì obtained his BSc in Computer Science Engineering in February 2005 and his
MSc in Science for Engineering in July 2007 at Sapienza, University of Rome (Italy). He received his
Ph.D. in Condensed Matter Physics from University of Montpellier, France, with honor degree in
September 2010. In November 2010 he joined the Center for Integrated Metamaterials and
Plasmonics at Duke University (U.S.) as a Postdoc. In March 2014 he joined the Center for
Biomolecular Nanotechnologies at the Istituto Italiano di Tecnologia (IIT), Italy, where he currently
holds a position as Researcher. His main research activities concern numerical modeling and
investigation of electromagnetic propagation in complex media, with particular emphasis on nonlinear
optical phenomena. During the years of his research activity he has co-authored several publications on
top-tier scientific journals and has been invited to several international conferences. In 2012 his work
was featured on the cover of Science Magazine.
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Metamaterials, anapoles and flying donuts
N. I. Zheludev
Optoelectronics Research Centre, University of Southampton &
The Photonics Institute, Nanyang Technological University, Singapore
niz@orc.soton.ac.uk
Abstract-Electromagnetic toroidal multipoles can be represented as currents flowing on the surfaces of
tori were recently experimentally observed in metamaterials and nanoparticles. They provide physically
significant contributions to the basic characteristics of matter including absorption, dispersion, and
chirality. They give rise to dynamic anapoles, illusive non-radiating charge-current configurations
recently detected in matter. Toroidal excitations also exist in free space as spatially and temporally
localized electromagnetic pulses propagating at the speed of light and interacting with matter in a way
different from conventional electromagnetic transvers pulses. We discuss these recent findings and the
role of localized and propagating electromagnetic toroidal excitations in light-matter interactions,
spectroscopy and telecommunications.
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Squeezing of Photonic Energy into A Point-like Space
Y. H. Lee1,* and M. K. Kim2
Department of Physics, KAIST, Daejon, Korea
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Abstract – A three-dimensionally tapered metallic nano-gap resonator with modal volume of ~1.0 ×
10-7 λ3 is to be discussed. From a 5-nm-air-gap gold resonator, strong second harmonic signals are
generated at a point-like space where electromagnetic energy is highly concentrated. The nonlinear
signal is found to be stronger than that from a 100-nm-gap counterpart by a factor of >27,000. Rich
nonlinear characteristics observed from quantum dots and nm-scale proteins trapped in the
nano-gap will also be discussed.

Metaoptics in the Visible
Federico Capasso
John A. Paulson School of Engineering and Applied Sciences, Harvard University, USA
capasso@seas.harvard.edu
Abstract- Metasurfaces based on sub-wavelength patterning have major potential for arbitrary control

of the wavefront of light by achieving local control of the phase, amplitude and polarization and
allowing greater functionality and more compact devices. We have introduced a new CMOS
compatible technology based on atomic layer deposition of TiO2 which has enabled high performance
metalenses, achromatic lenses, immersion objectives, axicons, vortex plates, holograms and
ultracompact spectrometers for a wide range of applications.

Parity-Time-Symmetric Optics, extraordinary momentum and spin
in evanescent waves, and the quantum spin Hall effect of light.
1 RIKEN,

Saitama, Japan.

2

Franco Nori 1,2

University of Michigan, Ann Arbor, USA

(1) Optical systems combining balanced loss and gain provide a unique platform to
implement classical analogues of quantum systems described by non-Hermitian parity–
time (PT)-symmetric Hamiltonians. Such systems can be used to create synthetic
materials with properties that cannot be attained in materials having only loss or only
gain. We report PT-symmetry breaking in coupled optical resonators. We observed nonreciprocity in the PT-symmetry-breaking phase due to strong field localization, which
significantly enhances nonlinearity. In the linear regime, light transmission is reciprocal
regardless of whether the symmetry is broken or unbroken. We show that in one
direction there is a complete absence of resonance peaks whereas in the other direction
the transmission is resonantly enhanced, which is associated with the use of resonant
structures. Our results could lead to a new generation of synthetic optical systems
enabling on-chip manipulation and control of light propagation.
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(2) Maxwell’s equations, formulated 150 years ago, ultimately describe properties of light,
from classical electromagnetism to quantum and relativistic aspects. The latter ones
result in remarkable geometric and topological phenomena related to the spin-1
massless nature of photons. By analyzing fundamental spin properties of Maxwell waves,
we show that free-space light exhibits an intrinsic quantum spin Hall effect—surface
modes with strong spin-momentum locking. These modes are evanescent waves that
form, for example, surface plasmon-polaritons at vacuum-metal interfaces. Our findings
illuminate the unusual transverse spin in evanescent waves and explain recent
experiments that have demonstrated the transverse spin-direction locking in the
excitation of surface optical modes. This deepens our understanding of Maxwell’s theory,
reveals analogies with topological insulators for electrons, and offers applications for
robust spin-directional optical interfaces.
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Tip-enhanced Raman scattering microscopy: plasmonic molecular
imaging beyond the limits
Satoshi Kawata
Osaka University, Japan
Kawata@ap.eng.osaka-u.ac.jp
Abstract
Tip-enhanced Raman scattering (TERS) microscopy as a version of near-field scanning optical
microscopy has been widely used for analyzing molecular distribution of nanomaterials and
biomaterials In this presentation, mechanisms of super-resolution and field enhancement of TERS
microscopy will be discussed and recent progress of TERS microscopy beyond the limits, such as
nanometer resolution, 3D imaging, and deep UV imaging, will be shown.

Raman microscopy has been a convenient tool for analyzing and imaging various materials as it
provides richer information than other imaging techniques based on topographic information.
However, Raman scattering is a weak phenomenon and the spatial resolution in any optical
microscopy is usually restricted by the diffraction limit of the probing light. Both these
problems can be overcome by use of surface plasmons, which confines optical field in the near
field of probe tip [1], resulting in local enhancement of light [2] as well as super spatial
resolution [3]. The spatial resolution in imaging is limited around 10 nm due to the necessity of
a reasonable diameter of metallic tip to excite collective electron oscillation and due to the
contribution of imaginary part of dielectric constant of probe metal in visible range [4]. The
factor of enhancement is also limited due to the necessary of covering the spectrally broad band
for the excitation and Raman scattering shift of sample [5]. The effective spectral range is also
limited to near UV to near infrared for silver and gold. In this presentation, I will show our
research progress in TERS microscopy beyond the limitations. The spatial resolution has been
drastically improved by applying pressure on to the sample with a tip to introduce the localized
structural deformation in sample [6]. The broadband enhancement by cascading the probe
antennae [7], the deep UV resonant Raman TERS [8] without photo-degradation wit use of
lanthanide ions [0], and 3D Raman imaging with a gold nano-particle inside a living cell [10]
will be discussed.
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Active Quantum Nanoplasmonics:
From Single Molecule Strong Coupling to Stopped-Light Lasing
O. Hess
The Blackett Laboratory, Imperial College London, Prince Consort Road, London, SW7 2AZ, UK
o.hess@imperial.ac.uk
Abstract- Nanoplasmonic cavities create a unique environment for controlled spatio-temporal
dynamics of light strongly coupled with single quantum emitters (molecules, quantum dots)
providing a basis for strong coupling at room temperature, strong coupling quantum spectroscopy
and paving the way for few- or single-molecule lasing.
Nanoplasmonic (meta-)materials and nanophotonics have the unique ability to confine light in extremely subwavelength volumes and thereby strongly enhance the effective strength of electromagnetic fields. Fundamentally,
such high-field enhancement can alter the local density of states experienced by a photoactive molecule to
unprecedented degrees and control its exchange of energy with light. For a sufficiently strong field enhancement,
one enters the strong-coupling regime, where the energy exchange between the excited states of
molecules/materials and plasmons is faster than the de-coherence processes of the system. As a result, the excitonic
state of the molecule becomes entangled with the photonic mode, forming hybrid excitonic-photonic states. These
hybrid-states are part light, part matter and allow for characteristic Rabi oscillations of atomic excitations to be
observed. Until recently, the conditions for achieving strong-coupling were most commonly met at low
temperatures, where de-coherence processes are suppressed. As a major step forward, we have recently
demonstrated room-temperature strong coupling of single molecules in a plasmonic nano-cavity [1] which was
achieved using a host-guest chemistry technique, controlling matter at the molecular level. Concurrently, linking
nano-spectroscopy of quantum dots with strong coupling allows to lithographically realise a strong-coupling setup that couples dark plasmonic modes and quantum dots [2]. Remarkably, through strong coupling we obtain
spectroscopic access to otherwise veiled states (such as the charged trion state) enabled through a strong-coupling
induced speed up of the radiative dynamics of the quantum dot states [2]. Considering the key importance of strong
coupling in quantum optics our findings pave the road for a wide range of ultrafast quantum optics experiments
and quantum technologies at ambient conditions. Moreover, the pronounced position-dependent spectral changes
may lead to new types of quantum sensors and near-field quantum imaging modalities.
References
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Parity-time Symmetry Breaking Lasing and Anti-Lasing
Xiang Zhang
UC Berkeley, USA
Abstract: Optical loss is usually undesirable. Recently, judiciously designed balanced gain and loss
structures, so called parity-time (PT) symmetric synthetic materials, are explored due to their
extraordinary properties. In this talk I will discuss the notion of PT symmetry in optical systems.
Especially I will discuss how to achieve nano-scale spectrometer by designing an anti-Hermitian
light matter interactions. This will be also useful for spectrum splitting in solar applications. Finally,
I will discuss a single mode lasing scheme using PT symmetric periodically modulation in a micro
ring lasers, and lasing and anti-lasing in a single cavity.

Optical Antennas;
Spontaneous Emission Faster Than Stimulated Emission.
Eli Yablonovitch
University of California, Berkeley

Abstract-Antennas emerged at the dawn of radio for concentrating electromagnetic energy into a volume much
smaller than the wavelength cubed, allowing for nonlinear radio detection. Such coherent detection is essential for
radio receivers, and has been used since the time of Hertz. Conversely, an antenna can efficiently extract radiation
from a sub-wavelength source, such as a small cellphone.
Over 100 years after the radio antenna, we finally have tiny “optical antennas” which can extract radiation from
molecules and quantum dots. With optical antennas, spontaneous light emission can become faster than stimulated
emission. Antenna physics has been poorly covered in education. It does not require plasmonics; nor the
Purcell effect.

Towards Scalable Semiconductor Quantum Networks
Dirk Englund
Department of Electrical Engineering and Computer Science, MIT, USA
*
corresponding author: englund@mit.edu

Abstract-The Internet is among the most significant inventions of the 20th Century. We are now
poised for the development of a quantum internet to exchange quantum information and distribute
entanglement among quantum memories (and ultimately quantum computers) that could be great
distances apart. This kind of quantum internet would have a range of applications that aren't
possible in a classical world, including long-distance unconditionally-secure communication,
certain types of precision sensing and navigation, and distributed quantum computing. But we still
need to develop or perfect many types of components and protocols to build such a quantum
internet. This talk will consider some of these components, focusing on photonic integrated circuits,
diamond spin-based quantum memories, and prototype networks. Specifically, the first part of this
talk will review our recent progress in adapting one of the leading PIC architectures—silicon
photonics—for different types of quantum secure communications protocols. The second part of the
talk will consider how photonic integrated circuits technology may extend the reach of quantum
communications through all-optical and memory-based quantum repeaters, as well as extensions to
modular quantum computers.
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Metasurfaces for in-plane plasmonic arbitrary pattern generation
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Abstract- Plasmonic metasurfaces with distributed nanoslits are demonstrated to generate in-plane
plasmonic arbitrary patterns based on holographic approach. Utilizing extremely anisotropic
scatterings of surface plasmon polaritons (SPPs) at nanoslits, holographic reconstructon and
modulation of plasmonic wavefront are achieved by designing spatial distributions and rotations of
nanoslits. Polarization-dependent modulations of in-plane SPP wavefront are thoroughly studied for
focusing, switching, and multiplexing in-plane plasmonic waves. Moreover, manipulation of
complex plasmonic field in terms of phase and amplitude is proposed for complete control of
arbitrary holographic SPP patterns.
Plamonics and metasurface are the major research topics which have led the boom of nanophotonics recently.
Plasmonics have emerged as a powerful route to subwavelength optical technologies by using surface plasmon
polaritons (SPPs) which are surface bound electromagnetic waves propagating along a metal-dielectric interface.
Meanwhile, metasurfaces, which are planar metamaterials, have been extensively studied to manipulate
properties of light abruptly in anomalous manner. Particularly, as an ultra-thin flat optical component for
coherent light manipulation, metasurface has been attracting much interest as a promising candidate to replace
conventional bulky optic components. Moreover, metasurfaces have been found to enable coherent control of
plasmonic waves as well as light waves propagating in the free space.
In this presentation, metasurfaces for arbitrary plasmonic wavefront generation and polarization dependent
modulations will be presented. Firstly, physical mechanisms of nanoslits as anisotropic SPP scatterers will be
explained. Then, design methods to assign phase profiles on nanoslit distributions are presented in case of
various polarization states [1]. Plasmonic waves are focused, switched, multiplexed, and steered depending on
polarization state modulations [1-3]. Lastly, arbitrary complex plasmonic field generation with manipulation of
both phase and amplitude is introduced with an example of plasmonic Airy beam generation [4].
Acknowledgments National Research Foundation (NRF) of Korea (21A20131612805)
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Hybrid nanostructures for sub-wavelength imaging, nonlinear optics, and chemistry
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Abstract – We demonstrate how controlled emission of hot electrons in plasmonic nanoantennas leads to
highly localized nanochemistry. This scheme is utilized for the assembly of hybrid metallic nanoantennas
consisting both of top-down fabricated elements, and nanosized colloids. The second part of the talk will
show new results for dielectric and hybrid metallic/dielectric antennas, based on Si, Ge and GaP, for
highly enhanced harmonic generation and surface-enhanced sensing.

Plasmonic nanoantennas with nanoscale gaps act as efficient transducers of electromagnetic energy from the far to
the near field at optical frequencies, creating hot spots of field energy utilized extensively in surface-enhanced
spectroscopy and sensing. Using a super-resolution localization scheme, we demonstrate direct imaging of these
electromagnetic hot spots via single-molecule emission events, paying careful attention to coupling between
molecular emission and antenna modes, in order to determine the true position of the single emitters [1]. We then
introduce the notion of “reactivity hot spots” — nanosized regions in plasmonic antennas where hot electrons
generated via plasmon decay are emitted. We demonstrate that control over this emission process can lead to highly
localized surface chemistry [2], allowing the positioning of colloidal nanospheres around bow tie antennas with high
accuracy (Figure 1). A combination of experimental imaging of these reactivity hot spots and ab initio theory will be
used to elucidate this process.

Fig. 1.
Gold nanospheres arranged in the gap of a silver bow tie antenna via localized hot electron emission [2]. SEM image
false-coloured to distinguish between the two materials. The diameter of the gold spheres is 15 nm.
In the second part of the talk, we will present new results on dielectric and hybrid dielectric/metallic nanoantennas, focusing on highly
enhanced harmonic generation and surface-enhanced spectroscopy under low-loss conditions. As an example, GaP nanopillars allow to
utilize the advantages of dielectric antennas in terms of low loss and high field confinement throughout the visible regime [3]. We will
further show new, unpublished results on hybrid Si/plasmonic antennas, as highly efficient nanoscale sources of third harmonic radiation.
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Acoustic omni meta-atom for decoupled access
to all octants of a wave parameter space
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Abstract-Although the decoupling of fundamental wave parameters has been envisaged as an ideal platform
towards the top–down and deterministic reconfiguration of the meta-atom (Pendry, Science 312, 2006), its
feasibility has remained as a plausible idea. In this talk we present our recent proposal for a new design strategy
for the meta-atom (Koo et. al., Nat. comm. 13012, 2016). Focusing on an acoustic platform, the criteria for the
decoupling of wave parameters are derived, and an omni meta-atom that achieves independent, broad-range
access to all octants of the wave parameter space (ρ, B-1, ξ) is demonstrated. With the precision access for target
parameters, we also demonstrate new meta-devices, including bianisotropic meta-surfaces for independent beam
shaping of transmission / reflection-waves.

Extreme elastic anisotropy – realization by metamaterials
Yoon Young Kim
Seoul National University
School of Mechanical and Aerospace Engineering
E-mail address: yykim@snu.ac.kr, Tel:02-880-7154
While extreme effective material properties, such as negative or very large density and
stiffness, have been explored significantly, studies on the realization of extreme anisotropy
has not received much attention. Particularly for elastic media that are characterized by 4thorder tensor field, a wide spectrum of material anisotropy can be envisioned. As illustrative
cases of extreme anisotropy, one can make shear modulus equal to or even larger than
longitudinal modulus for which unique wave phenomena known as conical refraction or
polarization anomaly can take place. Natural materials alone may not achieve the desired
anisotropy but specially designed elastic metamaterials made of either single or multiple
phases can. In this talk, we discuss a recent progress made towards the design of extreme
anisotropic elastic metamaterials. Also, their potential applications will be discussed.

Second order optical nonlinearity in metamaterials
Teruya Ishihara
Department of Physics, Graduate School of Science,
Tohoku University, Sendai, Japan
*
 corresponding author: t-ishihara@m.tohoku.ac.jp
Abstract-By designing sub-wavelength structure, it is possible to endow a new response that is not
obtained in nature. In this paper, various second order optical nonlinearities including second
harmonic generation, optical rectification and electro-optic effects are discussed in the same
platform for metamaterials.
Even in centrosymmetric materials, second-order optical nonlinearity exists at the surface where permittivity
environment changes abruptly. In the oblique incident configuration, surface polarization is excited which
generates second harmonic generation (SHG) and photo-rectification. For normal incidence it does not give SHG
unless the surface has a structure which breaks the symmetry in the plane. The structure can be endowed by
artificially carving the surface by using e-beam lithography for example. This structure can be considered as a
new type of metamaterial where second order optical nonlinearity is designed. Earlier we have shown that by
breaking the symmetry, it is possible to observe SHG in semiconductor embedded structure [1] and
photorectification in metal-based metamaterials [2,3]. Recently sub-wavelength shape dependent SHG was
investigated and analyzed in terms of effective susceptibility concept [4-7]. By appropriately design the
subwavelength structure, it may be possible to produce extremely nonlinear metamaterial beyond the empirical
Miller’s rule [8], which sets the ceiling limit for nonlinear response.
In this paper, we will discuss examples of the second order optical nonlinearities in the same platform for
artificially designed metamaterial films.
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Electronically Tunable Materials and Metasurfaces:
Exploring Quantum Materials and Device Designs
for Dynamic Wavefront Control
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Abstract- Tuning the complex dielectric function of low-dimensional materials and metasurfaces
enables scientific exploration of quantum materials such graphene, phosphorene and topological
insulators and, as well plasmonic and nanophotonic device applications for dynamic wavefront
control including electronic phase and amplitude modulators for the near infrared (conducting
oxides) and mid infrared (graphene). We discuss light-matter interactions in emerging quantum
materials and report dynamically tunable metasurfaces in the near-infrared and mid-infrared with
>π phase modulation and ‘perfect’ absorption approaching 100%.
We have explored the photonic properties of thin electrostatically gated phosphorene and (Bi1-xSbx)2Te3
topological insulators using mid-infrared spectroscopy measurements. We combine these optical experiments
with transport measurements and ARPES to identify the observed spectral modulation as a combination of
gate-variable Pauli-blocking of bulk interband optical transitions at higher energies and modulation of intraband
transitions associated with both topological surface stated (TSS) and the bulk free carrier density.
In the domain of device applications, we experimentally demonstrate a gate-tunable metasurface that
enables dynamic electrical control of the phase and amplitude of plane wave reflection. Tunability arises from
field-effect modulation of the complex refractive index of conducting oxide layers incorporated into metasurface
antenna elements which are configured in a reflectarray geometry. We measure a phase shift of >π and ~ 30%
change in the reflectance by applying 2.5 V gate bias. Additionally, we demonstrate modulation at frequencies
exceeding 10 MHz, and electrical switching of +/-1 order diffracted beams, a basic requirement for electrically
tunable beam-steering phased array metasurfaces.
We further demonstrate electronically tunable mid-infrared transmission that utilizes resonant absorption in
graphene plasmonic ribbons to modulate the extraordinary optical transmission effect in subwavelength metallic
slit arrays. Resonant absorption in plasmonic modes of nanoscale monolayer graphene ribbons situated inside
subwavelength metallic slits can efficiently block the coupling channel for extraordinary optical transmission,
leading to a strong suppression of transmission. Full wave simulations predict a transmission modulation of
95.7% via this mechanism. Measurements reveal a transmission modulation of 96%, yielding an experimental
realization of ‘perfect’ absorption in monolayer graphene.

Quantum Plasmonics
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Abstract-In this talk, we report experiments aiming at exploring the physics of surface plasmons in
the single plasmon regime. In other words, we revisit quantum optics using surface plasmons: tests
of the wave-particle duality of surface plasmons, observation of entanglement between a photon
and a plasmon and two photon interference on a lossy beam splitter. In the latter case, we observe
both a correlation dip and a correlation peak at the outputs of a beamsplitter.

Chiral plasmonic nanostructures
P. Fischer1,2,*
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Abstract-How can one see gold nanoparticles in strongly absorbing blood? I will describe that this
is possible with plasmonic nanohelices. Moreover, I will show that record local plasmon resonance
(LSPR) sensitivities can be achieved when plasmonics and chirality are combined. We use a
general fabrication scheme to rapidly grow chiral nanostructures from plasmonic and magnetic
materials, in a way that lets us tailor their dielectric function. We thereby realize metafluids whose
optical properties can be tuned and dynamically switched.

Fig. 1. Surface with chiral nanostructures (adapted from [1])
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Ultrafast nanoscopy: imaging structure, function, and dynamics of matter
on its natural length and times scales
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Abstract: I will present the advances in multimodal linear, nonlinear, and spatio-temporal nano-imaging for the
study of fundamental optical and plasmonic phenomena, coupled single molecule or quantum dynamics, with
unprecedented nanometer spatial and femtosecond resolution, sensitivity and precision [1-6]. To gain the
desired simultaneous nanometer spatial resolution with spectroscopic specificity and femtosecond temporal
resolution we combine plasmonic and optical antenna
concepts with ultrafast and shaped laser pulses to precisely
control optical excitation on femtosecond time and
nanometer length scales from the visible to THz spectral
range. In the implementation with scattering scanning nearfield microscopy (s-SNOM) or other tip-enhanced
microscopy modalities with nonlinear, ultrafast, and IR and
Raman vibrational spectroscopies, the resulting enhanced
and qualitatively new forms of light-matter interaction
enable deep-subwavelength spatially resolved imaging of
heterogeneities and nano-confinement as they define the
properties of most functional materials. I will present
several new concepts extending tip-enhanced spectroscopy
into the nonlinear and ultrafast regime for nano-scale
imaging and spectroscopy of surface molecules and nanoFig. 1. Nonlinear four-wave mixing nano-focused
solids. Examples include the adiabatic nano-focusing for
imaging of coherent plasmon dynamics with few
femtosecond and nanometer resolution [1]
nm-resolved imaging of the few-fs plasmon coherence [1]
(Fig. 1), ultrafast and nonlinear probing of structure and
dynamics in quantum materials [2-4], vibrational nano-imaging of molecular structure, coupling, and dynamics
down to the single molecule level [5,6] (Fig. 2), and the transition from classical to quantum plasmonic emitter
coupling and femtosecond control for electron wavepackets for ultrafast electron imaging and STM.

Fig. 2. Tip-enhanced/tip-scattering vibrational Raman and IR nano-spectroscopy and -imaging probing structure, order,
and dynamics in self-assembled monolayer (A), molecular electronic materials (B), and intra- and intermolecular
vibrational redistribution in single molecule spectral diffusion (C).
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Abstract- Classical wave systems such as photonic crystals and metamaterials can exhibit pseudospin physics.
The pseudospin in such systems gives rise to unique transport properties such as super-Klein tunneling. In
addition, the conventional Anderson localization picture needs to be revised for waves propagating in 1D
disordered systems carrying pseudospins. The localization length in such systems reaches a minimum value at a
critical random strength and any additional disorder beyond this critical strength only makes the waves less
localized.
Many of the novel properties of graphene can be described by a “massless Dirac equation” with a pseudospin of
½. The term “pseudospin” here refers to the two degrees of freedom given by the two atomic sites in a unit cell
of graphene's honeycomb lattice, not to the intrinsic spin of electron,.
The natural question to ask is then whether we can construct systems with a higher pseudospin. Previous work in
ultracold atom systems suggested that this is possible in some artificial lattices, and such systems can support
striking transport properties. However, ultracold atom systems usually demand extremely low temperature and
hence technically difficult to realize in experiments. We find that certain classical wave systems with special
dispersions near the zone center correspond to a pseudospin-1 system, which offers the opportunity to study the
pseudospin physics in classical wave systems with experimentally realizable materials and in room temperature.
Here, the pseudospin of 1 does not refer to the intrinsic spin of photons, but the three degrees of freedom of the
spatial wavefunction of photon near the Dirac-like point of the photonic crystal. Interesting properties of such
photonic pseudospin-1 system includes “super Klein tunneling” and “super-collimation”. While both “Klein
tunneling” and “collimation” are known effects for graphene (and pseudospin of ½ in general), these effects
become more robust and pronounced when the pseudospin becomes 1.
In addition, the conventional Anderson localization picture needs to be revised for waves propagating in 1D
disordered systems carrying pseudospins. In conventional disordered system, localization length decreases with
disorder. The localization length in psuedospin systems reaches a minimum value at a critical random strength
and any additional disorder beyond this critical strength only makes the waves less localized. More importantly,
for pseudospin-1 systems, there exists a sharp transition at the critical random strength which separates the
localization behavior into two distinct regimes with different localization characteristics. These novel
phenomena have never been seen before in ordinary disordered systems. The localization characteristics are also
depends strongly on the details of the disorder potential, which is again not seen in ordinary materials.
We will also compare the localization characteristics of systems carrying pseudospins 1and pseudospins of ½.

Making Structured Metal Transparent for Ultra-Broadband
Electromagnetic and Acoustic Waves
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Abstract- In this talk, I will present our recent studies on making structured metals transparency
for ultrabroadband electromagnetic waves and acoustic waves via surface excitations. First, I will
show the effect that periodic, quasiperiodic, and disordered metallic gratings can become
transparent and completely antireflective for extremely broadband electromagnetic waves at oblique
incidence. Further, we develop an approach to design oblique metal gratings that are transparent for
broadband electromagnetic waves (including optical waves and terahertz ones) with normal
incidence. Thirdly, we demonstrate that the principles of broadband transparency for structured
metals can be extended from one-dimensional metallic gratings to two-dimensional scenario.
Finally we point out that similar phenomena can be observed in sonic artificially metallic structures,
demonstrating transparency for broadband acoustic waves. With this series of studies we try to
provide guidelines to develop novel broadband metamaterials, which are promising for applications
of transparent conducting panels, antireflective conducting solar cells, broadband acoustic imaging
and sensing, etc.
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Abstract - We consider a plane harmonic wave propagating parallel to an interface between a
standard isotropic medium and an anisotropic metamaterial. It is proved analytically that part of the
wave power propagates into the anisotropic metamaterial. Reflection and transmission coefficients
are obtained.
An interesting behavior of a plane wave propagating parallel to an interface between isotropic and
anisotropic media has been considered in [1]. It has been shown analytically that a bulk wave is excited within
the anisotropic medium at grazing incidence. This phenomenon has been defined as the “penetration effect”. The
hypothesis about reflected wave propagation perpendicularly to an interface was also presented in [2] but this
problem has not been studied in detail.
Here we study a semi-infinite uniaxial anisotropic metamaterial described by the permittivity dyadic

(1)
and a scalar permeability

. Here

,

,

have negative values. It is assumed that the anisotropy axis is in

the plance of incidence. It is also assumed that a plane harmonic wave propagates parallel to the interface
between a standard isotropic medium, free space, and the anisotropic metamaterial. The geometry of the problem
is shown in Fig.1.

a)
b)
Fig.1. Geometry of the problem: a) for TE-wave, b) for TM-wave
After algebraic transformation we obtain the permittivity dyadic (1) in the xyz-system

(2)

which can be considered as a two-dimensional metamaterial. In the general case of a lossy medium, the
elements of (2) are complex.
We show that the plane wave propagating parallel to the interface can excite a bulk wave propagating under
an arbitrary angle within the anisotropic metamaterial. We found that the normal components of the wave vector
and the Poyting vector are non-zero.
To describe the reflected wave behavior one should take into account the fact that the tangential
components of the wavenumbers of incident, reflected, and refracted waves must be equal to each other and also
equal to wavenumber in the isotropic medium. The reflected wave can propagate along the interface or
perpendicular to it. Moreover the magnetic filed of the refracted wave has a tangential component for an
ordinary wave and electric field has a tangential component for an extraordinary wave. Therefore these
components must be also present in the reflected wave since they were not present in the incident wave.
Based on these considerations, we assume that a reflected linearly polarized wave should propagate
perpendicular to the interface between the isotropic and the anisotropic medium. The reflection and transmission
coefficients are obtained for this case.
For an ordinary wave the reflection coefficient is equal to zero (R=0) and the transmission coefficient is
equal to one (T=0). Thus the reflected wave is absent for this type of waves. The surface current at the interface
is also nil.
For an extraordinary wave the reflection and transmission coefficients are:

More interestingly, in this case the reflection and transmission coefficients do not depend on the frequency if
there is no frequency dispersion in the material parameters. Additionally a surface polarization change occures at the
interface. These changes are a result of molecular polarization caused by the electromagnetic field.
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Abstract Wearing Pt on Cu nanocubes to form the bimetallic nanocatalysts is demonstrated. By
heterogeneous coating of Pt, the ultimate rhombic dodecahedral core-frame nanostructures were
obtained. Turning the amount of Pt atoms, the frames evolved at the 100 corners to form the
vertex-stretching ones. The corresponding nanoframes could be obtained after removing the Cu
cores. The nanoframes showed superior performances in the ORR and the photoreduction of
4-nitrophenol , rendering them the cost-efficient alternatives for noble metal catalysts.
The noble metal Pt was successfully coated on the surfaces of the Cu nanocubes by virtue of efficient
thermal reduction. The reduced Pt atoms deposited on the Cu surfaces to form Cu-CuPt core-frame nanocrystals
The CuPt alloy frames were generated due to co-reduction of Pt(II) and residual Cu(I) ions in the supernatant of
Cu nanocube solution and the diffusion of Cu atoms at the core-shell interfaces. The alloying induced the {100}
face evolution on the Cu nanocubes and resulted in the rhombic dodecahedral (RD) shape to minimize the
crystal energy. Raising the added amount of Pt precursor, the vertices at the {100} corners of the RD core-frame
nanocrystals grew out as stretching tips in that sufficient reduced Pt atoms kept growing into the vertices. After
removing the Cu cores from the core-frame nanocrystals, the CuPt alloy nanoframes in regular and
vertex-stretching (V-S) RD shape were obtained and verified in the Pt/Cu ratios of 26/74 for the regular RD NFs,
and 41/59 for the V-S ones (Figure 1).

Figure 1. (a) Regular core-frame nanocrystals, (b) regular nanoframes, (c) vertex-stretching core-frame
nanocrystals, and (d) vertex-stretching nanoframes in rhombic dodecahedral shapes.
More importantly, abundant surface defects such as terraces and adatoms on both the NFs render them
highly active catalysts. In ORR, the V-S NFs showed very superior ECSA activity, 1.3 and 3 times high than
those of the regular NFs and the commercial Pt/C. However, it decayed after ADT for 1,200 cycles due to the
1

surface reconstruction on the defected stretching tips. The Pt mass activity of V-S NFs presented a lower value
than that of the regular NFs which indicated the higher content of Pt in the V-S structures. In reduction reactions
of 4-nitrophenol, both NFs displayed excellent activities than that of the commercial Pt NPs in dark. Furthermore,
their activities were improved at least 1.3 times high under irradiation of visible light, attributed to the effect of
SPR enhancement contributed by the nanophase Cu crystal domains in the Cu-rich skeletons.
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Here, we’ll show our simulation results on the electronic structure and optical gain of the
InAs!!! Bi! /InP pyramidal quantum dots (QDs). We have taken the valence band anticrossing (VBAC)
model into our calculation following our previous work of GaN! Bi! As!!!!! /GaAs QDs[1]. The
Hamiltonian of the QD is given by

⎛H
H = ⎜ 8×8
⎝ H 6×8
Where

H 8×6 ⎞
⎟
H 6×6 ⎠

(1)

H8×8 is the Kane Hamiltonian, H 6×6 is the Bi-state related Hamiltonian and the H8×6 is

the interaction between host material and Bi-states. The optical gain is obtained by
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All details of the theoretical model can be found in our previous paper [1]. The parameters in model are
taken from Refs [2],[3].
FIG.1 shows the variation of conduction band (CB), valence band (VB) and band gap energy with
the concentration of Bi and the height of QD. It is clearly shows that the band gap can be tuned less
than 400 meV which means that the wavelength of photon will exceed 3µm when the concentration of
Bi is more than 7% for the QD with height of 20 in unit of lattice constant. The VB increases obviously
when more Bi atoms are incorporated due to the VBAC effect. The CB decreases slowly as compared
with VB, resulting from the combination of strain effect and virtual crystal effect. Although the
compressive strain effect introduced by Bi drives the CB to go up, the virtual crystal effect drives the
CB to go down more quickly. Quantum size effect can be seen as the band gap decreases with the
increasing the height of the QDs.

FIG.1. The variety of CB, VB and Eg with
the Bi concentration and the height of QD.

FIG.2. Distribution of compositions for the
first six CBs, VBs of H12 QD with Bi of
1.6%.

FIG.2 shows the composition of the first six CBs and VBs. The majority of VB states are the HH
states and some Bi_HH states also are mixed.

FIG.3. The optical gain of the H12 QDs for different carrier densities and different Bi composition.
Here the D2_TE means that the carrier concentration is 2 X1018cm-3 for TE mode.

FIG.3 shows the optical gain of the QD for TE and TM modes with different carrier densities in
the unit of 10!" cm!! and different Bi concentration. The location of the primary peak is red-shift as
the concentration of Bi increases. The photon wavelength will exceed 2µm when the concentration of
Bi is larger than 3% for the H12 QD. For the sufficiently high carrier density, we obtain a secondary
peak in addition to the primary peak.
In summary, the Bi indeed decreases the band gap of the InAs!!! Bi! /InP pyramidal QDs and
thus may achieve the 2 and 3µm laser emission. This is important for 2 and 3µm laser devices. The
wavelength can be tuned by controlling the concentration of Bi.
W.J. Fan would like to thank the funding support from Singapore MOE AcRF Tier 1 RG182/14,
and RG176/16.
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Chirality, the property of an object to lack mirror symmetry and thus be able to exist in two nonsuperimposable mirror image forms, is a ubiquitous property in nature. Indeed, the building blocks of
life, amino acids and sugars are chiral, and this sense of handedness propagates in to the complex
structures of life. In this talk I will discuss how near fields with chiral asymmetries, generated by
light scattering from chiral nanostructures, can uniquely characterise higher order biological structure
which is invisible to conventional spectroscopy. I will demonstrate how the interaction of chiral
nanostructures and biomaterials can be understood using concepts from physical chemistry and
atomic and molecular physics; orbital hybridisation and quantum interference phenomenon such as
electromagnetic induced transparency (EIT).
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Abstract- Metal nanostructures can be designed to exhibit specific plasmonic resonances in their
optical reflectance spectra through the control of nanostructure material and geometry. This unique
spectral control and tunability is attractive for ultra-high resolution colour printing, or for producing
security elements for anti-counterfeiting. Their enhanced sensitivity can be combined with the
programmability of DNA to develop active plasmonic systems. Here, economical ways of making
high resolution colour prints and integrating lithographically-defined nanostructures on solid
substrates with DNA will be discussed.
Plasmonic nanostructures can support highly efficient, resonances within gaps or cavities [1-3]. The strong
dependence of this phenomenon on geometry and local environment has been exploited for nanoscale
manipulation of electromagnetic fields, allowing for extreme local field confinement and enhancement. By
lithographically defining nanostructures, one can tune their characteristic resonances to produce wide colour
tunability in the visible spectrum. Previously, we demonstrated an approach to ultra-high resolution colour
printing in arrays of dielectric pillars capped with a thin layer of metal [4-6]. Multiple layers of optical
information can also be encoded within the same area by employing different shapes and/or orientations of
nanostructures illuminated by orthogonally polarised light to elicit Surface-Plasmon-induced changes in the
colour spectra [6]. This unique spectral control and tunability is particularly attractive for applications such as
ultra-high resolution colour printing or for producing unique security elements in anti-counterfeiting
technologies.
The enhanced sensitivity afforded by plasmonic nanostructures can further be combined with the
programmability of DNA to develop new-generation DNA-based active plasmonic systems. Practical means for
active control of these nanoplasmonic systems will open up vast possibilities for downstream applications, such
as plasmonic-electronics and solid-state chemical and biological sensing, but has remained elusive. While DNA
has previously been shown to enable control over plasmonic resonances in nanoparticle-based systems, the lack
of means for precise spatial positioning of these nanoparticles presents challenges for systems integration and
readout. The use of programmable DNA to actively control the nanogap between nanoparticles and
lithographically defined nanostructures is a strategy that can potentially provide a sensitive plasmonic platform
for biomolecule detection as well as a means of dynamically controlling plasmonic colours. Here, I will discuss
results including economical ways of making high resolution colour prints, plasmonic pixels that can encode
dual images, and combining lithographically-defined nanostructures on solid substrates with DNA
programmability towards DNA-nanoplasmonic hybrid systems.
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Abstract
Controlling and understanding the assembly of colloidal nanoparticles remain a challenging issue
for optimizing magnetic-plasmonic devices for various applications including sensors, displays,
bio-imaging and therapy. A magnetic field is successfully utilized to induce the fabrication of
multidimensional structures composed of magnetite coated silver core/shell (Ag@Fe3O4)
particles, which exhibit intriguing optical properties. Also we report a proof-of-concept
experimental results using biocompatible FeSe QDs and femtosecond infrared laser, leading to
remarkable excitation-dependent photoluminescence in two-photon luminescence (2PL). An
effective and highly controlled dip-coating technique for fabrication of one-dimensional (1D)
structure of magnetoplasmonic particles on large-area surface is proposed by combining
electrostatic and magnetic dipole interactions. This technique is demonstrated to be a very
powerful approach to modulate optical properties of magnetoplasmonic particles. Moreover, a
magnetic-field assisted coating technique for fabrication of two-dimensional (2D) amorphous
photonic crystal (APC) film of the magnetoplasmonic particles on a filter membrane is proposed.
The magnetoplasmonic 2D APC exhibits strong dual reflected colors caused by structural
scattering and plasmon resonance scattering.
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Abstract- Current microscale tracking of chemical kinetics is limited to destructive ex-situ methods,
which are also unable to provide real-time reaction monitoring at a molecular level. In this talk, I
will discuss our group’s development using highly flexible plasmonic liquid marbles as pico-liter
analytical sensors. By using the ultrasensitive surface-enhanced Raman scattering (SERS)
capability imparted by the plasmonic shell of the Ag nanoparticles of the liquid marbles, the liquid
marbles are capable of quantitative examination of multiple analyte(s), even at trace level.
Simultaneous two-phase analyte detection at the interfacial of aqueous and organic solvents can
also be achieved using our marble. Recently, we extend the usage of our flexible liquid marbles as
picoreactor, which is also capable of providing in-situ identification of reaction dynamics in their
native reaction environment and at molecular level. One unique property of the liquid marbles is
that they can be submerged at liquid–liquid interface. We exploit the interfacial property to monitor
the interfacial reaction of dimethyl yellow (p-dimethylaminoazobenzene (DY)) across aqueous and
organic phases. Using this soft plasmonic platform, we have successfully resolved the presence of
two isomeric products with very similar physical properties, which would otherwise be
indiscernible by other analytical methods. Ultimately, our ability to precisely decipher
molecular-level reaction dynamics sketches new horizons to develop more efficient processes in
synthetic chemistry and nanotechnology.
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Abstract- The ultrafast optical responses of two types of hybrid nanomaterials are described. The
first is the ultrafast hot electron response of plasmonic gap mode metamaterial nanostructures, in
which two plasmonic nanostructures are separated by a thin layer of semiconducting or insulating
material, with impact on understanding and using energetic electrons. The second describes
ultrafast exciton generation and migration in porphyrin-based self-assembled biomimetic
nanomaterials, with ramifications for optical light harvesting in self-healing structures.
In this talk I will describe the ultrafast optical responses of two types of hybrid nanomaterials. For the first
topic, optically excited plasmonic nanostructures can produce energetic, hot electrons before thermalization that
are of great interest for driving new photophysical or photochemical processes. However, new approaches are
needed to generate hot electrons with higher efficiency and to easily detect them optically. It is also important to
understand their decay processes in order to better harness extremely energetic hot electrons for applications
before losing energy to thermalization. I describe our advances in this area using gap-mode plasmonic
metamaterials that incorporate atomic layer deposition of semiconductor or insulating materials to precisely
control the gap distance in the hybrid structures.[1] The gap modes create unusually high electromagnetic fields
that are efficient at creating energetic electrons. New approaches to spectroscopically recognize the presence of
hot electrons as well as to model the kinetics of hot electron decay are described.
Second, I describe the study of porphyrin-based biomimetic hybrid nanostructures that self assemble into
structures capable of supporting exciton migration and excitonic light harvesting behavior. The ultrafast transient
optical absorption and emission responses are monitored in order to characterize exciton migration. The
importance of the environmental structural response in realizing efficient and long-range exciton transport is
described. Sensitization of the porphyrin-based system with excitonic nanostructures to utilize a broader portion
of the solar spectrum is also found to significantly enhance the yield of mobile excitons. The ability of these
structures to operate as light harvesters with self-healing properties is evaluated.
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Abstract-Refractory titanium nitride (TiN) is an emerging alternative plasmonic material with
resonances in the visible and near-infrared. Its exceptional stability in corrosive chemical
environment and its durability at high temperature enable the use of TiN for a wide range of solar
energy conversion applications. We will present our recent results on the use of plasmonic TiN for
photocatalysis, solar/thermophotovoltaics, and our progress on the large-scale fabrication of
refractory plasmonic nanostructures.
The use of plasmonic nanostructures in solar energy conversion has recently attracted great attention.[1,2]
Recent demonstrations have been mainly limited to nanostructures made of gold and silver. While they show
excellent optical properties for plasmonic applications, major issues are related to their high cost, poor chemical
(Ag) and thermal stability (Au, Ag). Aluminum is an alternative plasmonic material that provides high optical
performance at low cost [3] Nevertheless, its low melting point (around 300-400°C for nanostructures) and its
poor chemical stability under alkaline conditions preclude Al from operating under either thermal or chemical
harsh conditions.
On the contrary, transition metal nitrides such as titanium nitride (TiN) and zirconium nitride (ZrN) exhibit
optical properties similar to Au and can be utilized as plasmonic materials in the visible and near-infrared
regions. [4] Combining refractory material properties with plasmonic properties, transition metal nitrides offer a
unique solution to material-related problems in applications where high temperature durability and/or chemical
stability are needed. We will present the use of colloidal plasmonic nanoparticles of TiN in solar water splitting,
lithographically-patterned TiN metamaterials for solar/thermophotovoltaics (STPV), and a newly-developed
approach for the large-area fabrication of plasmonic TiN nanostructures.
In particular, we will present our recent results on superior photocurrent generation for solar water splitting
by using TiN nanoparticles (NPs) on TiO2 nanowires (NWs) as compared to using gold (Figure 1a). Through a
combined experimental and theoretical approach, we will show that the superior performance of TiN is due to
the broadband hot electron generation and improved electrical junction at the metal-semiconductor interface.[5]
The design and implementation of refractory TiN metamaterials for STPV applications will be also discussed.
This technology requires extremely high temperatures and suffers from material thermal stability. Refractory
TiN metamaterials can be a solution to this limitation. Recent results on TiN nanostructures for broadband
absorption and selective emission for STPV will be discussed.[6] The schematic of our design and a comparison
on the thermal stability of TiN over Au are shown in Figure 1b. Finally, our recent results on large-scale
fabrication of refractory plasmonic nanostructures will be discussed.[7] Figure 1c shows the morphology
plasmonic resonances of tilted TiN NWs obtained by using a TiO2 NWs array precursor deposited through

glancing angle deposition. We will also show that plasmonic TiN can be obtained after nitridation of TiO2
nanoparticles, lithographically-patterned TiO2 and more complex TiO2 nanostructures highlighting the potential
of this approach, not only for solar energy applications, but also for lasing and flat nanophotonics.
Our results show that plasmonic TiN enable enhanced performance for solar energy conversion holding
promise for its implementation in stable and cost-effective devices.

Figures 1: (a) Increased plasmon-enhanced water splitting in TiN/TiO2 over Au/TiO2 (upper plot) due to a
broadband hot electron generation of plasmonic TiN nanoparticles (NPs) (lower plot).(25) (c) A plasmonic TiN
metamaterial for solar/thermophotovoltaics. TiN survives at both high temperatures and more intense light
illumination than Au. (c) Large-scale fabrication of novel plasmonic TiN nanostructures from TiO2 nitridation.
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Abstract- Metallic nanoparticles, dielectric nanoparticles and metal-dielectric hybrid dimers have
been investigated for fluorescence enhancement. Results show that the metallic nanoparticles have
better fluorescence enhancement in high-index media (e.g. water), whereas the dielectric
nanoparticles have higher fluorescence enhancement in low-index media (e.g. air). The hybrid
dimers show 40% higher electric field enhancement comparing with dielectric dimers and 30%
lower loss comparing with metallic dimers, yielding a fluorescence enhancement 30% higher than
that of the pure dielectric dimers.
Fluorescence is a wide spread optical technique for the detection of molecular analytes in chemistry, biology
and medicine1. The optical signal from a single fluorophore is generally weak, limiting the sensitivity. Metallic
nanoparticles have been proved to be a versatile platform in fluorescence enhancement due to surface plasmon
resonance. Up to date, over three-order fluorescence enhancement by the metallic nanoparticles has been
achieved. However, the metallic nanoparticles suffer from parasitic losses, decreasing the quantum yields and
resulting in the quenching of the fluorophores when they close to the metal surface. As an alternative, high
permittivity dielectric nanoparticles are recently proposed to enhance the fluorescence. They can also generate
the field enhancement near the nanoparticles although the physical mechanism is different. The lossless nature of
dielectric material does not compromise the fluorescence quantum yield. The question is which are better,
metallic or deictic nanoparticles? A dimer nanoantenna has demonstrated unprecedented capabilities to confine
light into deep-subwavelength regime2, which is promising for a variety of emerging applications. To
simultaneously satisfy the growing demand in both high electric field enhancement and low loss features, a
natural way is to construct a metal-dielectric hybrid dimer that automatically integrates the advantages of both
platforms.
We will first present a comprehensive evaluation on the capabilities and applicability of the mettalic and
dielectric nanoparticles in the fluorescence enhancement, including the different physical mechanisms of the
fluorescence enhancement by the two material platforms, the investigation of the nanoparticle enhancement for
different fluorophores in both air and water media, and a fair comparison between the respective optimized
situations where the resonance wavelengths of both dielectric and plasmonic nanoparticles are shifted to the
same. The results show that the metallic nanoparticles have better fluorescence enhancement in the higher index
medium (e.g. water), whereas the dielectric nanoparticles have higher fluorescence enhancement in the lower

index medium (e.g. air)3.
Then we integrate the metallic and dielectric nanoparticles to enhance the fluorescence with hybrid dimers.
When the hybrid dimer under plane wave excitation, we discovered that the coupling between metal plasmonic
mode and dielectric electric-dipole-mode creates a hybridized mode due to the direct electric-electric
dipole-dipole interaction between the nanoparticles. Between the plasmonic mode and dielectric
magnetic-dipole-mode, there is no direct but indirect coupling, which happens between the primary resonances
excited by the incident light and the secondary resonances induced by the primary resonances. When the hybrid
dimer is radiated by a quantum emitter, we found that the electric/magnetic dipole selectively excites the
electric/magnetic (magnetic/electric) resonances of the dimer when the emitter orients parallel (perpendicular) to
the dimer axis.
By placing fluorescence dyes to the low loss dielectric side of the hybrid dimer, 40% higher electric field
enhancement comparing the dielectric dimer and 30% lower loss comparing with the metallic dimer can be
simultaneously achieved, yielding a fluorescence enhancement 30% higher than that of the pure dielectric dimer.
On top of that, the hybrid dimer directs 20% more radiation towards the dielectric side due to its unique
asymmetrical structure (e.g. permittivity and size contrast between the constituent nanoparticles), thereby
significantly enhancing the antenna directivity.
Our studies show that both metal and dielectric have their own advantages, and the hybrid dimer possesses
the potential to be an optical antenna simultaneously achieving high field enhancement, low loss and good
directivity features. The fundamental coupling mechanism between metallic and dielectric nanoparticles can also
be extended to other structures, paving the way in the design of complex hybrid systems.
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Abstract Blinking of surface-enhanced Raman scattering (SERS) and surface-enhanced
fluorescence (SEF) from the same silver nanoaggregate with poly-L-lysine or thiacarbocyanine
were simultaneously observed at different wavelengths. Intensities of the SERS were plotted
against those of the SEF at the same times. The SERS of poly-L-lysine was emitted while no SEF
of silver atomic cluster on the silver surface was observed. This result suggests single molecule
detection. We compared the blinking statistics of poly-L-lysine to that of the dye molecules.
SERS and SEF can be applied a sensitive measurement enough to detect a single molecule adsorbed on a
noble metal, because enhanced electromagnetic (EM) field is induced at a junction of the metal nanoaggregate
by excitation light via localized surface plasmon resonance (LSPR). At single molecule level, blinking is
observed. It has disturbed an application of SERS and SEF in terms of a reproducibility of the spectra and a
tracking of the emitter. It is thought that the blinking is induced by the molecule goes in and out of the enhanced
EM field. However, there is a possibility that the reason of the blinking is fluctuation of the EM field.
We observed blinking SERS and SEF from silver nanoaggregate with poly-L-lysine or thiacarbocyanine.
The silver nanoaggregate were dispersed on glass slide by spin coating and then were excited by using a
diode-pumped solid-state laser beam (λ = 532 nm). The signal were collected with an objective lens of an
inverted microscope and was split into a short and long wavelength area through W-VIEW Gemini (Hamamatsu)
in which a dichroic mirror and band-pass filters were inserted. Then, the video was taken by an inverted
microscope coupled with a cooled digital CCD camera (ORCA-AG, Hamamatsu).
For poly-L-lysine, intensities of the signal in the short wavelength area were plotted against those in the long
wavelength area at the same times as shown in Fig. 1. They express “L”-shaped distribution; namely, the SERS
was emitted while no SEF was observed. In the spectrum of poly-L-lysine, the SERS peaks are attributed to
poly-L-lysine, while the broad band in the long wavelength area is assigned to fluorescence due to emissive
silver atomic cluster, which formed by photo reduction of silver oxide on the nanoaggregate [1]. Thus, when
poly-L-lysine goes into the junction of the nanoaggregate, the silver atomic cluster cannot enter the EM field. It
is noted that the result suggests single molecular detection.
Also for thiacarbocyanine, the intensities of the signal in the short wavelength area were plotted against
those in the long wavelength area at the same times. They express “/”-shaped distribution. Thus, the SERS was
emitted while the SEF was observed, because the SERS and SEF in the spectrum originate from the same dye
molecule. In the case of the dye molecules formed J-aggregate, the variances of the plotted intensities of SERS
against those of SEF are different from those for the dye formed H-aggregate. The result may be due to different
adsorption between the dye molecules formed J- and H-aggregate [2], because the intensities of SERS and SEF
are influenced by distance from the metal surface; the latter is quenched by an energy transfer to the surface.

In a similar way of the previous our studies [3], statistics of the blinking SERS and SEF were analyzed by a
truncated power law. The probability distributions for duration of the bright and dark event against the duration
Pon/off(t) are fitted by

Pon (t) = At

α on

(1)

and

Poff (t) = Bt

α off

exp(−t / τ ) ,

(2)

where αon/off is the power law exponent for bright/dark events, respectively, and τ is the truncation time. These
parameters for the blinking SERS were plotted against those for the blinking SEF from the same nanoaggregates.
For the dye formed J-aggregate, the power law exponents, which are influenced by a random walk model of the
molecule on the metal surface, for the SERS were derived to be more various values than those for the SEF. On
the other hand, the opposite trend was shown for the dye formed H-aggregate. The truncation times for the SERS
of poly-L-lysine are longer than those for the SEF, while those for the SERS of thiacarbocyanine molecules are
shorter than those for the SEF. In the present case, the truncation time is affected not by a speed of the molecule,
but by an energy barrier from the dark state to the bright state of SERS and SEF, which are different in the
enhancement process.

Fig. 1 Signal intensities observed simultaneously in the short and long wavelength area from the same
blinking spot.
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Abstract-We report a generalized theory for the Foerster-type nonradiative energy transfer (NRET),
which includes the derivation of the effective dielectric function due to the donor in different
confinement geometries and the derivation of transfer rates distance dependencies due to the
acceptor in different confinement geometries, including mixed dimensionality in arrays. These
accounts for the transfer rates in all possible combinations of different confinement geometries and
assembly architectures. Thus, we obtain a unified picture of NRET in assembled nanostructures
arrays.
To obtain the confinement effects of the dielectric function on the Förster-type nonradiative energy transfer
(NRET), the effective dielectric function, in the long distance approximation, for the spherical geometry
(Nanoparticle (NP) case), cylindrical geometry (Nanowire (NW) case) and planar geometry (Quantum well (QW)
case) were obtained (Table 1) by calculating the electric potential for these geometries.
α-direction
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X

ε eff =

Y

ε eff =

Z

ε eff =

NW

ε NP + 2ε 0
D

3
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D
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D
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2

ε eff = ε 0
ε eff =
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ε eff = ε 0
ε eff = ε 0
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Table 1. Effective Dielectric Function Summary: Effective dielectric constant expressions for the cases of
NP, NW and QW in the long distance approximation.
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The NRET rate was calculating using equation (1)
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where the integration is taken over the acceptor volume,

(1)

ε A (ω ) is the dielectric function of the acceptor,

and Ein ( r ) includes the effective electric field created by an exciton at the donor side. The average NRET rate
(at room temperature) is calculated as

γ trans =
where γ α ,trans is the transfer rate for the α-exciton

γ x,trans + γ y ,trans + γ z ,trans
3

(2)

(α = x, y, z ) . We found that the energy transfer rate is
γ trans ∝

1
dn

(3)

where n = 6, 5, 4 and 3 for 3D confinement (QD case), 2D confinement (NW case), 1D confinement (QW case)
and 0D confinement (bulk case), respectively.
In conclusion, we present a complete picture and unified understanding of the nonradiative energy transfer
for nanostructures of mixed dimensionality and in assembled nanostructures arrays. We obtain the analytical
expressions for the energy transfer rate in the long distance approximation. Our findings show that the acceptor
quantum confinement dimension sets the generic NRET distance dependence and the donor geometry dimension
modifies the effective dielectric function. This generic distance dependence can be remodified by arraying
(stacking) the nanostructures. Therefore, the functional distance dependency of the NRET rate is determined by
the quantum confinement as well as array stacking dimensionality of the acceptor. The NRET results obtained in
this work can be used to design and optimize new solid-state devices for high efficiency light generation and
harvesting. The formalism developed here is convenient to estimate the NRET rates in experimental studies
involving assembled nanostructure arrays.
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Abstract- In-situ electrochemical surface enhanced Raman scattering measurements were
performed for the investigation of the isotopic effect for the hydrogen evolution reactions. Using
various mixed ratio of H2O and D2O, curious behavior for the heavy water was observed depending
on the electrode potential. Through the analysis of the obtained SERS spectra, it was revealed that
the highly ordered structures of water molecules formed at the surface of the electrode during
hydrogen evolution process.
The strong optical field is generated by the excitation of the localized surface plasmon resonance (LSPR)
under the light illumination onto plasmon active nano-metal structures.1 It is well known that the generated
strong optical field leads several interesting phenomena such as chemical reactions or surface-enhanced Raman
Scattering (SERS). SERS is a very useful tool for observing a small number of molecules in the progress of the
electrochemical reactions with ultra-high sensitivity.2 Up to date, several groups have been focusing on the water
molecule behavior during electrochemical hydrogen evolution reactions using electrochemical SERS
measurements. In their great efforts, it was found that SERS intensity depends on the metal species, electrode
potentials, and the supporting electrolyte species.3 Although various studies have been reported, there is a still
room for discussion, such as scattering enhancement mechanism.
Hydrogen evolution reactions (HER) is the one of the well examined electrochemical reactions. Especially
for the case of the HER in the mixed solution of H2O and D2O, the ratio for the generated H2 and D2 depends on
the over potential, the mixed ratio, or solution temperature. Although, various examinations have been carried
out, at the present stage, the specific factor for the control of the isotopic effect for HER is still unclear. In this
study, we have investigated the isotopic effect for HER process via
in-situ electrochemical SERS measurements. Through the use of
various mixed ratios and electrode potential, several new and
curious phenomena were observed.
The silver and gold wire electrode were used for SERS
measurements. Before SERS measurements, two oxidation
reduction cycle (ORC) procedures were performed in order to
obtain the atomically roughened surface. Electrochemical SERS
measurements were conducted with the electrochemical three
electrode cell as shown in Fig. 1. The electrolyte solution was 0.1
M Na2SO4 aq. which was halide free solutions. All electrochemical
Fig.1 Schematic illustration for in-situ
Raman spectra from the surface of roughened metal electrodes electrochemical SERS measurement system.

were obtained by the inverse Raman microscope. The excitation
wavelength for acquiring spectra were 514 (2.41 eV) and 785 (1.58
eV) nm.
SERS spectra obtained from the mixed solutions of H2O and D2O
on Ag electrode surface were shown in Fig. 2. The excitation
wavelength was 514 nm. The broad bands at around 500 and 3400
(2400) cm−1 are assigned to the libration and OH (OD) stretching
mode (σ(OH)). The representative Raman band for SERS of water is
the sharp band at 1600 (1400) cm−1 corresponding to the OH (OD)
bending mode (δ(OH)) which appears in only HER over potential
region. It should be mentioned that the scattering intensities for water/
deuterium band becomes relatively weak with the case for Au
electrode or λex = 785 nm. Apparently, the scattering intensity
becomes stronger as the negative potential polarization. This behavior
can be explained by the charge transfer effect to induce effective
resonance of the scattering. Generally, the scattering intensity of each
Raman band reflects the composition of the bulk solutions. However,
in the present case, the scattering intensity for σ(OH) ignores the
mixed ratio of the bulk solution. From this result, it can be said that
the composition of the bulk solution drastically changed at the
localized position during the process for HER. In addition to this
result, we have observed the various highly ordered structures of
deuterium oxide during the HER process. Through the all attempts,
we have confirmed that the very unique behavior of the deuterium
oxide at the strong optical field during HER process. The present
results would be the key for understanding the principle of the
isotopic effect on HER.

Fig. 2 In-situ electrochemical SERS spectra
obtained from mixed solution. The ratio of
H2O and D2O was 1 to 10. The electrode
potential was scanned from −1.0 to −2.0 V vs.
Ag/AgCl from bottom to top. The electrode
and excitation wavelength were Ag and λex =
514 nm, respectively.
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Abstract-We studied the coupling of single quantum dots and a metal nanowire. By exciting a
single quantum dot, single surface plasmons are generated in the nanowire with the quantum
efficiency dependent on the distance between the quantum dot and the nanowire. The single
quantum dots can also be excited by the propagating surface plasmons in the nanowire. We
demonstrate the selective excitation of two quantum dots within diffraction-limited area by
modulating the electric field using the interference of surface plasmons.
Benefiting from the subwavelength confinement feature of surface plasmons (SPs), plasmonic waveguides
can perform the function of optical fibers at the deep subwavelength scale and construct plasmonic devices for
nanophotonic circuitry. Metal nanowires (NWs) can support multiple SP modes, which are the physical origins
of various phenomena for the propagating SPs in the NWs. The electric field confinement and propagation of the
SPs also make metal NWs attractive for investigating light–matter interactions in NW-emitter coupled systems.
The coupling of single quantum emitters and a metal NW generates single SPs propagating in the NW, opening
the prospects of using quantum optical techniques to control single SPs and designing novel quantum plasmonic
devices.
We studied the exciton-plasmon interaction in the coupled system of single quantum dots (QDs) and a silver
nanowire [1, 2]. The decay rates of all the exciton recombination channels were experimentally obtained. Thus
we obtained the quantum efficiency of single QD exciting single SP. By using Al2O3 film of different thickness
to control the QD-NW separation, we revealed the distance dependence of the exciton decay rates and the SP
quantum yield. We also show that the intensity and lifetime of the QD emission can be modified by creating a
nanogap between the silver NW and a silver nanoparticle with the QD located in the nanogap. Moreover, the QD
on the NW can be excited by the propagating SPs, enabling a remote excitation technique. By using the
interference of SPs to modulate the electric field on the NW, we demonstrate the selective excitation of two QDs
within diffraction-limited area.
Acknowledgements This work was supported by the Ministry of Science and Technology of China (Grant
No. 2015CB932400), the National Natural Science Foundation of China (Grant Nos. 11422436 and 11374012),
and the New Star of Science and Technology Program of Beijing Municipal Science and Technology
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Abstract- Silicon waveguides functionalized with non-linear organic cladding material are a
versatile integrated platform to provide long-range interaction of high-intensity confined light with
non-linear material. Here, we show that such waveguides can be utilized for high efficiency,
integrated and compact THz sources based on non-linear frequency mixing. Light-matter
interaction in these systems is modelled and optimized by analytical and numerical means.
THz science is a rapidly growing filed with applications in information and communications technology,
biology and medical sciences, non-destructive evaluation and quality control, security, environmental monitoring
and more [1,2]. Despite the recent progress in the field, it still remains challenge to produce continuous wave
THz radiation with integrated, compact, room-temperature stable and tunable devices [3].

Figure 1. (a) folded silicon waveguide covered with non-linear material (green) and a half-spherical
high-index THz lens. Two inclined THz beams are emitted from the device. (b) Mode profile of an optical
TM-mode at NIR Frequency in a silicon waveguide covered with organic non-linear cladding material. A large
percentage of the optical field intensity is confined in the non-linear material leading to strong light-matter
interaction.

Here, we present concept for high- efficiency integrated THz sources. The concept is based on non-linear
frequency mixing of two near infrared (NIR) modes guided in the same silicon waveguide that is cladded with
non-linear organic polymers. Such materials can be well combined the with silicon photonic platform [4]. In the
non-linear cladding material, evanescent fields of the two (NIR) modes mix and produce the difference
frequency which can be tuned to any deliberate frequency in the THz range.
A high-index half-spherical THz lens is for phase matching in a Cherenkov scheme (cf. Fig. 1 (a)). Compact
devices can be obtained by folding waveguides into a meander line structure. Due to the large refractive index
contrast, silicon waveguides strongly confine light with low optical loss which can be exploited to realize a long
interaction length of high-intensity light with the non-linear cladding material (cf. Fig. 1 (b)).
The non-linear conversion efficiency, besides phase matching considerations and the intensity of the input
light, is governed by the optical environment of the polarization sources at THz frequencies - an effect that is
often referred to as Purcell effect. Employing numerical [5] and analytical tools we show that the emitted THz
power can be increased as a result of the Purcell effect by appropriately choosing the refractive index of the
coupling material and the dispersion of the optical waveguides. We find that a THz output power in the order of
1µW (CW) can be obtained as a consequence of the long interaction length provided by the low-loss silicon
waveguide and the engineered Purcell effect in the system.
Acknowledgements: We gratefully acknowledge support from CST, Darmstadt, Germany with their
MICROWAVE STUDIO software.
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Junying Zhang
Department of Phyiscs, Beihang University, Beijing 100191, China
e-mail:zjy@buaa.edu.cn
The photocatalytic activity of La2Ti2O7 (LTO) is limited by the large band gap
and poor electron mobility. These problems can be conquered by hybridization with
materials with visible-near infrared (vis-NIR) light absorption and high charge carrier
transport. Firstly, we synthesized a 2D composite with g-C3N4 nanosheets and
nitrogen doped LTO nanosheets (NLTO). The composite exhibited high photocatalytic
activities for H2 production under UV and visible light irradiation [1]. Secondly,
Au/LTO was composited with black phosphorus (BP). The broad absorption of BP
and plasmonic Au contribute to the enhanced photocatalytic H2 production in the
visible and NIR light regions [2].
LTO nanosteps (NSP) with successive surface heterojunctions were synthesized,
which have high photocatalytic hydrogen generation performance. The LTO NSP
uniformly packed with MoS2 shell exhibited further improved activity and good
stability. Moreover, UV to NIR light induced photocatalytic water reduction was
achieved by introducing plasmonic Au nanorods to LTO NSP.
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Macroscale ultrasharp nanocone metamaterials – optical properties
and applications
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Abstract-Self-assembled hyperbolic metamaterials comprised of gold nanorod arrays deposited via
anodic aluminium oxide templates have received significant attention due to the broad tunability of
the optical properties due to the template geometry and the scalable fabrication approach. In this
work we describe a method to create ultrasharp nanocone arrays using the broad beam argon ion
milling of gold nanorod metamaterials. Such materials support localized plasmonic resonances
characterized by strong electromagnetic field enhancement at the cone apex.
Plasmonic metamaterials fabricated using bottom-up approaches are inherently scalable and inexpensive.
Template based fabrication benefits from low size dispersity and the ability to finely tune the dimensions of the
porous structure over a wide range (inter-rod separation 55–100 nm, diameter>9 nm and thickness from 20–500
nm).1 This flexibility enables the production of large area arrays of metallic nanorods with user specified
dimensions providing designer optical properties.1 The spectral position of the dipolar plasmonic resonances in
such arrays depend both on the geometry of the individual nanorods but also on their separation; the
electromagnetic coupling between adjacent rods modifies the field intensity distribution which reaches a
maximum between the rods.2 Due to their high refractive index sensitivity these materials have been used as
optical sensors for biological molecules3, ultrasound4 and hydrogen5 and the ability to engineer all-optical
control of their optical properties makes these suitable candidates for ultrafast active devices.2

Figure 1: SEM images of (a) Nanorods having a diameter of 45 nm and separation of 90 nm after the
removal of the alumina matrix and (b) Nanocone metamaterial formed from (a) after oblique incidence argon ion
milling. (c) Extinction spectra of the nanocone metamaterial acquired with TM polarized light at various angles
of incidence (legend).
In this paper we present a new type of optical metamaterial based on large area arrays of ultrasharp

nanocones. Notwithstanding the scalable fabrication process, such nanostructuring provides an extra degree of
freedom to tailor the optical properties of the arrays, which support localized plasmonic resonances that can be
tuned in wavelength, by varying the nanocone geometry, and that exhibit high electromagnetic field
enhancement at the cone apex. Here we will describe the fabrication process and optical properties of these
materials, highlighting the spectral tunability of the resonances and the achievable field enhancement.
Prospects for the use of these novel metamaterials in nonlinear and reactive devices will be elaborated.
Acknowledgements, A. Zayats and W. Dickson would like to note that this work was partly funded by the
EPSRC EP/M013812/1.
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Abstract-Plasmonic photocatalysts are widely popular as they permit an efficient utilization of the
solar spectrum in photocatalysis. However, they usually require a noble metal component, which
precludes a large scale deployment of such devices. We present here two strategies to increase their
activity, and thus to reduce the amount of noble metal.
Semiconducting metal oxides, such as TiO2, form an important class of photocatalsyts, as they are widely
available at low cost, they are quite stable, but they are usually only active in the ultraviolet (UV) and lower
wavelength part of the solar spectrum. Plasmonic photocatalysts constituted of metal nanoparticles exhibiting
surface plasmon resonance (SPR) and a semiconducting metal oxide have been extensively investigated, because
they can extend the activity of the photocatalyst to higher wavelength illumination. However, from an economic
point of view, the large-scale use of such photocatalysts will be curtailed by the prohibitive cost and availability
of noble metals. We propose here two strategies to reduce the amount of such metals.

Figure 1. A. Hydrogen evolution from a TiO2 sphere of increasing diameter (60, 200 and 400 nm) decorated with one
Au nanoparticle (d = 60 nm).1 The inset shows the WGM induced EM field (mode 4) within a 400 nm TiO2 sphere. B.
Hydrogen evolution from a plasmonic Au-TiO2 photocatalyst decorated with carbon, for various arrangements of C, Au
and TiO2.2 All experiments are performed with the same amount of Au, TiO2 and C, under the same conditions.

In the first one, we demonstrate that the activity of the photocatalyst can be tuned by exploiting whispering
gallery mode (WGM) resonances expressed within the semiconductor (Fig. 1a). Using the right size and
architecture combination for TiO2 and Au nanoparticles, the activity of the photocatalyst can be enhanced by a
factor of fourty. The role of these WGM resonances is to enhance the absorption and interfacial field of the
plasmonic Au NPs in Au−TiO2 hybrids. Thus, by exploiting the combination of WGM resonances and SPR, one

can easily construct photocatalysts that are active in a broad spectral range, for example, from 400 up to 800 nm
and further.
In the second one, we demonstrate that carbon can play a synergestic role in the development of the
photocatalytic activity of an Au-TiO2 composite plasmonic photocatalyst (Fig. 1b). We prepared three
TiO2-C-Au structures with different Au and C arrangements, but keeping the same amount of each component.
Remarkably, the activity of the photocatalyst is not only highly dependent of on the architecture of the catalyst,
but also on the type of reaction investigated. Photocatalytic degradation of dyes, PEC and IPCE measurements
all point toward the fact that a sandwich structure, whereby Au is sandwiched between graphene leaflets at the
surface of TiO2, gives the highest activity. However, for hydrogen production, the TiO2@C-Au catalyst exhibits
an activity which is five times greater than TiO2@C, indicating a synergistic action of plasmonic Au NPs and
graphene. Thus, although the presence of carbon can result in a significant increase of the activity of the catalyst,
this increase can only be achieved if the spatial arrangement of the Au and C on TiO2 is finely controlled.
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Abstract-We demonstrated that the localized surface plasmon resonances of a gold sphere can be
excited by the extended surface plasmon of a silver thin film. The finite-difference time domain
simulations have shown that the electromagnetic field enhancement in this configuration can be up
to three orders higher than direct plane wave excitation. This huge enhancement has also been
observed in surface-enhanced fluorescence and surface-enhanced Raman spectroscopy. These
results show high potential for enhanced spectroscopic sensing and other optoelectronic application.
Excitation of localized surface plasmons (LSPs) of metal nanoparticles (NPs) residing on a flat metal film
has attracted great attentions recently due to the enhanced electromagnetic (EM) fields found to be higher than
the case of NPs on a dielectric substrate. In the present work, it is shown that even much higher enhancement of
EM fields is obtained by exciting the LSPs through extended surface plasmons (ESPs) generated at the metallic
film surface using the Kretschmann-Raether configuration. We show that the largest EM field enhancement and
the highest surface-enhanced fluorescence intensity are obtained when the incidence angle is the ESP resonance
angle of the underlying metal film. The finite-difference time-domain simulations indicate that excitation of
LSPs using ESPs can generate 1-3 orders higher EM field intensity than direct excitation of the LSPs using
incidence from free space. The ultrahigh enhancement is attributed to the strong confinement of the ESP waves
in the vertical direction. With this unique configuration, we also found that an array of particles shows a critical
importance of the inter-particle gap on the enhancement factor, which was confirmed experimentally using
surface-enhanced Raman scattering (SERS). A monomolecular layer of 4-Aminothiophenol sandwiched in
between the silver film and the gold nanoparticles showed SERS enhancement factor of the order of 1010 per
molecule in the hotspots. It is demonstrated that the ultra-high SERS enhancement does occur only when the
ESP is coupled to the LSP at an optimized inter-particle gap. Further, highly sensitive detection of glycerol in
ethanol is demonstrated using the optimum structure with detection limit of the order of 10-12 to the weight
percentage of ethanol, which is equivalent to a few molecules detection. This ultrahigh enhancement is useful in
realizing various highly sensitive biosensors when strong enhancement is required as well as in highly efficient
optoelectronic and energy devices.
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Abstract-We propose a full time-dynamical and space-dependent theoretical description of the
optical response of plasmonic nanoparticles coupled to gain (active medium) in two geometries
homogeneous spheres immersed in a gain medium, and gain core-metal shell nanoparticles. We are
able to calculate the lasing threshold and the initial stages of the lasing instability, and for the latter
geometry, we solve the long-term dynamics which we show to be only dipolar, calculating the
emission width of the nanolaser as well as exploring other relevant features of the system.
We here explore the features of nanolasers using, for the first time, a time-dependent model, which
integrates a quantum formalism to describe the gain and a classical treatment for the metal. Our model also fully
takes into account the influence of the system geometry (shape of the plasmonic resonator).
We start with studying the case of a homogeneous, metallic, spherical nanoparticle immersed in an active
medium (gain) using a fully multipolar approach [1,2]. We calculate the lasing threshold value for all multipoles
of tthe spaser, as well as the onset of the lasing instability, in the linear dipolar regime, with and without external
field forcing. We also calculate the behaviour of the system below the lasing threshold, with the external field,
demonstrating the existence of an amplification regime where the nanoparticle’s plasmon is strongly enhanced
but stable: this corresponds to partial loss compensation. Figure 1 shows the initial temporal evolution of the
dipolar moment of the nanoparticle, in a stable case (below the threshold), displaying plasmon amplification, and
in the unstable case, above threshold. Finally, for later, non-linear stages of the dynamics and the approach to the
steady-state of the spaser; in particular, it is shown that, for the considered geometry, the spasing is necessarily
multi-modal, i.e., multipolar modes are always activated, irrespective of how small the nanoparticle is with
respect to the wavelength [2].

Figure 1. (a) Amplification regime below
threshold: the dipole moment converges
to a stable state with values which are
greater in absolute value than those
observed when the pump is off (t < 0). (b)
Unstable lasing state, obtained above
threshold.

We then move on [3] to a geometry closer to actual experiments and practical applications: a nanoparticle
containing an active core and a plasmonic shell. It can be demonstrated that, in this case, the emission is
mono-modal with only the dipolar mode activated. We then study the lasing threshold as well as the rise of the
instability when gain values exceed it. For later times, however, significant differences appear with respect to the
previous case, the most prominent one being that higher-order modes are never activated. We then solve the full
time dynamics and look for non-linear, long-term states which are dominated by the interplay the nanolaser
emission and the depletion of the population inversion in the active medium, which will then limit the growth of
the laser. This leads in most cases to stationary states, which are reached via damped oscillations on the emission.
We sometimes also observe, in restricted areas of the parameter space, richer features like bistability, where the
system hesitates between a linear attractor state and a non-linear attractor. Figures 2 shows the normalized
intensity value of the field calculated near the particle surface as the gain level is varied in the system.

Figure 2. (a) Green points: intensity near the particule surface for increasing gain values in
the particle’s core from (a) to (h). From (a) to (d) the response is linear with partial loss
compensation, while on (e) the lasing threshold is attained. From (f) to (g), one can observe
the nonlinear emission state, and calculate the spectral width.
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Abstract- Different fabrication approaches for nanostructured localized surface plasmon resonance
(LSPR) sensors will be presented and their sensitivities evaluated. A miniaturized setup based on
gradient index lenses will be shown.
Plasmonic nanostructures can be used as sensors for the local index of refraction. Under illumination,
localized surface plasmon resonances (LSPRs) occur depending on the permittivity of the surroundings. The
sensing concept relies on the high sensitivity of the LSPR wavelength to changes of the refractive index in their
immediate vicinity. Such optical resonance-shift sensing can offer a marker-free alternative to e.g. fluorescence
based detection [1]. Shifts in the intensity maximum of the LSPR spectrum can be evaluated to determine the
refractive index of a bulk liquid of known composition, as e.g. demonstrated in Figure 1. While the method as
such is unspecific, it can be made selective by functionalizing the nanostructure surface. In this case, the local
refractive index can e.g. be changed by receptor-antibody-binding processes.
In this presentation the nanofabrication and plasmonic modes of arrays of nanodiscs, nanorods and vertical
dimers will be discussed [2]. The nanostructures are implemented in microfluidic channels within fluidic PDMS
cells. Examples for resonance-shift sensing based on changes of the refractive index of the bulk liquid will be
shown. The biosensing capability is demonstrated by functionalizing the nanostructure surface and observing
resonance-shifts due to the specific binding of testosterone antibody from solution. The overall setup is
miniaturized by preparing nanostructures directly on the planar surfaces of gradient index lenses, which are then
integrated within the fluidic cells as the optical detection element.

Figure 1: Measured resonance shifts for alternating water and water/glycerol mixtures.
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Abstract: The main goal of our work is to develop new types of inorganic nanoparticulate materials
possessing optical activity and chirality, study their properties, investigate their nature and explore
their applications. We have developed new chiral nanomaterials including chiral II-VI
semiconducting nanoparticles (quantum dots) and chiral nanoparticles of technologically important
metal oxides. We have also demonstrated potential applications of chiral quantum dots for chiral
recognition and luminescent chemo- and bio- sensing.
Symmetry and chirality are properties commonly found throughout the natural world. Chirality is
one of the most important factors in molecular recognition, with chiral compounds having a major role in
chemistry, biology and medicine. Chirality has also been envisaged to play an important role in
nanotechnology. Over the last years the area of chiral nanoparticles has received a great deal of attention
due to the range of potential applications offered by these materials [1-5].
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 (Figure 1).
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Figure 1. Potential applications of chiral nanomaterials.

We have developed new chiral nanomaterials including chiral II-VI semiconducting nanoparticles
(quantum dots) and chiral nanoparticles of technologically important metal oxides. In addition we started
to explore the properties of novel anisotropic chiral nanomaterials. The new nanomaterials have shown a
very interesting optical activity and unusual chiral morphologies which were confirmed by various
instrumental techniques. We have found that in some nanocrystals (e.g. CdSe/ZnS QDs and quantum rods)
the chirality and corresponding optical activity are intrinsic features that can occur even without the
presence of chiral ligands. The intrinsic chirality of the CdSe based nanocrystals is caused by the presence
of intrinsically occurring chiral defects such as dislocations or point defects in these nanostructures. The
use of chiral ligands enabled us to separate these nanostructures into different phases and enhance their
chiroptical activity. We have also demonstrated potential applications of chiral quantum dots for chiral
recognition and luminescent chemo- and bio- sensing. We have also found that live cells demonstrate an
enantioselective uptake of chiral quantum nanostructures. It is expected that chiral nanomaterials will find
applications in sensing, nanomedicine, asymmetric synthesis, catalysis and other areas.
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Abstract- The optical responses of core/shell nanostructures composed of silica cores and
numerous small silver nanoparticles composing an outer shell are studied with a finite-difference
time-domain (FDTD) approach. Light scattering cross sections are decomposed via a multipolar
analysis in order to reveal their magnetic and electric multipolar character. The analysis is
presented for core-shell structures illuminated by a variety of scalar and vector incident light beams,
showing how various modes can be selectively excited.

Figure 1.

A core-shell nanostructure.

In this

work we typically study silica cores with diameters

Creating negative-index metamaterials requires
both negative permittivity and permeability at the
excitation frequencies of interest and this is
tantamount to creating strong electric and magnetic
resonances. Core-satellite structuresare known to
exhibit magnetic modes at optical frequencies and
their characterization is relevant for the development
of metamaterials and metafluids1.

We study the optical responses of silica-silver
nanoparticles with diameters of 40 nm.
nanoparticle core/shell nanostructures (Figure 1)
using the FDTD method.
We introduce a method of
multipolar analysis for FDTD simulations and apply it to better understand the interaction of both
linearly polarized or scalar and vector beams with silica-silver core-satellite structures at a new level of
detail2. The method can be used to identify the multipolar nature of scattering peaks and provide
angular scattering intensity for better comparison to experimental results. The types of vector beams
considered have radial, azimuthal or shear polarization.
of 330 nm surrounded by up to 160 silver

Azimuthally polarized light is shown to selectivity excite the magnetic modes of the core-satellite
nanostructures, in addition to enhancing their scattering intensity and spatially rotating the mode.
Similarly, radially polarized light selectively excites and enhances the electric modes and shear
polarized light selectively excites and enhances quadrupolar and higher order modes. We also find that
linearly and azimuthally polarized light excite magnetic dipolar and magnetic quadrupolar modes that
can spatially interfere with each other, which can be an important consideration for
experimentally-observed angular scattering. In addition, nanoparticle placement and arrangement is
shown to be an important aspect of scattering by these systems.
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Abstract- Controlling plasmonic systems with nanometre resolution over large non-planar areas with
high flexibility and speed is of strategic importance for spreading their use in various industrial fields.
Using light to trigger self-organization processes controlled by non-linear feedback mechanisms is a
unique strategy to meet this challenge. Here, we open a new route for the ultrafast laser-induced
self-organization of metallic nanostructures in 3D, we characterize the self-organization processes
through time-resolved polarization imaging and we demonstrate that this laser marking technique offers
a powerful tool for the engineering of plasmonic colors.

Different strategies have recently been developed to create plasmonic colors based on the control of
localized surface plasmon resonances, such as gap plasmons and hybridized disk–hole plasmons.1 Most of them
have been implemented by electron beam lithography, a powerful tool to produce well-controlled nanostructures
but still prohibitive in terms of time and cost for many applications. Other techniques such as nanoimprint or
self-assembly are more appropriate for producing large-scale nanostructured materials, but they lack versatility.
In contrast, laser techniques offer the advantage of controlling plasmonic systems over large non-planar areas
with high-speed and flexible processes. We especially demonstrated that cw laser light could trigger
self-organization processes of metallic nanoparticles in thin films resulting in plasmonic nanopatterns exhibiting
singular dichroic colors.2
In this presentation we demonstrate the high efficiency of ultrashort laser pulses to produce a full range of
plasmonic colors while controlling thermal effects. The laser color marking technique is based on triggering
self-organization processes of metallic nanoparticles in a protective thin inorganic film. Beyond the generation of
planar nanostructures, we show that 3D self-organization can be activated and controlled in nanocomposite films
by ultrashort laser irradiation, resulting in plasmonic nanostructured films with highly regular periodic lattices
located at different depths. Such a 3D self-organization is shown to originate from the simultaneous excitation of
independent optical modes at different depths in the film and to be activated by the plasmon-induced charge
separation and thermally-induced NP growth mechanisms. We implement time-resolved polarization imaging to
characterize the different self-organization processes that appear to occur at different time scales at different
depths depending on local phase changes or diffusion limited growth processes.
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Abstract – I will discuss our recent study on the generation and amplification of optical
chirality in achiral metal nanostructures assembled with chiral biomolecules. I will show how
an individual plasmonic nanostructure interacts with chiral biomolecules, which enables
switching and amplifying the molecular optical activity and probing the conformational
evolution of the chemisorbed molecules. I will also show how a cluster of plasmonic
nanostructures can be assembled with chiral molecules to produce plasmon-induced circular
dichroism response in both UV and visible-NIR regions.
Main text – Recent studies demonstrate that conjugation of noble metal nanoparticles (NPs)
with chiral molecules can switch the molecular optical activity, which is usually located in the
UV region, to the visible wavelength region. The new circular dichroism (CD) response
appears at the localized surface plasmon resonance (LSPR) band of the metal NPs and thus is
termed plasmon-induced CD [1]. This phenomenon is of particular importance for
determining and manipulating the optical chirality and activity in the visible and near infrared
(NIR) regions and has numerous applications in the fields of biochemical sensing,
enantioselective catalysis, biomedicine chirality separation, and chiroptical nanodevices. In
this talk, I will show how an individual plasmonic nanostructure interacts with chiral
biomolecules, which enables switching and amplifying the molecular optical activity and,
more importantly, probing the conformational evolution and structural rearrangement of the
chemisorbed molecules on the nanostructure surface, thus constituting a promising
stereo-chemically attuned nano-sensor. I will also show how a cluster of achiral plasmonic
nanostructures can be assembled with chiral molecules to produce plasmon-induced CD
response in both UV and visible-NIR regions. The induced CD resonance position can be
adjusted from ~340 nm to above 900 nm through altering the aspect ratio and/or the
assembling pattern of the hybrid nanostructures. Detailed theoretical calculations elucidate the
electromagnetic interaction mechanisms responsible for the observed CD in both cases.
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Abstract- We prepared colloidal chiral lanthanide phosphate nanocrystals using chiral molecular
templates and studied their chirality through circularly polarized luminescence at the lanthanide
emission lines. Some of these emission lines exhibited very large degree of circular polarization, up
to ~50%. High enantiomeric purity of the nanocrystals was obtained using tartaric acid molecular
templates.

Following our recent work on enantioselective synthesis of α-HgS,1 and Te, Se nanocrystals,2 using thiolated
chiral ligands (cysteine, penicillamine, glutathione), we have moved to a very different system of inorganic
nanocrystals of chiral space group: lanthanide phosphate hydrates (Rhabdophanes, LnPO4⋅H20). We synthesized
Eu3+ doped TbPO4.H2O nanocrystals, which correspond to a chiral space group (P3121), in the presence of chiral
ligands. We have measured circularly polarized luminescence (CPL) at the lanthanide emission lines (see Figure
1). On using pure L- or D-tartaric acid ligands we observed substantial CPL values for these nanocrystals, of up
to 20-50% for certain emission lines. Surprisingly, on preparing the nanocrystals with L- and D-tartaric acid
mixtures at different enantiomeric excess values, we observed almost complete enantioselectivity in the product
nanocrystals already at ~20-30% enantiomeric excess of the tartaric acid. The sensitivity of the resulting
nanocrystal handedness to the enantiomeric excess of the tartaric acid depended on the synthesis temperature and
pH.
The successful control of nanocrystal handedness by the tartaric acid molecules probably indicates collective
effects involving a large number of ligand molecules at the nucleation stage or at the handedness determining
stage in the growth of these nanocrystals.
This is an interesting model system for studying the formation and handedness control of chiral crystals. The
CPL is a very useful tool for studying the formation of such chiral crystals and following their evolution kinetics.

4.E-04

Crystal from racemic TA mixture

3.E-04

Crystal from D-TA
Crystal from L-TA

ΔI (A.U.)

2.E-04
1.E-04

0.E+00
530
-1.E-04

550

570

590

610

630

650

670

690

710

Wavelength (nm)

-2.E-04
-3.E-04

-4.E-04

Figure 1. CPL spectra of the Eu3+ doped TbPO4⋅H2O nanocrystals prepared with pure L- and D-tartaric acid
(L-TA and D-TA) and with a racemic mixture of the two.
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Abstract- we investigated light spatial localization in an infrared nanoantenna consisting of a gold
trimer. The study is based on two-photon molecular motion in azobenzene-containing
photopolymers. It is shown that different electromagnetic hot spots can be tuned and controlled, on
demand, with an external plane wave. 4-digit plasmonic combination was also discussed.

Metallic Nanostructures (MN) offer the possibility of strong spatial confinement, down to the nanometer
scale. In this context, easy remote control of electromagnetic hot spot constitutes an important challenge. In
particular, rational control of MN geometry and incident beam shaping (including phase and angle of incidence)
can produce a large variety of near-field distribution that can be exploited in the future, e.g. for photonic
computing.
Recently, It was theoretically demonstrated that that symmetric and antisymetric modes can be excited, on
demand by a propagating plane wave in a linear trimer of identical gold nanoparticles1. In this paper, we
experimentally demonstrate this effect on plasmonic infrared trimer nanoantenna. Two novelties are emphasized.
First, we report direct near-field observation of mode balancing and localization of hot spots in trimer plasmonic
nanoantenna. Second, we have used for the first time two-photon absorption in azobenzene moieties for
plasmonic nano-imaging of infrared nanoantenna, opening the route to near-field investigation of coupled
systems based on molecular probing. The studied nanostructure is shown in Fig. 1(a).
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Figure 1. Studied gold nanotrimer
To investigate the optical near-field, we used a specific approach that has been developed over the past decade2.
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Azobenzene molecules that are covalently attached to a polymeric backbone are used as optically driven
molecular nanomotors. After exposure to the light, an atomic force microscope (AFM) is used to measure the
resulting topography that is related to the near-field intensity pattern to be characterized. Fig. 1(b) shows the
plasmonic structure after photopolymer deposition, before any exposure. Figure 2 shows examples of AFM
images taken after exposure (at λ=900 nm) with different incident angles and polarizations. Topographical
depletions correspond to electromagnetic hot spots that triggered molecular migration. The results were analyzed
and compared with electrodynamics calculation allowing us to discuss field spatial localization.

Figure 2. Examples of hot spot localization. Left: AFM images taken after exposure (λ=900 nm). Right:
corresponding calculated field maps.
Interestingly, by considering hot spots at both cavities and trimer extremities (named 1, 2, 3, 4 in Fig. 1(a)), we
demonstrated the partial activation of a four-digit plasmonic code (cf. example in Fig. 3)
This study opens the avenue to near-field plasmonic circuits and information that are controlled by simple
far-field optical commands.

Figure 3. Example of 4-digit plasmonic configuration. 1, 2, 3, 4 stand for the locations pointed out in Fig.
1(a). The heights correspond to depletions in nm observed at each location.
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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 multi quantum
well lasers and also wurtzite InP nanowire lasers.
I will also present results on GaAs/AlGaAs and InP 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.
I will discuss how Nanowires can be used to engineer neural networks towards creating brain on
a chip.
Future prospects of the semiconductor nanowires will be discussed.

Metal nanostructures characterization by digital holography:
applications to thermoplasmonics and electrochemistry
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Abstract- Heterodyne digital holography is a powerful tool to study optically scattering objects. It
allows the reconstruction of 3D images, and the superlocalization of individual objects with 3x3x10 nm3
precision. Associated to heterodyning, it can also measure modulated phenomena like the scattering
efficiency changes thermally induced by the modulated excitation of plasmonic nanoantennas. We will
illustrate the possibilities of this technique to study electrochemical processes in single metallic
nanoparticles, and to obtain quantitative thermal mapping in thermoplasmonics.
Heterodyne digital holography is an interferometric technique which gives access to both the amplitude and phase
of the optical field, allowing the reconstruction of 3D images. We have recently shown that the concept of
superlocalization, initially proposed to pinpoint the position of fluorescent molecules, can be applied to the coherent
field scattered by metallic nanoobjects: using holography, individual nanoparticles separated by more than the width
of the microscope point spread function can be localized in 3D with an accuracy of 3x3x10 nm3 over relatively large
volumes. Real-time holograms are reconstructed in order to superlocalize and track several individual NPs, which
finds interesting application in electrochemical nanoimpacts monitoring.
This emerging field of research is based on the time-resolved detection of stochastic collisions of individual
NanoParticles, (NPs) on micro-electrodes or in nano-confined electrochemical cells [1] to measure electron transfer
processes associated to single NP impacts. We will illustrate the possibilities of this coupled system in several
chemical systems, where 3D particle tracking can provide a NP size estimate during the Brownian approach of the
particle (through its mean square displacement). During chemical reactions on the metal interface, we will show that
holography and spectroscopy, associated to an optical model of the scattering, give access to relevant information on
the size, position, and chemical composition of the NPs [2].
Associated to heterodyning, digital holography also allows the study of rapidly modulated phenomena. This
includes the modulated optical excitation of nanofabricated plasmonic nanoantennas, which induces a localized
heating in lossy metals, and a refractive index change. The optical and thermal properties of these objects
strongly depend on the morphology of the nanostructure and its dielectric environment. Both can be efficiently
monitored by digital holography, which provides the 3D optical scattering pattern of the structures and gives
access to quantitative thermal imaging. We will illustrate the possibilities of the method on various
nanofabricated systems, with the aim of modelling, characterizing and optimizing the thermal properties of
metallic nanostructures.
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Abstract- Since its discovery in the 1960s, nonlinear optics has revolutionized optical technologies
and laser industry. Development of efficient nanoscale nonlinear sources will pave the way for new
applications in photonic circuitry, quantum optics and biosensing. However, nonlinear signal
generation at dimensions smaller than the wavelength of light brings new challenges. These include
the reduced light-matter interaction volume, the overlap of the fundamental and the nonlinear
modes at the nanoscale and the outcoupling of the nonlinear signal to the far-field. Here, we
develop hybrid plasmonic – dielectric metamaterials that overcome these limitations and
demonstrate ~10-4 nonlinear signal conversion efficiency at visible frequencies.

In the first part of my talk I will introduce new type of 3-dimensional, non-planar plasmonic metasurface and
demonstrate 3 orders of magnitude enhancement of second harmonic generation (SHG) compared to
doubly-resonant plasmonic nanowire gratings. The metasurface consists of an array nanowires with
characteristic plasmonic and photonic (diffraction grating) resonances. The geometry of the metamaterial design
minimizes the destructive interference of nonlinear emission into the far-field, provides independently tunable
resonances both for fundamental and harmonic frequencies, a good mutual overlap of the modes and a strong
interaction with the nonlinear material [1,2]. In the second part of my talk I will describe our recent efforts to
combine localized plasmon modes with propagating photonic waveguide modes. The hybridized mode that is
formed as a result of such coupling can exhibit the desirable feature of plasmonic modes such as high Purcell
factors and large field enhancement but with reduced losses.
Our findings can enable the development of efficient nanoscale single photon sources, integrated frequency
converters and other nonlinear devices.
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Abstract-We report on the strong plasmon–exciton coupling in monolayer WS2 coupled to
individual plasmonic gold nanorods. Due to the high oscillator strength and larger binding energy
of the 2D exciton of WS2, we have obtained large Rabi splitting energy of 91 meV ~ 133 meV at
ambient condition which was associated with only 5 ~ 18 excitons. In addition, the strong coupling
can be dynamically tuned either by electrostatic gating or temperature scanning.
Strong light–matter coupling of quantum emitters with optical cavities have attracted much interest for its
importance in the fundamental cavity quantum-electrodynamics research and great potentials in quantum
information applications. In the strong coupling regime, the rate of energy exchange between the exciton
transition and photon is faster than both of their dissipation rates, which results in the formation of hybrid
light-matter states manifested by a Rabi splitting energy. Metallic plasmonic nanocavities have been shown as an
excellent platform to realize the strong coupling at room temperature with dye molecules or quantum dots due to
their ability to confine light at the deep subwavelength.1,2 On the other hand, two-dimensional semiconducting
transition-metal dichalcogenides (TMDs) have recently emerged as promising candidates for facilitating the
light–matter interaction due to the high oscillator strength and large banding energy of their tightly bound 2D
excitons. Although several studies have reported the strong coupling in TMD monolayers integrated with optical
microcavities as well as plasmonic nanostructures, they all involved plenty of excitons due to the large size of
the optical cavities.3,4 Furthermore, active control on the strong coupling by taking advantage of the exceptional
excitonic properties of the TMDs has yet to be demonstrated. Here, we investigate all-solid-state,
room-temperature strong coupling with active control in heterostructure composed of monolayer WS2 and an
individual plasmonic gold nanorod.
Figure 1a schematically shows the gold nanorod–WS2 monolayer heterostructure studied in our work. The
single-crystalline monolayer WS2 flake was grown by chemical vapor deposition (CVD) method with the
thickness of ~ 1 nm and exhibited an exciton emission centering at 1.95 eV with a narrow linewidth (γex) of 57
meV (Figure 1b). The gold nanorods were synthesized with different aspect ratios to enable the spectral overlap
with the exciton transition, and Figure 1c shows the scattering spectrum of a typical gold nanorod with aspect
ratio of 2.2, which exhibits a longitudinal plasmon resonance with the plasmon resonance energy of 1.97 eV with
and linewidth (γpl) of 149 meV (Figure 1c). A well-defined mode splitting can be observed in the scattering
spectrum from the gold nanorod coupled to the WS2 monolayer with the formation of the high- and low-energy
hybrid states (Figure 1d), which indicates the coherent plasmon–exciton coupling. Furthermore, we have

observed the anti-crossing behavior on the scattering energy diagram of the heterostructures by measuring the
spectra of various gold nanorods with different detunings between plasmon frequencies and exciton transition.
The Rabi splitting energy, !Ω is ~ 106 meV, which fulfills the criterion where the strong coupling can occur

(

)

( ! Ω > γpl + γex / 2 ). Due to small mode volume of gold nanorod and 2D structure of the monolayer WS2, the
plasmonic field is strongly confined and enhanced at the WS2 surface, with the strongest enhancements locating
near the two apexes of the nanorod (Figure 1e), which is occupied by few excitons since the WS2 exciton extends
several unit cells (Figure 1f). The Rabi splitting energies can be tuned from ~ 133 meV to ~ 91 meV by precisely
reducing the nanorod volume while fixing the plasmon resonance frequency at the exciton energy, which only
involve 18 to 5 excitons. Most importantly, the WS2 excitons are sensitive to external stimulus, which enables
the active control on the strong coupling via electrostatic gating as well as temperature scanning.
Figure 1. a) Schematic showing the
heterostructure composed of an individual
gold nanorod coupled to the WS2. b)
Photoluminescence spectrum of the
monolayer WS2. Scattering spectra of c)
individual gold nanorod, and d) nanorod
coupled to the WS2. e) Near-field
enhancement contour of an individual gold
nanorod placed onto the WS2 monolayer.
The electric field contour is drawn on the
WS2 plane underneath the gold nanorod. f)
Modulus-square of the real-space
wavefunction of the WS2 exciton.
In summary, we have demonstrated all-solid-state, room-temperature, and active controllable strong
coupling in monolayer WS2 coupled to a single plasmonic gold nanorod. This strong coupling system hold a
great promise for future on-demand quantum optics devices.
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Abstract- Liquid marbles have been studied extensively as isolated microreactors, as micropumps,
and in sensing. However, current liquid-marble-based sensor and reactor are limited to qualitative
colorimetry-based detection and ex-situ characterizations, respectively. Herein we fabricate
plasmonic liquid marble1 (PLM) as a substrate-less surface-enhanced Raman spectroscopy (SERS)
platform for multiplex and ultrasensitive molecular detections simultaneously across two separate
phases, with detection limits as low as 0.3 fmol. PLM also serves as a multi-functional reactor for
in-situ and non-invasive reaction monitoring.
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1. Introduction
Optical manipulation of small biomolecules is an important issue in bioscience. Plasmon-based optical
tweezers (POT) has attracted significant interests as a novel efficient trapping method, since it
enhances a radiation force and enables us to trap smaller biomolecules. Recently, we have
demonstrated POT of DNA. A micro-ring of optically trapped DNAs was formed on a plasmonic
substrate upon resonant light irradiation. Also, we found that the micro-ring was permanently fixed on
the substrate [1, 2]. Presumably, the micro-ring formation originates from four physical phenomena:
① Radiation force (trapping DNAs as an attractive force)
② Thermophoresis (carrying DNAs from hotter to colder regions)
③ Thermal convection (supplying DNAs from outside of plasmon excitation area to inside)
④ Coulomb’s force (fixing DNAs onto a plasmonic substrate)
Since radiation force and thermophoresis strongly depend on the size of DNAs, DNAs with different
base pairs (bp) should be optically separated and then fixed as micro-rings with different diameters on a
plasmonic substrate. In the present study, we discuss a mechanism of the micro-ring formation and
propose a new separation technique of DNAs with different number of bp (plasmonic chromatography,
Fig. 1).

Fig. 1: Schematic illustration of plasmonic chromatography for DNAs. DNAs
with different number of base pairs trap at desired positions, leading to
multiple-rings formation.

2.

Experiments

For a plasmonic substrate, we fabricated gold nanopyramidal dimer arrays on a glass substrate. The
plasmonic substrate has a broad absorption band around 800 nm that is ascribed to a gap-mode
plasmonic resonance. As trapping targets, -DNA (48 kbp) was labelled with YOYO-1 ( em
nm)
and T4-DNA (166 kbp) was labelled with DAPI ( em
nm), respectively. These DNAs were
mixed in an aqueous buffer solution. We used a cw near-infrared (NIR) laser (
nm) for LSP
excitation and a cw near-ultraviolet and visible lasers (
473 nm) for fluorescence excitation.
Trapping behavior was followed using a fluorescence microscope.
3. Results & discussion
The plasmon excitation resulted in formation of two micro-rings (inner and outer rings) on a
plasmonic substrate as shown in Fig. 2(a). These rings were permanently fixed on the substrate.
Fluorescence spectra of the inner ring were safely assigned to YOYO-1, indicating that the inner ring
consisted of DNA (Fig. 2(b)). On the other hand, fluorescence spectra of the outer ring were surely
assigned to DAPI, showing that the outer ring consisted of T4-DNA (Fig. 2(c)).
The position of micro-ring formation depends on the intensity of thermophoresis (repulsive force) and
radiation force (attractive force). Thermophoresis repelling from the focal spot exerted DNAs, while
radiation force exerted DNAs for trapping. Thermophoresis exerted DNA significantly increase with
increasing the number of base pairs. As a result, DNAs with different number of base pairs formed the
double micro-rings.

Fig. 2: (a) Optical micrographs of two micro-rings (②: inner ring, ③: outer ring) fixed on a plasmonic substrate
by near-infrared laser irradiation. (b), (c) Fluorescence spectra at each positions of a plasmonic substrate. (b):
YOYO-1 in -DNA (c): DAPI in T4-DNA

4. Conclusion
We successfully separated and fixed DNAs with different number of base pairs on a plasmonic
substrate using plasmonic optical tweezers.
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Abstract. One of the grand challenges in nanotechnology is controlling the organization of
nanoparticles into scalable superlattices with tunable crystal structures. Here, we present a
bottom-up approach to direct the self-assembly of shape-controlled plasmonic nanoparticles into
multiple large-area 2-dimensional (2D) and 3-dimensional (3D) metacrystals. Using Ag octahedra
and nanocubes, we demonstrate the ability to assemble each particle morphology into 3 distinct 2D
metacrystals with areas larger than 50 cm2. We further show the importance of crystal design in
surface-enhanced Raman scattering.
Shape-controlled nanoparticles can be assembled into structurally diverse superlattices. However, it remains
challenging to control the organization of one nanoparticle morphology into multiple superlattices over large
areas. In this presentation, we demonstrate the concept of ‘one nanoparticle, multiple plasmonic metacrystals’
using Ag octahedra and nanocubes. We tailor the nanoscale surface chemistry of the Ag octahedra [1] and
nanocubes [2] using a family of thiol-terminated molecules, enabling us to control their surface wettability.
Subsequent assembly of these nanoparticles at the oil/water interface gives rise to multiple plasmonic
metacrystals (Figure 1). Increasing the surface hydrophobicity of the nanoparticle surfaces leads to increasingly
open metacrystals with packing densities as low as 33 %. At this packing density, the nanoparticles are standing
on their vertices in their respective plasmonic metacrystals. Notably, we can achieve large areas of these
plasmonic metacrystals despite their structural instability.
Our ability to achieve such large-area plasmonic metacrystals also enable a structure-to-function
characterization for these metacrystals. We find that the lowest packing density metacrystals generates the
highest surface-enhanced Raman scattering (SERS) enhancement factors for both the metacrystals of nanocubes
and octahedra. Numerical simulations indicate that this strong enhancement arises from the large-area field
delocalization within the metacrystals (Figure 1). Our findings here indicate the importance of crystal design in
creating efficient SERS substrates. Furthermore, our findings imply that packing the highest number of
nanoparticles within a given area will not always generate the strongest SERS enhancement. With these findings
in mind, we proceed to build 3D plasmonic metacrystals possessing dual structures within a single supercrystal
and demonstrate its superiority over a uniform supercrystal in SERS.

Figure 1. One nanoparticle morphology, multiple plasmonic metacrystals. Ag octahedra assemble into (a)
hexagonal close-packed, (b) open hexagonal, and (c) square metacrystals, together with their corresponding local
electromagnetic field enhancements at 532 nm. Ag nanocubes assemble into (d) square planar, (b) wire-like, and
(f) hexagonal metacrystals, together with their corresponding local electromagnetic field enhancements at 532
nm. In (c) and (f), nanoparticles are standing on their tips within the metacrystals.
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Abstract-Ammonia has received considerable attention as a potential energy carrier and as a fuel in
addition to its use as a fertilizer because it is a non-carbon-based chemical that is easily condensed into a
liquid. In this study, we introduce the nitrogen fixation to obtain ammonia using plasmonic
photoanode composed of n-semiconductor and gold nanostructures. The plasmonic photoanode can
synthesize ammonia from nitrogen, water, and visible light.
Plasmon-induced charge transfer has been studied as one mechanism for plasmonic energy conversion. When
plasmonic metallic nanostructures make intimate contact with n-type semiconducting materials, the localized surface
resonance(LSPR)-excited intraband and interband transitions of electrons can be directly injected from the plasmonic
metallic nanoparticles (NPs) into the conduction band of the semiconductor, via overcoming the Schottky barrier
between the metallic NP and semiconductor. One of the attractive features of this approach is the circumvention of the
semiconductor bandgap-limited absorption energy band edge by harvesting the energy of photoelectrons ejected from
plasmonic metallic NPs. This discovery has led to the widespread development of photocurrent generation1-3 and
photoelectrochemical water splitting systems4,5 using visible light energy.
Ammonia has received considerable attention as a potential energy carrier and as a fuel in addition to its use as a
fertilizer because it is a non-carbon-based chemical that is easily condensed into a liquid. Previously, we achieved
plasmon-induced ammonia synthesis via photoelectrochemical reduction of nitrogen using a strontium titanate
photoelectrode loaded with gold nanoparticles (Au-NPs) and co-catalyst via plasmon-induced charge separation.6,7
However, the electric properties and the reaction mechanism are still unclear because the previous study only
analyzed the chemical products. Furthermore, the reaction efficiency was still poor because of the limitation of ion
and electron transport path. In this study, we report on a quantitative evaluation of ammonia photoelectrochemical
synthesis on a two-electrodes system with the Au-NPs loaded strontium titanate as a plasmon photoanode and a
zirconium as a cathode.
The photoelectrochemical nitrogen reduction device using Au-NPs/niobium-doped strontium titanate (Nb-SrTiO3)
plasmon photoanode was fabricated as follows. Au-NPs were fabricated on a 0.05wt% Nb-SrTiO3 single crystalline
substrate (110) using a sputtering and annealing method. The nitrogen reduction device comprised reaction cells with
two reaction chambers separated by ion exchange membrane. The Au-NPs/Nb-SrTiO3 photoanode was installed in the
one chamber, and a zirconium coil as a co-catalytic cathode was put in another chamber. The both chambers were
filled with an H2SO4 aqueous solution without a sacrificial donor. The Au-NPs/Nb-SrTiO3 photoanode was irradiated
by a xenon lamp using the visible light, and the cathodic chamber was bubbled with nitrogen gas during the reaction.
The photoelectric properties and chemical products of the reaction were monitored simultaneously.
As the results, we have successfully evaluated ammonia photoelectrochemical synthesis quantitatively, such as
bias effect, stoichiometry, and intermediate. Also, a novel reaction mechanism of plasmon-induced ammonia

synthesis is proposed.
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Abstract : A common wisdom of surface-enhanced Raman scattering (SERS) is that the optical
property is completely determined by the overall geometry of nanostructures (sizes, shapes, and
gap-distances) and dielectric constants, despite the fact that real metallic surfaces have atomic
surface defect structures and diffuse electron densities extending beyond metallic boundaries. This
classical picture of plasmonics leads to the belief that plasmonic length-scale (size of localized field
distribution) cannot usually go below ~10 nm. I will demonstrate the use of single-molecule SERS
to follow individual chemical reaction events1, and also spectroscopic evidences that the plasmonic
hotspots can be as small as 1 angstrom. I will further discuss its implication in molecular
spectroscopy, photochemistry, and nano-scale imaging.

Figure1: Surface-enhanced Raman scattering of individual molecules driven by a plasmonic gap of
nanoparticle and a thin film.
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Abstract
Composite materials with ordered honeycomb-patterned
morphology containing Ag0 nanoparticles on the surface of
carboxylated nitrocellulose matrix were fabricated by a
simple solvent-evaporation method at the air/water
interface. By annealing initial honeycomb composite
structures, thin ordered films of silver nanoparticles were
formed. The simulation of optical properties of the obtained
structures was carried out and compared to measured
spectra.

1. Introduction
Microstructured honeycomb polymer films are of great
interest for such fields as microelectronics, biotechnology,
and optics, in development of new catalytic systems, sensor
devices, and membranes for various functional purposes [1–
3]. Honeycomb-structured films with uniform cell size,
based on macromolecular compounds, can be prepared by
such methods as lithography and microcontact printing [4].
They are based on transfer of a definite pattern from one
support to another using a phototemplate or a master [4].
The main advantage of this approach is good reproducibility
of the results. However, the process is time-consuming,
requires sophisticated expensive equipment and a template,
and in the case of lithography is also power-consuming,
which restricts its application. It is more promising to
prepare honeycomb-structured films by self-assembly of
water microdroplets under the action of humid air on a
liquid polymer film formed on the water surface [1–3].
Nanoheterogeneous composite materials with metal
nanoparticles entrapped in the dielectric polymer matrix
deserve attention in electronics and photonics due to their
unusual photo- and electric properties caused by the mutual
influence of the matrix and nanoparticles. The methods for
forming metal coatings on polymeric materials are quite
varied: thermal vacuum [5], electrolytic [6], and chemical
deposition of metals [7]. One of the promising methods is
the chemical metallization, which allows to obtain a
uniformly thick coating on the surface of products of not

only planar, but of complex form, as well as to apply a metal
by selective surface activation.

2. Fabrication procedure
Honeycomb-patterned polymer films were prepared by
water-assisted method [8] from carboxylated nitrocellulose
(CNC). On the first stage, CNC solution (2 wt.%) in binary
solvent (i amylacetate:n-buthanol at a volume ratio 3:1) was
cast on a surface of cooled water (1-3°С), spread and formed
thin polymer film on the water surface. On the second stage,
formed liquid polymer film was blown by humid air
(relative humidity was 75 %). Water microspheres are
formed by the condensation of water microdroplets from
humid air at the air:polymer solution interface. The
honeycomb-like porous structure of polymer appears after
complete evaporation of organic solvent. Such hexagonal
packing results from the tending of the system to free
surface energy minimization.
Deposition of silver nanoparticles on the surface of
honeycomb films was carried by electroless plating.
Polymer film was immersed into silver nitrate solution (10
mg/ml, 5 min) followed by the reduction of the adsorbed
Ag+ by sodium tetraborate (0.5 mg/ml, 5 min):
Ag+ + BH4
Ag0 + BH3.
Morphology of formed films was studied by atomic force
microscopy (AFM) using scanning probe microscope
(Multimode III, VEECO Metrology Group, USA) in tapping
mode. Scanning conditions: TappingMode Etched Silicon
Probes with stiffness in the 20-80 N/m, a resonance
frequency of 330 kHz and tip radius of 8 nm. Scanning
electron photomicrographs of the samples was obtained on
microscope S4800 (Hitachi, Japan), equipped with a module
for X-ray fluorescence analysis (XRF, Avalon-8000, Japan).

3. Structural characterization
Realization of honeycomb structure is a result of selforganizing process during condensation of water
microdroplets on the evaporative cooling surface of the
polymer solution. Because of the larger density of water
than a polymer solution, microdroplets are dipped into a

liquid polymer film and kept in it by surface tension forces.
The water microspheres pack in hexagonal array on the
surface of polymer solution in self-organization process
induced by thermocapillary convection in the evaporating
polymer solution. Figure 1 shows an AFM image of the
obtained honeycomb film having open spaced hexagonal
structure. The structure consists of circular pores of nominal
pore diameter about 0.8 µm, separated by a distance about
0.5 µm (Fig. 1).

modified sample appears characteristic lines of silver (Fig.
3).

Figure 1: 3D (a) and two-dimensional (b) AFM images of an
ordered honeycomb film along with a section profile of
surface (c).

Figure 2: AFM (a) and SEM images of composite
honeycomb CNC film with Ag nanoparticles

The surface of formed ordered honeycomb film was
modified with silver nanoparticles by chemical reduction of
Ag+, adsorbed on the polymer matrix (Fig. 2). It was
determined that a key factor which affects the selectivity of
the Ag0 deposition on the surface of honeycomb film is the
duration of its treatment with AgNO3 solution. Thus, the
optimal conditions of modification of ordered honeycomb
films by silver nanoparticles are the treatment the initial
polymer films with silver nitrate solution for 5 minutes with
subsequent treatment with reducer (sodium tetraborate) for 5
min. Such composite films represent the honeycomb
polymer matrix the surface of which is covered with a
uniform layer of silver nanoparticles.
According to atomic force microscopy (AFM) data the
obtained composite samples represent polymer film coated
with silver nanoparticles having the pore size of 700-800
nm, the depth of the cells of 650-700 nm and the distance
between them 450-490 nm (Fig 2a). Silver nanoparticles
with a diameter of ~ 20 nm are also visualized on the surface
of the polymer honeycomb films on scanning electron
micrographs of the modified samples (Fig. 2b).The presence
of silver nanoparticles is also confirmed by X-ray
fluorescence analysis. As compared with the XRF spectrum
of the initial polymer honeycomb film, in the spectrum of

Figure 3: XRF spectra of initial and modified by silver
nanoparticles honeycomb CNC films
Thermal decomposition of the polymer matrix results in
forming of single-layer film of silver nanoparticles. Thus,
after the annealing of honeycomb CNC film modified with

2

Ag nanoparticles at 200 ºC for 1 hour a layer of silver
(thickness is about 15 nm) we produced a nanoparticle
distribution that had periodic pattern replicating the
projection of initial ordered structure of polymer film on a
substrate (Fig. 4).

In reflection and absorption spectra (Fig. 6) small region of
total absorption within the wavelength of 500-550 nm is
presented. For wavelengths smaller than 500 nm resonance
peaks are observed, which are conditioned by the ideal
periodicity of the simulated structure, and will not be
observed in experimentally obtained samples having random
deviations in pore gratings.

Figure 4: AFM-image of CNC film modified with Ag
nanoparticles after annealing at 200 ºC for 1 hour

Figure 6: Reflectance and transmittance spectra for the structure
shown in Fig. 5

4. Simulation

After annealing the particles settle the substrate and form a
pattern, which repeats the configuration of pores. The design
of an elementary cell, which shows the structure after
annealing, is given in Fig. 7.

Simulation of optical characteristics of the structure was
made using FS in CST with periodical boundary conditions.
The configuration of an elementary cell with a periodic
structure is shown in Fig. 5.

Figure 7: Model of unit cell for simulation optical properties of
annealed structures

The diameter of silver particles varied within the region of
40-60 nm. Reflection and transmissions spectra of the
structure on the basis of silver nanoparticles were calculated
(Fig.7). Using these spectra the efficient refraction
coefficient was calculated (Fig.8.).
Figure 5: 3D model of polymer carcass coated with silver for
simulation of optical properties

The structure is a polymer carcass with spherical crossing
pores inside. The carcass is coated with the silver layer with
the thickness of 20 nm. The model design describes the
structure presented in Fig. 2.
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Figure 8: Simulated reflectance and transmittance spectra for the
structure shown in Fig.7

Figure 9: Simulated effective refractive index of the structure after
annealing.

In plots (Fig. 8, 9) the structure on the basis of a monolayer
of nanoparticles does not possess the expressed resonance
peculiarities. In the plot in Fig. 9 it is seen that in infra-red
region the structure behaves as a dielectric with efficient
refraction index of about 1.8. To increase extremum of the
refraction index within the region of 0.5-0.55 µm it is
necessary to enhance the concentration of silver in the
structure.

5. Conclusions
Using the solvent-evaporation method composite materials
with ordered honeycomb films based on carboxylated
nitrocellulose and silver nanoparticles were fabricated. For
simulation of optical properties of the obtained structure 3D
model of polymer carcass with silver was used.
Simulated reflectance and transmittance spectra for the
model structure were compared with the measured spectra.
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Abstract- We demonstrate a double-layer bi-anisotropic metamaterial showing strong asymmetric
polarization rotation, which can realize a controlled-NOT gate logical transformation between two
orthogonal linear polarizations around 0.53 THz. Such a 3D chiral metamaterial opens up new
opportunities for the construction of high efficiency optical logic processors towards ultrafast data
transmission and information processing.
Logical operation based on polarization encoding of light is important for future data transmission and
information processing [1]. However, in the terahertz (THz) region, chiral materials with large optical activity
are not available in nature, and achieving effective manipulation of polarization states remains challenging [2].
In this work, we propose and demonstrate a 3D asymmetric THz polarizer composed of a double-layer
metamaterials by the combination of a planar spiral structure and a cut-wire structure, separated by a highly
stable and low-loss polyimide dielectric layer. The excellent transformation properties between polarizations
transmitted through this structure demonstrate a superior CNOT gate functionality [3], which offers a new
approach for future all-optical ultrafast computing technology.
Theoretical design and device fabrication. The transmission properties of coherent light through the
proposed asymmetric metapolarizer can be studied in terms of a complex Jones matrix [4]. To realize
asymmetric polarization rotation and its application as a polarization-encoded CNOT logic gate, a possible way
is to have |Tyx| > |Txy| when |Tyy| ≈ |Txx|. Based on simulations with the commercial software CST MICROWAVE
STUDIO, the designed parameters can be chosen and optimized. The fabrication procedure is performed on on
500 μm-thick quartz substrate with standard photolithography and lift-off technique. which is quite simple and
importantly compatible with processing techniques used in traditional semiconductor industries.
Asymmetric transmission measurement. The transmission coefficient measurements were conducted with
Advantest TAS7500SP THz TDS system utilizing two femtosecond lasers. The transmitted THz signal was
collected by a photoconductive antenna-based THz detector, in which the pulse component was synchronized
with another femtosecond laser pulse. When THz radiation propagates along the +z direction, the simulated
cross-polarization transmission coefficient |Txy| in the spectral range from 0.4 to 0.7 THz is compressed below
0.22 and reaches its minimum value of 0.06 at 0.53 THz. At the same time, the cross-polarization transmission
coefficient |Tyx| yields a transmission peak at the frequency of 0.53 THz with maximum value of 0.62,
indicating effectively asymmetric transmission of linearly polarized waves.
Properties of the CNOT gate. On the basis of the characteristics of transmission spectra, the potential
application of the metamaterials as a basic optical CNOT gate can be explored. For each of the four possible
1

logical basis input states |C>|T>=|CT>=|00>, |01>, |10>, and |11>, the output states would be |00>, |01>, |11>,
and|10> correspondingly, which indicates that the behaviors of our scheme satisfies the criteria for two-qubit
optical logic gate and works as a CNOT gate very well.
Acknowledgements. The authors would like to thank the funding support from the Natural Science
Foundation of Jiangsu Province, China (No. BK20161401).
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Abstract-Understanding and controlling the light-matter interaction is of fundamental importance
for science and technology. Scenarios involving nanoemitters and nanoantennas are nowadays
routinely measured in the lab. However, interpretation of the observations is not always
straightforward. We will show here how conformal transformation can be used to provide an
analytical description of the commonly used bowtie nanoantenna and its trimer counterpart.
Most recent effort in nanophotonics and nanoplasmonics has been directed toward fabrication advancements.
Very complex structures have been realized experimentally and their properties are routinely measured [1]. In
combination with simulations the community has gained significant insight on the physics at the nanoscale
[2],[3]. However, further insight could be gained if analytical descriptions of practical scenarios are laid down.
In addition, an analytical frame would speed up the design procedure.
Transformation optics attracted the attention of the research community when it was used as a design tool for
invisibility cloaking [4]. More recently, this technique has shown great promise to understand plasmonic
nanoantennas [5], bridging the void of analytical tools at the nanoscale. Motivated by this, we looked at
conformal transformation to provide an analytical description of two-dimensional bowtie nanoantennas [6]. Here,
we extend this work on bowtie nanoantennas and investigate the underlying physics in trimers. We restrict
ourselves to two-dimensional nanoantennas operating in quasi-statics to keep the analytical character of the
results.
The bowtie nanoantenna and its trimer counterpart are complex geometries to handle analytically. However,
by applying the conformal transformation z = ln(z’), where z and z’ are the spatial coordinates in the transformed
and original frame respectively, the nanoantennas are mapped into an infinite array of metal slabs. If the
nanoantennas are excited by a single nanoemitter modelled as a line dipole, such line dipole is transformed into
an array of line dipoles; for the bowtie, the unit cell with periodicity 2π in the transformed space will be
comprised of two metal slabs, whereas for the trimer, it will include three metal slabs. By virtue of the conformal
transformation and the quasi-static treatment, the power dissipated in the original and transformed frames are
identical. The latter can be computed by simply evaluating the electric field at the dipole position:

1
( x ', y ' )
( x, y )
Pnr = Pabs
= Pabs
= − ω Im p x E1x + p y E1 y
2

{

}

(1)

where Pnr is the nonradiative power emission by the dipole, ω is the angular frequency, px and py are the
components of the emitter dipole moment along x and y directions, and E1x and E1y are the components of the
electric field along x and y in the region of the z plane where the line dipole is located.
Figure 1 shows the nonradiative Purcell
enhancement (Pnr normalized to the 2D
dipole radiation P0 = 1/16ω3µ0|p|2; µ0 is the
free-space permeability and |p| the
magnitude of the dipole moment) for an
aluminum bowtie and its trimer counterpart
as a function of the nanoemitter orientation.
The extra arm of the trimer yields a
significant increase of the nonradiative
Purcell enhancement and makes the
nanoantenna more robust to the dipole
orientation [7].

3×104

8×102

Figure1. Nonradiative Purcell enhancement spectra for an
8nm-arm aluminum dimer (left) and trimer (right) under
different emitter orientation excitation.
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Abstract-We will discuss nonreciprocal optical effects that we have observed in (chiral)
nanostructured materials composed of Au, Ag and Fe3O4 nanoparticles.
Hybrid nanomaterials that combine different functionalities are currently of great interest. We recently
developed a self-assembly method to prepare multi-layered nanostructures composed of Ag, Au and Fe3O4
nanoparticles that are linked together by organic molecules. Such structures combine plasmonic and
(superpara)magnetic properties and they can show unusual optical properties that cannot be observed in classical
materials (1).
We are particularly interested in nonreciprocal optical effects such as Faraday rotation. In this case an
external magnetic field is used to induce optical rotation. The effect is non-reciprocal since the optical rotation
adds up when the light travels back and forth through the sample. Faraday rotation is heavily used in optical
isolators. We will show that our hybrid materials exhibit extremely strong Faraday rotation due to the presence
of the superparamagnetic iron oxide and strong plasmonic enhancement due to gold and silver. Possible
applications are extremely small optical isolators or magnetic field sensors.
Faraday rotation is not the only nonreciprocal optical effect that can be observed. Another one is
asymmetric light transmission i.e., the dependence of optical transmittance on the direction of light propagation
in the material. The effect is induced by the presence of strong quadrupolar interactions in these plasmonic
materials and no magnetic field is required. We observed asymmetric transmission effects as large as 10%. The
effect can be used in optical isolators or photonic circuits.
When the hybrid structures are impregnated with chiral molecules, additional nonreciprocal optical effects
can be observed: in addition to natural optical rotation (which is reciprocal) we also observed a nonreciprocal
optical rotation component that is of the same order of magnitude as the natural optical rotation. Like for
asymmetric transmission, the origin of the nonreciprocal natural optical rotation is the existence of strong
quadrupolar interactions in the material.
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Abstract- We will present the applications of inverse scattering principles with digital holography.
Scattering of light in complex media or biological samples can be reversed and controlled by
actively controlling the wavefront of incident beams. Utilizing multiple light scattering on purpose,
we demonstrate 3-D holographic microscopy, the sub-wavelength focusing and imaging, the
reference-free optical phase conjugation, the reference-free holographic camera, and ultra-high
definition dynamic 3D holographic display
In this talk, we will present the applications of inverse scattering principles with digital holography. First, I will
present the recently developed 3-D holotomography setup using a dynamic mirror device, which is an optical
analogous to X-ray computed tomography. In particular, I will discuss the visualization of 3D refractive index
distributions of biological cells and tissues measured with the 3-D holotomography using the transfer function
method. For a weakly scattering sample, such as biological cells and tissues, a three-dimensional refractive index
tomogram of the sample can be reconstructed with the inverse scattering principle from multiple measurements
of two-dimensional holograms. The outcome demonstrates outstanding visualization of 3D refractive index maps
of live. In addition, we also discuss the applications of inverse scattering principle for highy scattering layers.
With wavefront shaping techniques using digital holography, we demonstrate ultra-high-definition dynamic
holographic display exploiting large space-bandwidth in volume speckle. Exploiting light scattering in diffusers,
we also demonstrate the holographic image sensor which does not require for the use of a reference beam.
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Abstract- The resonant properties arose from the electric and magnetic interactions between the
vertical split-ring resonators (VSRRs) and light are theoretically and experimentally studied.
Particularly, the magnetic resonance plays a key role in plasmon coupling in VSRRs. We perform
several VSRR-based metadevices for practical applications in optical communication frequency
such as Fano-resonance, highly sensitive nanoplasmonic sensor, isotropic absorber etc.
Split-ring resonator (SRR), a kind of building block for metamaterial unit cell, has attracted wide attentions
due to both the electric and magnetic dipolar responses can be excited under proper conditions. Here, different
from prior works, fundamental resonant properties and potential applications in novel three dimensional vertical
split-ring resonators (VSRRs) are theoretically and experimentally studied. Beside a single VSRR [1], tuning the
structural configuration of VSRR unit cells is able to generate various coupling phenomena in VSRRs, such as
plasmon hybridization and Fano resonance [2, 3]. Subsequently, the VSRR-based refractive index sensor will be
demonstrated. Due to the unique structural configuration, the enhanced plasmon fields localized in VSRR gaps
can be lifted away from the dielectric substrate, allowing for the increase of sensing volume and enhancing the
sensitivity [4]. We further perform a VSRR based metasurface for light manipulation at optical communication
frequency, in which the 2π phase modulation is from the changing of prong length along z-direction [5]. Finally,
isotropic VSRRs are introduced by optimizing the structural arrangement within a unit cell for realizing isotropic
VSRR-based perfect absorbers [6, 7].
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Abstract-Stratified anisotropic metamaterials with N cells within a period were N is an arbitrary
number are studied in this paper. Bandgap structure of such materials is under our consideration.
The accurate analytical method of investigating is obtained for the first time. The new
sign-functions are introduced. It is found that change of the arrangement of cells doesn’t affect
bandgap structure of metamaterials. It also is shown that boundaries between passband and
stopband are resonance characteristics of plane parallel resonator filled by stratified metamaterial.
Moreover change of a layer arrangement doesn’t affect the resonance characteristic of a device.
Analogous properties are observed in Bragg filters and periodic waveguide structures.
Periodic anisotropic metamaterial are very important to produce various microwave, optical devices, and
nanostructures [1,2] therefore investigation of these is relevant now.
To study various anisotropic periodic structures the translation matrix method is most widely used. However
the matrix has been obtained and analyzed in detail for double-layered period as rule. The translation matrix for a
N-layered isotropic structure has been presented in [3] and for a longitudinal magnetized ferrite it has been given
in [4]. Bianisotropic stratified media have been described by using such a matrix in [5].The translation matrix for
a stratified anisotropic metamaterial structure has been offered in [6]. However in that work the matrix has been
written for a single layer. Moreover the authors have considered uniaxial anisotropy only. But metamaterials
obviously are bi-axial anisotropic. It is very important advantage that the method presented here is accurate
analytical and the translation matrix is obtained in elementary functions.
In this paper we study wave behavior within stratified anisotropic metamaterial. Each sell of a structure is
described by the dyadics

with negative components

,

,

and

. In general case the dyadic components can be complex values.

Note that here we take into account the effective parameters of a medium only.
In our work the translation matrix in the accurate analytical form is presented for the first time. The offered
method can be used for various metamaterial structures as the translation matrix of a single sell is the same for
them. The translation matrix is written here as the sum of the 2N matrix group. Each group contains the 2N-1 matrix.
Therefore we can say about 22N-1 independent waves within a structure that is devided in 2N group. On other
words we can say about a q-th independent wave of a p-th group. Let us call these waves as equivalent waves.
The contribution of each wave is presented by the coefficient that we call as the contribution rate. Here we also
use two sign-functions

The function (2) has been described in [3] in detail by us. The function (3) has been introduced in [5], but it
will be described here for the first time. The equivalent waves are the result of interaction of sell eigenwaves as
the electromagnetic thicknesses of these are the algebraic sum of the thicknesses of the eigenwaves. Herein two
eigenwaves of a same sell don’t interact with each other. The function (3) establishes the arrangement of
eigenwave interaction. Within each group, the wave electromagnetic thickness and the contribution ratios are
different. These values are depended on a sign, which is taken for the sell electromagnetic thickness. It is
obtained that within each group the signs vary in binary law. These changes take into account by the sign
function (2).
Here it is found that change of sell arrangement does not affect bandgap structure if a period length is
invariable. The analytical proof of this phenomenon for an isotropic medium has been presented in [6]. Now we
also have obtained the accurate analytical foundation of this property for an anisotropic metamaterial.
The property described for an infinite anisotropic metamaterials can find the practical applications. Indeed
Bragg filter based on an anisotropic metamaterial is a periodic structure and wave behavior in such a structure
can be described by the differential equations. Therefore bandgap structure can be found from analysis of
eigennumbers of the translation matrix. It is important that geometry of a studied filter can be more complicate
than it has been studied early. Here a period is N-layered. Analogously a waveguide with variable section and a
waveguide filled by periodic anisotropic metamaterial are described by constitutive relations (1) can be described
by the obtained translation matrix.
It is found that the boundaries between passband and stopband are the resonance characteristics of a plane
parallel resonator filled by inhomogeneous anisotropic metamaterial. Accurate mathematical proof of this
property will be given here.
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Abstract: We present a wide-field, high-throughput optical technique for locating solid-state
quanutm emitters with <10 nm accuracy, and apply it in the creation of micropillar sources with
near-optimal single-photon emission.
Solid-state quantum emitters, especially epitaxial quantum dots (QDs) with large optical oscillator strength, are a
promising candidate for future on-chip quantum devices. However, the deterministic creation and eventual scalability
of single QD devices greatly suffers from the random nature of the QD positions produced in their self-assembled
growth. To address this, a variety of approaches for locating such QDs prior to device fabrication have been reported,
and mostly rely on scanning techniques (such as confocal microscopy [1] or cathodoluminescence [2]), resulting
in relatively low throughput and long acquisition time. Among different positioning methods, photoluminescence
imaging is particularly appealing as it can combine high accuracy, short integration time, and wide-field capability
in a simple setup [3, 4]. Here, we present a new high-performance system for nanoscale location of QDs based on
photoluminescence imaging. This system exhibits improved positioning uncertainty and shorter acquisition time (3⇥
lower and 100⇥ shorter, respectively) than the first generation setup reported in Ref. [4]. We demonstrate its use in
the creation of state-of-the-art single-photon sources, based on micropillar cavities, that emit bright, pure, and Purcellenhanced indistinguishable photons [5, 6].
In our approach, schematically depicted in Fig. 1(a), a 630 nm LED is used to excite all of the QDs within the
system’s field of view (typically ⇡ 60 µm ⇥ 60 µm), while a long wavelength LED simultaneously illuminates the
sample. Emitted light from the QDs and reflected light off the sample are directed through one or more filters to
reject light from the short wavelength LED before going into a sensitive electron-multiplied charge-coupled device
(EMCCD) camera, or are coupled into a single mode fiber and sent to a grating spectrometer for spectral analysis.
Placing the objective in close proximity to the sample allows for the use of a high NA (0.9), which both increases the
solid angle over which emitted photons are collected, and also increases the LED intensity at the sample, ensuring that
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Fig. 1. (a) Schematic of the photoluminescence imaging system. The sample is on a x-y-z positioning stack within a 4 K closed-cycle cryostat.
Hanging above the sample, within the cryostat, is a 100⇥ magnification, 0.9 NA microscope objective. Two different color LEDs are combined on
a 50:50 beamsplitter and sent into the objective to excite the quantum dots (QDs) and illuminate the sample, respectively. (b) Typical image of the
QD photoluminescence and alignment marks taken by the setup. (c)-(d) One-dimensional line cut (along the x-axis) of the (c) QD emission and (d)
light reflected off an alignment mark. (e),(f) Histograms of the uncertainties in the QD and alignment mark locations across multiple samples.

saturation of all QDs within the field of view can be achieved. Furthermore, the absence of optical windows between
the objective and the sample leads to higher quality imaging. One example of an optical image used for positioning is
shown in Fig. 1(b), where the image is taken within 1s and without EM gain. Figures 1(c)-(d) show horizontal line cuts
through the QD and alignment mark from the image. Through maximum likelihood estimation and a cross-correlation
method, uncertainties of 3.9 nm and 7.5 nm in the center positions of the QD and alignment mark have been obtained,
respectively. We also show the statistics of our positioning technique in Fig 1(e),(f), where the mean uncertainties for
QD and alignment mark are 2.06 nm and 7.55 nm respectively.
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Fig. 2. (a) Photoluminescence image for quantum dot (QD) position extraction. The four alignment mark centers and center of the field are denoted
by the red crosses and star, respectively. (b) Photoluminescence image of a micropillar highlighted by the red circle with a single QD in the center.
(c) Spectra of the selected QD before (above) and after (below) fabrication of the micropillar. (d) Measured count rate on the spectrometer versus the
pulse area of the resonant driving laser field. (d) 2nd order autocorrelation histogram for pulsed resonant excitation with a ⇡-pulse. (e) Histogram
of HOM interference with the 12.2 delay time. Photons with parallel polarization are prepared here.

We apply our approach to the creation of micropillar cavities that contain a single QD in their centers, for use in triggered single-photon generation. Figure 2(a)-(b) shows the optical images of our device before and after the micro-pillar
etching process. Before fabrication, individual QDs can be clearly identified while only the selected QD is located in
the center of the pillar after the dry etching process (this QD was chosen based on its spectral location corresponding
to the expected resonance location of the micropillar cavity). A direct comparison of micro-photonluminescence spectra of the positioned dot before and after fabrication suggests that the targeted exciton emission is greatly enhanced
by the micropillar cavity structure, as shown in Fig 2(c). Lifetime measurements (not shown) further support this
point, with a radiative lifetime of ⇡ 100 ps corresponding to a Purcell factor of ⇡ 7.8. Resonantly exciting the QD
with a picosecond pulse, we observe characteristic Rabi-oscillation behavior as a function of the square root of the
pump power, which is the key signature for the pulsed coherent driving of the two level system, shown in Fig. 2(d).
Figures 2(e)-(f) present the second-order correlation and Hong-Ou-Mandel (HOM) interference measurements of the
emitted single-photon pulses from the fully population-inverted QD excited by ⇡-pulses at a repetition rate of 83 MHz.
g (2) (0) = 0.015 ± 0.009, indistinguishability of (98.5 ± 3.2) %, and an extraction efficiency of (49 ± 4) % within the
same device confirms an accurate placement of the QD in the center of the micropillar.
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Abstract- In this report, we provide the first experimental demonstration that silicon-

based nanoantennas can either enhance or inhibit spontaneous emission from fluorescent
molecules at the nanoscale. Using scanning probe microscopy, we analyse quantitatively
the near-field interaction between a fluorescent nanosphere and silicon nanodisks in three
dimensions.
Mie resonators, or high-index dielectric nanoparticles, have recently been proposed as new building
blocks to produce metamaterials1, metasurfaces2 or optical antennas3. However, all prior studies have
focused on the passive resonant scattering properties of dielectric particles without demonstrating
their influence on active materials, a property that is crucial for nanoscale photon management. In this
report, we provide the first experimental demonstration that silicon-based nanoantennas can either
enhance or inhibit spontaneous emission from fluorescent molecules at the nanoscale (Figure 1).

!
Figure 1: (a) Principal of the experiment: a fluorescent nanosphere is attached at the end of a nearfield tip and placed in close proximity to a dielectric photonic antenna. (b, c) Two dimensions of
dielectric antennas are considered to be either on resonance or out of resonance at the emission
wavelength of the fluorescent nanosphere (d). (e) Enhancement or inhibition of the fluorescent
nanosphere spontaneous emission in the vicinity of the dielectric nanoantennas.
Using scanning probe microscopy, we analyse quantitatively the near-field interaction between a
fluorescent nanosphere and silicon nanodisks in three dimensions and at the nanoscale. Furthermore,

in this study we highlight the ability of dielectric nanoantennas to increase the far-field collection of
spontaneously emitted photons, in excellent agreement with numerical simulations. These results are
an essential contribution to the new field of Mie resonators, at the crossroads of plasmonics and
dielectric microcavities, as they demonstrate the ability of high-index dielectric nanostructures to
manipulate solid-state emitters at the nanoscale and at room temperature.
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Abstract— We present recent advances in direct laser writing (DLW) of 3D nanostructures.
These require on the one hand sophisticated control of all optical parameters in a DLW system, especially the excitation mode, on the other hand detailed knowledge of the photosensitive material
and the structure formation process within this material. Here, we introduce our recent eﬀorts
on both: the optics side, including automated aberration correction and stimulated-emissiondepletion DLW; the material side, encompassing proximity eﬀect characterization and direct
additive metal printing.

Direct laser writing (DLW) [1] – already one of the most versatile technologies for fabrication
of 3D nano- and microstructures – has enabled a variety of structures encompassing a large range
of applications, including but not restricted to metamaterials, photonic crystals and micro-optics
[2]. It is based on tightly focussing a laser beam into a photo sensitive material where via two photon absorption a material change takes place and a structure forms. Despite already being widely
applied, there is a demand of yet higher resolution, finer feature details, greater design fidelity,
more robustness and specific material properties of these structures. Therefore, ongoing eﬀort is
put into improving the DLW system, especially the optical modes [3] (physical approach), and into
understanding all processes that lead to structure formation [4] as well as into the development of
new photo sensitive materials - the chemical approach.
Here, we present selected routes followed in our group that encompass both, the physical as well
as the chemical approach.
On the physical side we introduce a spatial-light modulator (SLM) into the DLW setup. The
phase shaping capabilities of the SLM allow sophisticated control of the focal mode. We present
automated aberration correction which is applicable in high numerical aperture DLW systems.
The iterative correction routine takes the intensity measured in the focal volume as feedback and
pre-compensates all major aberrations present in the system using the SLM. We show that the
aberration corrected excitation mode allows for substantially increased resolution of grating structures compared to the uncorrected mode.
The SLM not only enables aberration correction of the excitation mode but may be used in
stimulated-emission-depletion (STED) inspired lithography. There, a second STED laser mode
is overlayed with the excitation mode [5]. The STED mode locally depletes the excited photo
initiator and thus locally prevents structure formation. By specifically shaping these modes into,
e.g., so-called doughnut or bottle beam modes, finer feature details and higher resolution may be
obtained. Here, we show that both, shaping the depleting modes as well as aberration correction of
these modes, is possible using the SLM, and that both is necessary to obtain the desired resolution
increase in the final structure.
On the chemical side we make use of SLM generated multi foci [6] to take a closer look at the proximity eﬀect. We show that feature sizes and resolution is not only determined by the excitation
mode. Rather, the proximity eﬀect plays an important role and contributes to feature sizes in a
distinct diﬀusive spatial and temporal manner [4].
Finally, we present our recent eﬀorts in DLW of metal structures. Hereby, photo sensitive metal
salt solutions are developed that undergo a photo induced reduction to neutral metal which then
locally agglomerates to form a metal structure [7]. A number of eﬀects, such as charge of metal
particles, thermal heating of and scattering by the evolving structure, need to be precisely controlled or avoided.

In conclusion, SLM-based DLW enables accurate control and automated improvement of excitation and depletion modes leading to higher resolution and finer feature details of nanostructures.
Furthermore, it allows for determination of spatio-temporal characteristics of the proximity eﬀect
which follows a diﬀusive characteristic in various photo resists. In addition, DLW systems may
be used for additive manufacturing of metal structures. There, the reaction leading to the metal
structure needs to be photo-initiated and thermal heating needs to be controlled.
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Abstract - We demonstrate extremely efficient second harmonic generation (SHG) from
monolithic aluminum gallium arsenide (AlGaAs) nanoantennas suspended on a transparent
aluminum oxide substrate. When exciting with a pump laser centered at 1554 nm, we obtained
SHG with a conversion efficiency of about 10-5 for a 1.6 GW/cm2 pump intensity.
Metal-less nanophotonics has recently raised an increasing interest because the optical response of highpermittivity dielectric nanoparticles exhibits negligible dissipative losses and strong magnetic multipole
resonances [1–3] in the visible and near-IR. Here we propose all-dielectric Al0.18Ga0.82As-on-AlOx
nanodisks, on which we measure second harmonic generation (SHG) with conversion efficiency up to 10-5
for a 1.6 GW/cm2 pump in the optical telecom wavelength range [4].
Our samples were fabricated from a [100] GaAs wafer, with a 400nm layer of Al0.18Ga0.82As on top of an
aluminum-rich substrate (see Fig. 1a). The result is an array of nanopillars on an aluminum-oxide (AlOx)
substrate. The linear and nonlinear optical response of such nanoantennas are modeled by using frequencydomain finite element simulations in COMSOL [5]. We numerically predict a SH conversion efficiency
higher than 10-5 for a pump wavelength
between 1500 nm and 1700 nm. To
experimentally investigate the nonlinear
properties of the fabricated nanopillars, we
excited them with an ultrafast Erbiumdoped fiber laser centered at 1554 nm (150
fs pulses, 80 MHz repetition rate).
The SHG signal was collected from an array
of nanocylinders with radius varying from
175 to 225 nm, using single-photon
avalanche photodiodes. The dependence of
the detected SHG on the radius of the
nanocylinders is in excellent agreement with
the numerical simulations (see Fig. 1b). The
polarization of the emitted SHG, reported in
Fig. 1c as a function of the nanodisks radius,
is also in very good agreement with the
numerical simulations (see Fig. 1d),
demonstrating the strong dependence of the
SHG polarization from the nanocavity
modes involved for specific nanostructures
dimensions [6-7].

Figure 1. a) Scheme of the fabricated sample of AlGaAs
nanodisks on top of a transparent (AlOx) layer. b) SHG
conversion efficiency (left) and overall SHG intensity emitted by
the nanodisks as a function of the normalized radius (r/λ).
Polarized experimental (c) and simulated (d) SHG conversion
efficiency as a function of r/λ.

Our results allow gaining further insight in the mechanisms underlying the polarized nonlinear emission in
these systems, showing the potential of AlGaAs-on-insulator all-dielectric platforms in the nonlinear
manipulation of light properties at the nanoscale.
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Abstract: We present recent results in the field of hybrid quantum systems. Single photons
generated by the resonant pumping of a semiconductor quantum dot are interfaced with alkali
atoms in order to realize an efficient variable delay up to a record value of 28 ns. After delaying,
two successive single photons are used to perform quantum interference measurements: when only
one photon is delayed the indistinguishability is fully conserved while when both are delayed the
two-photon interference visibility further increases.

Hybrid quantum systems are attracting increasing attention thanks to their capability of merging the
strengths of different complementary fields. In the present case, semiconductor quantum dots (QDs)
are interfaced with alkali atoms. QDs are well known to be bright sources of on-demand single and
indistinguishable photons. A crucial limitation is set by the relatively short coherence time that can be
overcome by using alkali atoms, which display a very long coherence time and can take advantage
from the properties of QD-based non-classical light sources [1].
In this direction, we have recently proven an efficient QD-to-atom interface, by filtering two
consecutive single photons generated by a resonantly excited QD using of a Cs-based Faraday
anomalous dispersion optical filter (FADOF) [2]. The intrinsic tunability of the Mollow triplet allowed
tuning the two sidebands in resonance with the Cs-D1 transition: a simultaneous filtering of both
spectral features with more than 10% transmission was achieved, while suppressing all other
components below the noise level.
The present study [3] represents a step further in the hybrid QD-atom interface, where the Cs vapor
is used as variable optical delay. A tunable, resonantly excited QD is used as source of on-demand
single photons, in resonance with the Cs-D1 transition. We will report on the effect of vapor
temperature on the achievable delay for single photons with many different linewidth. A record delay
of 28 ns was observed for almost 100% of the transmitted photons (Fig.1 a). The ideal single-photon
nature of the emitted photons was proven by autocorrelation measurements (g(2)(0) ≈ 0) after the
interaction of the photons with the atomic vapor.
Photon indistinguishability is another fundamental property for quantum information purposes. In
the present study we performed Hong-Ou-Mandel measurements under several different conditions
(Fig. 1 b), using the alkali vapor as variable delay line. When both successively emitted photons are
delayed, an increase of the photon indistinguishability is observed: we attribute this finding to a
photon wavepacket “filtering” effect. It is worth noting that when only one photon is delayed (Δt ≈ 3
ns) the HOM visibility is fully maintained. These findings prove that photons coherence properties are
preserved after interacting with the atomic vapor, opening the way to the implementation of vaporbased quantum memories for single and indistinguishable QD photons.

(a)

(b)

Fig.1 (a) Photon delay as a function of vapour temperature: in the inset the record delay with
respect to non-delayed photons is also shown. (b) HOM visibility. The black curve shows the
reference HOM visibility. Delaying one photon with the vapour and making it interfering with a
non-delayed photon results in the HOM in grey. Both visibilities are around 0.65.
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Abstract- Metasurfaces consist of flat, ultrathin optical components that can have a functionality
resembling that of optical structures that are over an order of magnitude larger in size. These layers
enable a significant change in the amplitude and/or phase of the electromagnetic wave within a deeply
subwavelength thickness. Separately, photodetectors and other optoelectronic devices are used to detect
photons through creation of charge carriers in a semiconductor. In this talk, I combine these concepts
and discuss the use of lossy, ultrathin film metasurfaces for the generation of hot carriers, and their
subsequent collection, enabling compact polarization and wavelength selective optoelectronic
components.
Perhaps the simplest form of a metasurface is an ultrathin, lossy film, which can enable a nontrivial phase
change upon reflection that differs significantly from zero or pi. With proper design, these structures can enable
nearly complete absorption in an ultrathin film. In cases where the absorption leads to excited free charge
carriers, so-called hot carriers, optoelectronic devices can be designed to take advantage of these carriers. When
a photon is absorbed within the metallic structure, its energy is transferred to an electron, which is promoted to a
higher state within the conduction band (a similar phenomenon can occur for holes depending upon the incident
photon energy and the density of states of the material [1]). These excited carriers can typically travel for a few
tens of nanometers before collisions cause thermallization. Some fraction of carriers will be able to make it to an
interface and, for a metal-semiconductor interface, be injected into the semiconductor, causing current. We have
found similar results for thin metal-insulator-TCO (transparent conducting oxide) structures [2-4].
In this talk, I will discuss our recent work on the theory, fabrication, and testing of optoelectronic devices
based on metasurfaces. By tailoring the absorption properties of these ultrathin films, both broadband and
wavelength selective IR detectors can be fabricated on a Si-based platform. I will also present results of various
imaging detectors based on these concepts.
Acknowledgements: this work is funded by an ONR YIP Award N00014-16-1-2540 and an NSF CAREER
Award #1554503.
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Abstract— We illustrate an active loss compensation scheme for a non-ideal negative index
flat lens (NIFL), based on the recently developed plasmon injection or PI scheme. The scheme
is applied to an image spectra where, noise similar to real imaging systems, is artificially added.
An external auxiliary source is used to amplify high spatial frequency features of the object.
The compensation scheme improves SNR and has the potential to be extended to higher spatial
frequencies.

Theoretically, a slab of negative (refractive) index material (NIM) can be used to amplify and
focus evanescent fields which contain information about the sub-wavelength features of an object [1].
This presents an unprecedented opportunity to overcome Rayleigh’s di↵raction limit and achieve
super-resolution imaging. However, since NIMs are artificially realized with metamaterials which
are inherently lossy, compensation of these losses becomes a critical limitation especially under the
deep sub-wavelength regime where the Fourier components of the image spectra are suppressed
under the noise. A recently developed compensation scheme dubbed plasmon injection [2], was
conceptualized with surface plasmon driven NIM [3] and provides loss compensation without using
a gain medium or non-linear e↵ects. This scheme was then applied passively as a post-processing
technique to reconstruct an object with sub-wavelength features [4]. However, passive compensation
(PC) is inherently prone to noise amplification under the deep sub-wavelength regime.
Here, we demonstrate that an external auxiliary source can be used to overcome noise amplification and recover high spatial frequency features of the object, which are buried under the noise.
We call this “active” compensation (AC) to distinguish it from passive as in [4]. We define the
0
00
0
00
NIFL imaging
system
by it’s relative
permittivity
and permeability, ✏r = ✏ + i✏ and µr = µ + iµ ,
0
0
00
00
with ✏ = 1 and µ = 1 and ✏ = 0.1 and µ = 0.1. We construct an auxiliary source whose
Fourier spectra is

( kkyo kc )2
A(ky ) = 1 + Po · exp
.
(1)
2 2
The spatial distribution of the auxiliary is A(y) = F 1 {A(ky )}, where F is the Fourier transform
0
operator, is convolved with the object O(y). The new object, denoted by O (y), is called the total
object and is
Z
0

O (y) =

1

1

O(y) · A(y

↵)d↵.

(2)

The corresponding image spectra is then determined with the finite element software package
COMSOL Multiphysics. Noise is added to the spatial frequency distribution of the image. The
noise process is a circular Gaussian random variable at each spatial frequency component. The
noisy Fourier spectra obtained from the image plane is
0

IN (ky ) = TP (ky ) · O(ky ) + TP (ky )O(ky ) · Po · exp



( kkyo

kc ) 2
2

2

+ N (ky )

(3)

where N (ky ) is the noise. The second term of Eq. 3 represents an amplification e↵ect provided by
the auxiliary source. This can be used to recover the spatial frequency components of the image
spectra that are buried under the noise by simply controlling the characteristics of the auxiliary,
such as its central frequency kc , the amplification strength P0 or its full width at half maximum .
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Figure 1: (a) Passive [TP ] 1 and active compensation [TA ] 1 schemes. PC results in noise amplification in
the reconstructed spectra unlike AC. The reconstructed images are obtained by multiplying the raw images
with the corresponding compensation filter. (b) AC allows image reconstruction in the deep sub-wavelength
regime unlike PC. Note that the passive compensated image has been scaled down by 107 .

The image spectra given by Eq. 3 is then compensated by the inverse of the active transfer
function denoted by TA (ky )
TA (ky ) = TP (ky ) + TP (ky ) · Po · exp



( kkyo

kc ) 2
2

2

(4)

to reconstruct the object. The inverse of TA (ky ) is the active compensation shown in 1(a). TP (ky ) is
the passive compensation in the absence of an auxiliary or when P0 = 0. The resulting compensated
Fourier spectra and spatial intensity distribution are shown respectively in figure 1(a) and (b), which
shows how AC can reconstruct deep sub-wavelength features while PC fails. Figure 1(a) also shows
how AC reveals a spatial frequency feature at kkyo = 3 from the noise floor which goes undetected
under PC. Moreover, AC significantly reduces noise amplification when compared with its passive
counterpart thereby improving the signal to noise ratio of the imaging system.
The AC scheme makes the NIFL imaging system more versatile and opens up new avenues of
high resolution imaging in the deep sub-wavelength regime where noise a↵ects the image spectra.
We have also identified some potential methods to implement convolution in the spatial domain,
metasurfaces being the primary candidate. A more detailed analysis on how to design such a
metasurface which can be used to convolve the object with the pump will be the focus of our future
research endeavors.
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Abstract-We study gap solitons which appear in the topological gap of 1D bosonic dimer chains
within the mean-field approximation. We find that such solitons have a non-trivial texture of the
sublattice pseudospin. We reveal their chiral nature by demonstrating the anisotropy of their
behavior in presence of a localized energy potential.
A 1-dimensional (1D) periodic lattice with 2 different tunneling coefficients leading to the “dimerization” of
the lattice is one of the simplest configurations exhibiting topological properties [1]. The dispersion of such
system shows a splitting of a single s-type band into two bands, corresponding to the bonding and anti-bonding
states of the individual dimers. These subbands are characterized by a topological invariant (the Zak phase [2]).
The topology of the gap between them is determined by the Zak phase of the band below. Combining the
topology of the lattice with the topology of the excitations of a quantum fluid, such as a Bose-Einstein
condensate, is a particularly interesting problem of modern physics.
The properties of nonlinear solutions existing in the internal gap of the s-band of the 1D dimer chain can be
expected to be strongly affected by its topology. The Su-Schrieffer-Heeger (SSH) soliton is perhaps one of the
most famous examples of topologically nontrivial solutions [3] for a dimer chain. However, it involves
dynamical dimerization, that is, modification of the properties of the lattice itself (displacement of the lattice
sites or modification of tunneling coefficients): this soliton is a domain wall between two distinct lattices, each
with its own dimerization order. Such dimerization domains can be observed not only in electronic systems
(polymers, as in the original SSH work), but also in artificially created in photonic chains [4]. Recently, chiral
solitons of the SSH type were observed in double chains [5].
But there also exist solitonic non-linear solutions, called gap solitons, that do not require the modification of
the lattice and do not close the gap, contrary to the chiral edge states and the SSH soliton. Many of them have
been studied in dimerized and zigzag lattices in acoustics [6], Bose condensates [7], and photonic systems [8,9],
with a particularly interesting recent experimental observation [10]. However, the crucial role played by the
anisotropy of the Bloch part of the soliton wavefunction with respect to the two different atoms forming the
lattice (and defining the sublattice pseudospin) has remained unnoticed.
In this work [11], we demonstrate that a gap soliton in a single dimer chain can exhibit chirality. We study a
gap soliton in the topological gap of a dimer chain, first using the tight-binding variational approach, and then by
direct solution of the Gross-Pitaevskii equation with a periodic potential. This solution is strongly different from
the chiral SSH soliton [5], because it does not involve the modification of the lattice itself. It is also different
from the dark-bright solitons [12], because it does not involve neither the polarization degree of freedom, nor an
extended condensate. The topological gap soliton (TGS) is a typical localized solution, appearing from the states
at the boundary of a topological gap. We demonstrate that such solitons exhibit a nontrivial pattern of sublattice
pseudospin due to pseudospin-anisotropic interactions. We determine their sublattice-polarization degree and
demonstrate the chiral nature of these solitons via their asymmetric behavior with respect to a localized defect

(see Figure 1), which gives a striking contrast with the isotropic behavior of non-topological gap solitons (GS).
These results are confirmed by direct calculations. A closer look at recent experimental data in a photonic dimer
chain [10] confirms our predictions for the chiral nature of the TGS. Our results are valid for any photonic
system, such as coupled waveguides [4, 10], and also for atomic condensates out of thermal equilibrium.
We acknowledge the support of the project "Quantum Fluids of Light" (ANR-16-CE30-0021).

Figure 1. Chiral TGS trajectories plotted as the particle density as a function of position and time, depending
on the initial position: a) oscillations b) free acceleration.
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Abstract: We report a simple approach to growing large area monolayer molybdenum diselenide
films on different substrates using chemical vapor deposition technique. We have investigated
surface plasmon mediated light-matter interactions in monolayer molybdenum diselenide-gold
nanoantenna hybrid nanostructures. Our results show significant changes in the lattice constant,
bandgap energy, photoluminescence lifetime and Raman lines as a direct manifestation of the
Purcell effect in MoS2-nanoantenna hybrid structures. Preliminary studies also offer indications of
strong coupling in optimized sample configurations.
Layered materials show remarkable properties when thinned down to monolayer limit because of their two
dimensional nature and strong electron confinement [1]. Two-dimensional (2D) monolayers of transition metal
dichalcogenides, such as molybdenum diselenide (MoS2) are currently being paid increasing attention, due to
their promising future in next generation electronics and photonics. Particularly, atomically thin MoS2 films have
drawn significant interest due to the remarkable transition from an indirect bandgap to direct bandgap
semiconducting material [2,3]. In conventional approaches, MoS2 layers are synthesized by various techniques
such as micromechanical exfoliation assisted by scotch tape, intercalation assisted exfoliation, solution
exfoliation, physical vapor deposition, hydrothermal synthesis, sulfurization of molybdenum trioxides, etc.
However, the size of MoS2 monolayers obtained using most of these methods is limited to only a few tens of
micrometers, which is not suitable for large-scale integrated device applications. Recently, chemical vapor
(d)

Figure: 1 (a) A large area monolayer MoS2 film grown using chemical vapor deposition. (b,c)
Characterization of the film using Raman spectroscopy, and (d) changes in Raman spectrum of a
MoS2 monolayer due to surface plasmon polariton mediated light-matter interactions.

deposition route has been extensively explored to achieve scalable synthesis of high quality MoS2 monolayers
for the development of practical devices. We have developed a simple chemical vapor deposition approach to
growing large area monolayer MoS2 films on different substrates [Fig. 1(a-c)] by sulfurization of MoO3 in
ambient pressure. Our technique involves relatively lower temperature synthesis [4], and does not require any
kind of seeding or elaborate treatment of the substrate surface.
The focus of this work is to investigate nanoscale surface plasmon mediated light matter interactions in
MoS2 monolayer-gold antenna hybrid nanostructures. Elliptical and rod-shaped gold nanoparticles supporting
localized surface plasmon (LSP) resonances act as efficient nano-antenna. Due to the strong plasmonic field
localization offered by these nanoparticles, we have observed significant changes in the lattice constant, bandgap,
photoluminescence lifetime and position as well as the width of Raman lines [Fig. 1(d)]. Our observations are a
direct manifestation of the Purcell effect in these MoS2-nanoantenna hybrid structures [5]. The changes in the
bandgap energy, and thus the absorption spectra are also supported by the bandstructure calculations, which take
into account the lattice distortions caused by the plasmonic fields. Preliminary studies offer indications of strong
coupling in optimized sample configurations [6,7].
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Abstract- We compare the third harmonic generation and incoherent photoluminescence
contributions to the nonlinear optical response obtained in individual gold nanoantennas upon
illumination with near-IR femtosecond pulses. With this procedure we could extract the dispersion
of the nonlinear susceptibility.
Nanoantennas are excellent tools for accessing the nonlinear response of metals owing to the strong enhancement
of light-matter interaction occurring in the near-field. For example, excitation of gold nanostructures with intense
radiation triggers both coherent and incoherent phenomena such as third-harmonic generation (THG) [1] and
multi-photon photoluminescence (MPPL), respectively [2,3]. In this work, we study the interplay between these
frequency conversion mechanisms in order to unveil the effective (3) nonlinear response of metals.
In our experiment, we exploit tuneable near-infrared pulses from a femtosecond Er:fiber laser system to excite
individual gold nanorods. The resonant antennas are fabricated via electron beam lithography with subsequent
evaporation of gold and lift-off. The inset in Fig. 1 (a) shows a typical rod structure resonant at 2000 nm. This simple
geometry is chosen since its influence on the spectral shape of the MPPL is well understood [3]. The resulting
nonlinear emission of the nanorods under illumination is spectrally resolved, as depicted in Fig. 1 (a), showing the
prominent THG peak residing on a broad MPPL output.

Fig. 1 (a) Typical nonlinear emission spectrum of single polycrystalline nanoantenna (black). The green line separates the
coherent THG peak (blue) from the incoherent MPPL contribution (red), so that they can be integrated individually. A SEM
micrograph of the corresponding nanoantenna is shown in the inset. (b) Ratio of the integrated THG output vs. the total nonlinear
emission. Each data point represents the result from a single individual antenna. The green line serves as a guide to the eye.

The assessment of the nonlinear response of metallic nanostructures is complicated by the simultaneous
occurrence of THG and MPPL combined to a field enhancement that cannot be determined with sufficient
precision. We circumvent this problem by comparing the yield of the two nonlinear processes in individual
gold nanoantennas illuminated by resonant optical pulses. This approach allows us to directly evaluate the
susceptibility of gold since the field enhancement is identical for the two processes that are measured
experimentally on the very same emitter. Figure 1(b) shows the ratio between the THG and the total nonlinear
emission for a large set of antennas, all excited resonantly with pulses of the same temporal duration and peak
intensity. This parameter is investigated as a function of the driving wavelength. The experimental results show
an overwhelming contribution of the THG to the nonlinearity for short wavelength excitation.
In summary, we have investigated the nonlinear emission of single gold nanorods. By comparing the yield
coherent and incoherent processes occurring on the same specimen, we overcome the dependence on the field
enhancement. With this procedure we could obtain a fundamental insight in the origin of the nonlinear response
by observing a strong dispersion of (3) in THG that becomes more favourable when the fundamental excitation
approaches a three photon resonance for the direct excitation of electrons from the d-band to the Fermi level.
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Abstract- We use phase-change materials (PCMs) as a switchable dielectric environment for
infrared antennas and surface polaritons. Specifically, we combine an ultrathin film of PCMs with a
substrate hosting surface phonon polaritons and realize the all-optical, non-volatile, and reversible
switching of resonators for these ultra-confined polaritons.
The strong confinement and enhancement of light when coupled to surface waves or nanoparticles is key for
various applications in nanophotonics such as sensing, imaging or other devices that enable the manipulation of
light fields. In the mid-infrared spectral range, metallic nanoantennas and materials supporting surface phonon
polaritons (SPhPs) can be used as building blocks of such devices. In both cases, the optical functionality is
usually only obtained at a fixed wavelength, determined by the geometric design and the material properties.
In the first part of this talk, I will present our latest results on active mid-infrared plasmonics, i.e. the tuning
of nanoantennas resonances via variation of the refractive index n of an embedding medium based on
phase-change materials (PCMs) [1,2]. PCMs offer a huge contrast in the refractive index n due to a phase
transition from amorphous to crystalline state, which can be thermally, optically or electrically triggered. I will
show thermal and optical large-area switching of IR antenna resonances as well as individually addressable
switching of single structures. Application potential for switchable chirality [3] and switchable detectors [4] will
also be presented.
Surface Polaritons

+

Phase-Change-Materials

=

Ultra-confined
Polaritons

+

Re-writable
Metasurfaces

E
E
a-PCM

Quartz

c-PCM

Quartz

Figure 1: Sketch of our concept of combining Surface Phonon Polaritons (SPhPs) with a thin,
switchable layer of Phase-Change-Materials (PCM) for achieving ultra-confined Polaritons and
re-writeable metasurfaces.
In the second part, I will introduce Phonon-Polariton-based IR antennas made from polar dielectrics which

exhibit lower losses and larger Q-values compared to metallic nanoantennas. Specifically, we employ a PCM as
a switchable dielectric environment for loading the SPhPs [5]. This allows us to realize all-optical, non-volatile,
and reversible switching of the SPhPs by controlling the structural phase of the PCM. We experimentally
demonstrate that single nanosecond (ns) laser pulses can locally switch an ultra-thin PCM (down to 7 nm, <
λ/1200) for exciting ultra-confined SPhPs (polariton wavevector kp > 70k0, k0 = 2π/λ) in quartz. This offers a new,
elegant way to prepare all-dielectric, optically rewritable SPhP resonators without the need of complex
fabrication methods.
Our approach of combining PCMs and SPhPs (Fig. 1) opens up new possibilities for non-volatile, rewritable
and active nanophotonics, in particular for re-configurable, digital and memory metamaterials, flat optics and
metasurfaces.
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Observation of a chiral mode at the exceptional point of a polariton laser
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Bose-Einstein condensates show many remarkable properties, like superfluidity and excitation of quantized vortices [1].
Exciton polaritons in a semiconductor microcavity provide the opportunities to study Bose-Einstein condensation at a relatively
high temperature with direct spectroscopic imaging and optical controllability. Exciton polariton is a hybrid light-matter
quasiparticle, therefore the e↵ects of the particle-particle interaction can be explored through its exciton component, while the
photon component results in a relatively high decay rates and the need for a continuous pump to maintain the population.
Due to the spatial and temporal coherence of the condensed exciton polaritons, their radiative decay results in a coherent
photoluminescence of the microcavity, thus forming a polariton laser [2]. The driven-dissipative nature of exciton polaritons
o↵ers a platform for investigation of non-Hermitian properties [3] of Bose-Einstein condensate, which can be utilized to study
both the fundamental properties of an open non-equilibrium quantum system and future novel optoelectronic or photonic
micro-devices.
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FIG. 1: Experimentally observed crossing-anticrossing transition of the real (a,b) (energy) and imaginary (c,d)(linewidths)
parts of the eigenenergies with changing width of the optically-induced potential (white line), schematically shown in (e,f). A
vortex mode forms in the vicinity of the exceptional point, as confirmed by the image of spatial polariton density distribution
(e) and interference (f) with the reference beam.
In this work, we show the existence of a chiral mode in the form of a single charge vortex in an optically engineered ring
resonator. The resonator is formed by a spatially shaped optical pump beam which induces a non-Hermitian trapping potential
for exciton-polaritons. The two half rings have di↵erent widths, shown schematically in Fig.1(e,f), which a↵ects the overlap
of exciton-polariton condensate with the gain region. By adjusting the width of the half-ring and the detuning between the
microcavity photon and exciton resonance, we observe the transition from crossing to anticrossing of complex eigen-energies,
which signals the existence of an exceptional point. Furthermore, we confirm the formation of a chiral mode - a charge one
vortex - at the exceptional point, in analogy with microwave [4] and optical [5] resonators. The fine manipulation of the relative
phase between the two dipole modes (see Fig.1(a,b)) o↵ers a new opportunity to control the vorticity and realize the mode
switch in a macroscopic quantum system. Our method can be extended to generate high-order orbital angular momentum states
through coalescence of multiple non-Hermitian degeneracies, which can find application in optical switching and information
processing.
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Near-field imaging of chiral optical fields on plasmonic materials
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Abstract To investigate internal structures of chiral optical responses in nanomaterials, we
developed near-field optical activity imaging systems, and observed near-field CD images of twodimensional gold nanostructures. Local CD signals with amplitudes as large as 100 times the
macroscopic CD signals of the same samples were obtained, even for achiral structures.
Furthermore, local linearly polarized near-field excitation of highly symmetric circular disks (that
give no local CD signals) yielded circularly polarized scattering fields.
Chirality is a broad concept that characterizes structures of systems in almost all hierarchy of materials in
natural sciences. Chirality also plays a key role in nanomaterials science. It is of fundamental importance to
investigate internal structures of chiral optical responses in
nanomaterials, to design functionality of chiral features of the
materials. We developed near-field optical activity (typically
circular dichroism, CD) imaging systems, and observed nearfield CD images of two-dimensional gold nanostructures
fabricated with electron beam lithography technique. We
found local CD signals with amplitudes as large as 100 times
the macroscopic CD signals of the same samples, for twoFigure 1. Near-field optical images (at 633
dimensional chiral gold nanostructures.1
Even highly
2
symmetric achiral structures (as typified by rectangular nm) of a gold rectangle. (a) Transmission
image. (b) CD image.
nanostructures) gave locally very strong CD signals,2,3 as shown
in Figure 1. In this case, average of the signal over the
nanostructure yielded roughly null CD intensity.
While even achiral nanostructures showed local CD activities, circularly symmetric two-dimensional
nanostructures, such as circular disks, never give CD at any local positions. However, when the circular disk is
illuminated with linearly polarized light, the circular symmetry is broken, and it potentially yields locally chiral
optical fields. We extended the near-field CD microscope and conducted measurements of local optical activity
for gold nanodisks. It has been found that the disk scattered circularly polarized optical fields when it was
illuminated locally with linearly polarized excitation light, and that the ellipticity and the polarization azimuth
angle of the scattered field depended on the incident polarization angle and relative position on the disk. The
results obtained here may provide basic principle to get highly chiral optical fields, which may give us a chance
to pioneer analytical applications of chiral optical fields.
Acknowledgements.

This work was supported by Grants-in-Aid for Scientific Research (KAKENHI)

(Grant Nos JP15K13683, JP15H02161, and JP16H06505) and by Core-to-Core Program (A. Advanced Research
Networks) from JSPS, and by the Photon Frontier Network Program of MEXT.
REFERENCES
1. Narushima, T. and Okamoto, H. “Strong Nanoscale Optical Activity Localized in Two-Dimensional Chiral
Metal Nanostructures,” J. Phys. Chem. C, Vol. 117, 23964–23969, 2013.
2. Hashiyada, S., Narushima, T. and Okamoto, H., “Local Optical Activity in Achiral Two-Dimensional Gold
Nanostructures,” J. Phys. Chem. C, Vol. 118, 22229–22233, 2014.
3. Nishiyama, Y. and Okamoto, H., “Near-Field Nonlinear CD Imaging of Single Gold Nanostructures,” J. Phys.
Chem. C, Vol. 120, 28157–28162, 2016.

Analysis of of gravity-like interactions induced by
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Abstract- The gravitational-like interactions induced by radiation are analyzed
analytically a numerically for the particular case of two electric dipoles
illuminated with a fluctuating random field
The idea of gravity like interactions induced by radiation dates back to works by Spitzer in
1941 [1]. More recently, the analyses of the interaction between two dipolar particles in
isotropic random electromagnetic fields have shown how regions with gravitational like
potentials may show up at short distances [2,4]. The interaction between two particles
illuminated by artificially generated random fields has been very recently found experimentally
[4] and theoretical and numerical analyses have shown that the diffusion properties of a dipole
may be tuned also by using random light illumination [5,6].
In this work, we extend the analysis of gravitational-like interactions to more complicated
systems [7] and we analyze the dynamics of dipoles explicitly illuminated with a group of
fluctuating plane waves with wave vectors, polarizations and phases randomly distributed.
Molecular dynamics simulations are implemented, in order to look for the existence of Kepler
orbits in such a system.
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Coherent absorption of light by graphene and other plasmonic
structures.
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Abstract - Coherent perfect absorption (CPA) and coherent perfect transparency (CPT) is
discussed in 2D structures for instance based on graphene or intersubband transitions of a
semiconductor heterostructure. In particular, asymmetric devices are analyzed, either relying on
plasmonic resonances, properly engineered in a metal-dielectric metamaterial, or, more simply,
constituted by an optically conductive surface on top of a substrate.
The light absorption properties of a system are typically considered an intrinsic material feature, mostly
determined by its dielectric constant, thickness, etc. It has recently been shown, however, that full
interferometric control of absorption can instead be accomplished by varying the relative phase of two coherent
optical fields. Depending on the phase relation, the system can become totally opaque (coherent perfect
absorption – CPA) or tuned to complete transparency (coherent perfect transparency – CPT).
These phenomena are now starting to be widely investigated at a fundamental level (CPA is actually
considered the time-reversed process of lasing) and in view of innovative applications in plasmonics, or even in
diagnostics and imaging techniques where the high selectivity provided by the interferometric absorption control
could prove highly beneficial. Here I will discuss CPA and CPT in devices relying on polaritonic resonances,
properly engineered in a metal metamaterial on top of a quantum well semiconductor heterostructure. Using
diffraction gratings on Gallium Arsenide suspended membranes, "two-beam absorbance" measurements in a
counter-propagating Mach Zehnder geometry reveal the absorption phase modulation. Furthermore, we report on
experiments of coherent absorption on turbostratic multilayer graphene grown on silicon carbide substrate. From
the analysis of the experimental data, the graphene conductance G can be deduced independently of the substrate
and, thus, the number of layers NG can be directly quantified.
For a proper interpretation of the experimental results, a general theory of CPA in linear two-port systems is
constructed, without any symmetry requirements except for reciprocity; it demonstrates that optical absorption
describes an ellipse as function of the difference between the intensities of the incident beams. The model is
interpreted in the polariton case within a standard coupled-mode theory, and allows casting the graphene results
in the more general landscape of optically conductive surfaces.
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Rhodium Nanocubes as building blocks for UV-plasmonics
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Abstract— Extending nanoplasmonics to the UV-range has awaken a great interest due to
the current and potential applications in biological sensing, photocatalysis or spectroscopy. Very
recently  rhodium (Rh) has been proposed as a promising candidate for this purpose. ItT MPX
UFOEFODZ UPoxidize overcomFT the main problem XJUI metals such as aluminum or magnesium.
In addition, it presents outstanding catalytic properties. "T UIF Tynthesis of rhodium
nanocubes has been recently reported BOE CFDBVTF PG JUT 67QMBTNPOJD QFSGPSNBODF JOUFSFTU  Jn
this SFTFBSDI we QSFTFOU an analysis of the QMBTNPOJD behaviour of Rhnanocubes aggregates.
Plasmonicsinthe67SBOHFSFTVMUTPGinterestinfieldssuchasbiologicalsensing,photocatalysisor
spectroscopy [1, 2, 3]. Sanz et al. [4] studied several metals in order to find those whose properties
madethemmorepromisingforUV-plasmonics.Twoofthemostcompellingmetalsforthispurpose
are aluminum (Al) [5] and magnesium (Mg) [6]. However, nanoparticles (NPs) made of these two
metals su↵er from the formation of a native oxide layer whose thicknes TUSPOHMZ EFQFOET PO UIF
BNCJFOU DPOEJUJPOT 3IPEJVN 3I  IBT CFFO QSPQPTFE BT BO BMUFSOBUJWF EVF UP DPNQFUJUJWF
QMBTNPOJDQFSGPSNBODFBOEJUTQSPNJTJOHQSPQFSUJFT<>0OUIFPOFIBOE JUJTBOPOPYJEJ[JOHDBUBMZUJD
NFUBM0OUIFPUIFS IBOE  JU JT QPTTJCMF UISPVHI DIFNJDBM NFBOT UP TZOUIFTJ[F /1T XJUI TIBSQ FEHFT MJLF
DVCFT <> BOEUSJQPETUBST< > XJUITJ[FTEPXOUPON
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Figure 1: (a,c) Logarithmic scale |E|2 images at the resonant energy and (b,d) spectral absorption crosssection Cabs for convex (left) and concave (right) NC dimers of several gaps, varying from 1 to 36 nm,
illuminated under normal incidence with P polarization. The inset in (b,d) indicates the electric field
intensity (|E|2 ) at the center of the gap as a function of the inter-particle distance.

In this work we report a detailed numerical analysis of Rh nanocubes (NCs), paying special
attentiontothecouplingandcooperativee↵ectsthatappearwhenaggregatesofNCsareconsidered.
We will analyze the e↵ect of di↵erent deviations from the perfect shape that can be seen in TEM
imagesofsynthesizedRhNCT i.e.roundededgesBOEPSFJUIFSconcavityorconvexityoftheJSfaces
[8]. Thehot spots created in the region between two interacting NCs (dimer) are of particular
interest in SERS-like applications [10]. In this investigation we will study the dependence of
67 QMBTNPO SFTPOBODFT BOE IPU TQPUT PG 3I/$T dimers on theJS geometry, shape, and BMTP PO
FMFDUSPNBHOFUJD QBSBNFUFST PG UIF JODJEFOU SBEJBUJPO MJLF angle of incidence (AOI) andpolarization
XIFOUIFZBSFPOTVCTUSBUFT.
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F. Moreno. Rhodium Tripod Stars for UV Plasmonics. The Journal of Physical Chemistry C,
119(22):150519105943006, jun 2015.
10. Bhavya Sharma, Renee R. Frontiera, Anne-Isabelle Henry, Emilie Ringe, and Richard P. Van
Duyne. SERS: Materials, applications, and the future. Materials Today, 15(1-2):16–25, 2012.

Integrated III-V Photonic Crystal – Si waveguide platform with
tailored Optomechanical coupling
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Abstract- The optomechanical response of a heterogeneously integrated two-dimensional photonic
crystal defect cavities on top of silicon-on-insulator waveguides is investigated and evidences an
optomechanical coupling involving both dispersive and dissipative mechanisms. By controlling the
optical coupling between the constituting elements, we were able to vary and understand the
relative strength of these couplings. This scalable platform allows for unprecedented control on the
optomechanical coupling mechanisms, with a potential benefit in cooling experiments, and for
optomechanical circuits for optomechanically-driven signal-processing applications.
Optomechanical systems, in which the vibrations of a mechanical resonator are coupled to an electromagnetic
radiation, have permitted the investigation of a wealth of novel physical effects. Typically for the most of these
systems, optomechanical coupling originates from a dispersive dependence of the nanocavity resonance
frequency on its geometry, which is modulated by mechanical motion. Dissipative optomechanical coupling
consists in the modulation of the lifetime of the cavity photons through the motion of a mechanical oscillator.
Very recently, it has been demonstrated that this effect is observed in a wide variety of devices [1-2]. Dissipative
couplings may significantly enhance the detection sensitivity in optomechanically-based sensing schemes [3]
and open new possibilities in optomechanical control with systems featuring both types of coupling mechanisms
[4], where a tailored coupling strength is highly desired.

Figure 1. (a) S.E.M. picture of the photonic crystal membrane with an L3 cavity in the center above a Silicon
waveguide. Inside the membrane, InAs(P) Stranski-Krastanov Quantum Dots (SK-QD) have been incorporated
(b) in the InP membrane. A T.E.M. image is shown in (c). The emission spectrum of these QD is represented in
blue (Fig. 1d) and the spectrum of the L3 cavity is in purple.

To fully exploit these phenomena in realistic devices or circuits, the integration of optomechanical resonators on
a standard semiconductor platform is required. Here, we propose a novel approach to heterogeneously integrate
arrays of two-dimensional photonic crystal defect cavities on top of silicon-on-insulator waveguides (Fig 1a).
Added to that, quantum dots (QD) are incorporated in the middle of the III-V photonic crystal membrane with an
emission spectrum around 1.55 µm (Fig 1b-d).
We are able to extract the dissipative and dispersive contributions of the optomechanical coupling of these
devices. Tailoring of different contributions was demonstrated using external mean or integrated controls on the
geometry of the optical access channel to the nanocavity
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Abstract- Mie-type leaky mode resonances supported by Semiconductor nanowires (NWs) can produce
an antireflective response for certain polarization and wavelengths of light. This paper presents the
design and simulations of 3D silicon nano pillars as Mie resonators canceling reflection from a
silicon substrate, which offers a broadband (400-600nm) near unity transmission and an average
reflectivity in the visible range (400-800nm) as low as 2.2% under unpolarized illumination. The
results are of interest to the solar cell community.
I. INTRODUCTION
Reflection is an essential factor limiting solar cell efficiencies. It is especially important for materials with
high refractive index like silicon, which is broadly used as an absorption material in solar cells. The
subwavelength scale of a metamaterial unit cell makes them a great candidate as a functional light management
component for ultra-thin solar cells. Metamaterials are normally constructed from resonant metallic
nanostructures and many efforts have been made in design metallic metasurfaces for light management purposes,
which suffer from intrinsic loss of metal in the operating wavelength of solar cells. In recent years, researchers
have proved semiconductor and dielectric nanostructures can also realize similar optical functionalities based on
optical resonances [1], which naturally avoid the loss from metallic materials.
This paper presents the design and simulation of 3D silicon nano pillars as Mie resonators canceling
reflection from silicon substrate, which offers a broadband (400-600nm) near unity transmission and an average
reflectivity in the visible range (400-800nm) as low as 2.2% under unpolarized illumination.
II. DESIGN AND SIMULATION
Semiconductor nanowires (NWs), especially silicon NWs, support Mie-type
leaky mode resonances and have been explored and demonstrated in recent years
[2,3]. These resonances can produce an antireflective response for certain
polarization and wavelengths of light, depending on their size and geometrical
shape. Based on the same physical mechanism, a metasurface constructed by four
Silicon
3D nanopillars with different widths on top of a semi-infinite silicon substrate has
Figure 1 Unit cell of designed been simulated and optimized to act as a broadband antireflection layer for
structure. The four pillars with unpolarized light, such as sunlight.
different size atop the silicon
substrate are marked as ABCD.

Fig. 1 shows the unit cell of the investigated
(a)
structure with four differently-sized parallelepiped pillars
marked as A, B, C, D. The optimized thickness of the
pillars is identical and fixed at 77nm.
To better understand how the pillar size affects the
reflection from the structure, a simulation was first
conducted using a structure with same sized nanopillars
(see inset of Fig. 2(a)). Fig. 2(a) shows the simulated
reflection spectra for pillar sizes of either 52 nm or 80
(b)
nm with normal incidence of unpolarized light, and unit
cell periodicity is 217 nm. Reflection of bared silicon is
shown as reference. Different reflection minima can be
observed for two different pillar sizes. The smaller pillar
gives resonance and reflection minima at shorter
wavelength and vice versa. The larger pillar size tends to
affect the reflection more in the wavelength
range(400-900nm) we are investigating.
Figure 2. (a) Simulated reflection from the structure shown in
Fig. 2(b) presents the reflection spectra for the the inset for two different pillar sizes 52nm(blue) and
nanostructure shown in Fig. 1 with different distribution 80nm(green). Reflection of bared silicon is shown as
of sizes (see inset and legend of Fig. 2(b)). The unit cell reference(red). The unit cell periodicity is 217 nm. (b)
periodicity is 217 nm. We observe a broadband (400-600 Reflection spectra of structure in Fig.1 with four pillars with
nm) of near-zero reflectivity from the simulated different width. Designed pillar sizes are shown in the legend
reflection spectra for several different carefully designed with corresponded location ABCD as shown in Fig.1. The unit
size distribution of the silicon nanopillars. In addition, a cell periodicity is 217nm. Insets are the view of the structure
tradeoff of reflection at shorter and longer wavelength from XY plane.
range can be seen in Fig. 2(b) by only adjusting one of the pillar’s size.
III. CONCLUSIONS
In conclusion, we showed simulations of a broadband polarization-independent antireflection coating by
carefully designed silicon nanopillars on silicon substrate (Fig. 1). The goal is to reduce the reflection of light for
solar cells. The average reflection in the visible range (400-800nm) of the proposed silicon-patterned
metasurfaces could reach as low as 2.2%. At the same time, from 400nm to 600nm, which is in the peak solar
energy wavelength range, a near unity transmission is observed.
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Abstract- Our work on sensing with chiral plasmonic systems has led us to develop new hybrid structures that
display unique optical properties such as large optical rotation and plasmonic induced transparency. The optical
properties are dependent on the strong coupling between individual components of the structures and are used to
develop new sensing paradigms for biomolecular structure and surface orientation not perceivable by classical
spectroscopic techniques. Here in we will describe the unique high-throughput fabrication method of these structures,
their optical properties and their applications to chiral plasmonic sensing.

Chiral Plasmonic sensing utilizes superchiral near fields generated by chiral nanostructures to sense
asymmetry in material.1 Such materials are predominantly biomolecules such as proteins that have an inherent
chiral structure due to the amino acid building blocks. However the chirality is further propagated in the higher
order structure of the protein which are important in biochemical, pharmaceutical and medical research. In order
to detect these changes, we require new forms of more sensitive plasmonic systems that are able to detect the
increasingly complicated properties of biomolecules. We have developed new forms of plasmonic systems
utilizing an inverse and solid structure of various patterns thus forming a hybrid structure. These effectively
disposable plasmonic systems show enhanced optical properties and strong coupling effects between individual
elements.2 Tullius et al 1 have demonstrated the ability of such hybrid plasmonic systems to detect higher order
structure of proteins and detect changes in the structure due to binding interactions. In this work we will describe
properties of such hybrid structures and demonstrate that ability to sense biomolecular structure arises from the
strong coupling effects present within the nanostructures.
Acknowledgements: We would like to acknowledge financial support from the Engineering and Physical
Sciences Research Council (EPSRC EP/K034936/1), National Science Foundation (NSF grant CHE-1307021),
JSPS Core to Core, and the Leverhulme Trust.
REFERENCES
1. R. Tullius, A. S. Karimullah, M. Rodier, B. Fitzpatrick, N. Gadegaard, L. D. Barron, V. M. Rotello, G.
Cooke, A. Lapthorn, and M. Kadodwala, ““Superchiral” Spectroscopy: Detection of Protein Higher Order
Hierarchical Structure with Chiral Plasmonic Nanostructures”, Journal of the Americal Chemical Society.
Vol. 137, 8380-8383, 2015.
2. A. S. Karimullah, C. Jack, R. Tullius, V. M. Rotello, G. Cooke, N. Gadegaard, L. D. Barron, and M.
Kadodwala, “Disposable Plasmonics: Plastic Templated Plasmonic Metamaterials with Tunable Chirality”,
Advanced Materials, Vol. 27, 5610-5616, 2015.

Refractory Plasmonic Core-shell Nanostructures
Mugahid Ali1and Fumin Huang2
1
EPSRC CDT, Photonic Integration and Advanced Data Storage, Queen’s University Belfast & University of
Glasgow, UK.
2
Centre for Nanostructured Media, School of Mathematics and Physics, Queen’s University Belfast, UK.
Corresponding authors: mali05@qu.ac.uk, f.huang@qub.ac.uk

Abstract- We present experimental and numerical investigation of core-shell plasmonic
nanostructures composed of noble metals and refractory oxides. A variety of nanostructures of
different geometries, including nanospheres, nanospheroids, and nanodisks, and a range of oxides,
such as SiO2, Al2O3, ZrO2 and TiO2, were investigated, which exhibit tunable optical properties
across broad ranges of wavelengths and significantly enhanced chemical and thermal stability. The
results provide important insight for developing effective optical nanodevices for applications in
high-temperature environment.

Refractory plasmonic devices are highly in demand in applications in high-temperature environment, such as
in data storage, solar thermophotovoltaics and nanoscale heat transfer systems [1]. Alternative plasmonic
materials, such as refractory nitrides TiN and ZrN, are being under focused research due to their excellent
thermal properties and competent optical properties comparable to that of gold. However, these materials have
larger absorption cross-sections than those of noble metals. This generates much stronger self-heating effect
which is undesirable in many applications where high degrees of thermal, optical, and morphological stabilities
are crucial.
Here, we present the results of systematic investigations on core-shell nanostructures of various geometries
composed of noble metals and a range of refractory oxides such as SiO2, Al2O3, ZrO2 and TiO2. We compared
the optical and thermal properties for spherical, spheroidal and disk-shape core-shell nanostructures where noble
metals being either the core or the shell. All the nanostructures exhibit localized surface plasmon resonances
(LSPR) that are tunable across a broad range of wavelengths by varying the geometry and materials of either the
cores or shells. The results of a spherical Au nanoparticle coated with various thickness refractory oxides are
shown in Fig.1(a), which demonstrate how the optical properties can be readily tuned with various coating
materials and thicknesses. On the other hand, the refractory oxides coating can provide enhanced thermal
stability due to their high melting points and low thermal expansion coefficients which help shielding the noble
metal in the core. A thick coating layer of refractory oxides is found to increase the electric field intensity
enhancement on the surface of metal core significantly (Fig.1b, c). This could cause stronger self-heating effect
which is undesirable in some applications, for instance, in the heat assisted magnetic recording (HAMR)
antennas. However, it can be very useful in other applications requiring high field enhancements such as in
surface enhanced Raman scattering (SERS). We found that using oxides as cores and noble metals as shells can
significantly reduce the optical absorption and mitigate the self-heating effect, which in addition is strongly

related to the size and the aspect ratio of the core-shell structure, thus opening multiple pathways for engineering
the structures to minimize or optimize the heat generation for various applications.
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Figure 1 (a) Calculated plasmonic absorption spectra of a variety of core-shell structures (the black curves are for a
bare Au sphere of 40 nm in diameter; coloured curves are for Au nanoparticles coated with various oxides), indicating the
strong dependency of plasmonic resonance on the thickness and materials of shells. (b) and (c) are simulated field
enhancements of (b) a bare spherical Au nanoparticle of 40 nm and (c) coated with 15 nm SiO2 layer, respectively.

We also experimentally investigated the optical properties and thermal stability of the core-shell
nanostructures, which were strongly impacted by the materials and structures. The results will provide important
insight for developing effective optical nanodevices for applications in high-temperature environments.
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Abstract- We generate long-tailed superthermal light on the non-lasing mode of a nanophotonic
ensemble formed by two coupled nanolasers. An original and simple experimental technique is
implemented in order to access the full probability distribution of output pulse energies. We
interpret our results on the basis of a mean field theory and find, through an analogy with
out-of-equilibrium thermodynamics, a new route for the generation of superthermal light statistics
as a rapid cooling, quenching, of mode fluctuations.

In modern semiconductor optical cavities, non-trivial photon statistics may result from complex light-matter
interaction at the nanoscale. As an example, superthermal fluctuations (g(2)(τ = 0) > 2) have been observed in
single mode micropillar cavities as a result of superradiant quantum dot emission [1], as well as polarization
mode switching in two-orthogonal polarization devices [2]. In the latter, mode competition has been identified as
the main ingredient leading to non-gaussian (bimodal) probability distributions and hence superthermal light.
Evanescently coupled micro/nano lasers gather particular interest in the context of multimode nonlinear active
cavity arrays. The possibility to engineer the coupling strength –both intercavity and intermode- has made
possible the observation of nonlinear bifurcations such as
spontaneous symmetry breaking between cavities [3] or
asymmetric scattering from the blue (symmetric (S),
in-phase) mode to the red (anti-symmetric (AS),
out-of-phase) mode [4]. The following question arises: to
what extent non-equilibrium dynamics and mode interaction
in coupled nanolasers enables controlling the full photon
statistics, i.e. beyond low order moments ? In this work we
investigate a route for the generation of superthermal light
with heavy-tailed distributions on the non-lasing mode of
our coupled nanolasers systems.
Figure 1: a) Coupled PhC nanolasers with barrier
Our experiment consists in two evanescently coupled
engineering (colored holes). Dashed circle: pump
photonic crystal (PhC) nanolasers etched in a semiconductor
spot. b) Fourier plane. c) Sequence of output
(InP) semiconductor free-standing membrane containing
pulses on AS (red) and S (blue) modes.
InGaAs/InGaAsP quantum wells (Fig 1a).

The sample is optically pumped with a pulsed laser (λ
= 800 nm, 100 kHz repetition rate, 100 ps duration) leading
each time to the optical emission of a single fluctuation.
The AS mode, having lower optical losses, is lasing at
threshold. The emission is collected with a N.A. = 0.95
microscope objective and its back focal plane is imaged
through a lens to obtain the far-field pattern. In order to
detect the light output, from each mode we use two single
mode fibers as pinholes to simultaneously select a small
region around k = 0 (mode S) and shifted along the x
Figure 2: a) Histogram obtained from the n-time
direction for the AS mode (Fig. 1b). Signals are sent to two
series on mode S of Fig. 2. b,c) Numerical
Avalanche Photodiodes that deliver photocurrents
density of photons on mode B before (b) and at
proportional to the pulse energy. Typical n-time series
the pulse maximum intensity (c). Red line:
contain 104 pulses. Fig. 1c shows a segment of two
Fokker-Planck equation equilibrium distribution.
simultaneous n-time series showing both the AS and the S
mode signals for P = 6*Pth. These n-time series allow us to obtain photon number PDFs. While the AS mode
shows poissonian fluctuations, the S mode develops superthermal (g(2)(0) = 3.5) fluctuation. This value obtained
from the n-time series is confirmed by a Hanbury Brown and Twiss measurement. More importantly the
superthermal statistics is associated to a heavy-tailed distribution as apparent in Fig. 2a.
We provide a complete theoretical interpretation for the appearance of the heavy tail in the photon number
distributions from an analogy with out-of-equilibrium rapid cooling (quenching). In this framework each output
pulse is a different stochastic realization. which can is eventually formalized by solving the associated
Fokker-Planck equation [5]. We show that passing through the lasing threshold corresponds to an abrupt
decrease of the contribution of spontaneous emission –that plays the role of an effective temperature- during
which the statistics of the trajectories in phase space are dominated by nonlinear transport. Tuning the duration
of this out-of-equilibrium quenching phase allows to obtain long-tailed distributions (Fig 2b,c).
Besides a surprising analogy with our experiment, we show that this out-of-equilibrium transformation, in which
nonlinear transport dominates over diffusion fully explains the occurrence of heavy-tailed superthermal
distributions on the non-lasing mode of our coupled nanolasers. We then open the road to an intuitive way to
generate photon extra-bunching and, more generally, to mold the statistics of emitted photons in a nanolaser
device.
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Abstract-The large incident electric field intensities required to achieve extreme nonlinear optical
phenomena can be realized through plasmonic near-field enhancement in doped graphene
nanostructures. Here we show that the combination of strong local fields and a pronounced intrinsic
nonlinearity can result in efficient broadband high-harmonic generation and a dramatic modulation
in the optical absorption associated with plasmon resonances in graphene, paving the way for
compact ultraviolet and ultrafast light sources and all-optical switching in nanophotonic devices.
The remarkably high intrinsic optical nonlinearity of graphene can be pushed even further when the
frequency of impinging light matches that of its long-lived and electrically-tunable plasmon resonances
[1,2]. Through their enhanced absorption cross-sections, plasmons in doped graphene provide the means
to concentrate electromagnetic energy on extreme subwavelength scales, thereby generating enormous
local electric fields. Here we explore extreme nonlinear optical phenomena that are enabled by plasmonic
enhancement in graphene. In particular, we investigate (1) high-harmonic generation (HHG) and (2)
transient absorption arising from the elevated electronic temperature in the carbon layer upon ultrafast
optical pumping. Our studies of these plasmon-assisted nonlinear effects are based on rigorous
time-domain simulations, wherein graphene nanoribbons and nanoislands are described atomistically,
adopting a tight-binding description of their electronic states combined with the random-phase
approximation [3].
HHG usually necessitates cumbersome laser amplification schemes to reach the enormous incident
electric field intensities it requires. In the case of doped, nanostructured graphene, our results indicate
that high harmonics can be emitted with unprecedentedly large intensity by tuning the incident light to
localized plasmon resonances of ribbons and finite islands, which in turn can be modulated via electrical
gating. In contrast to HHG in atomic systems, we observe no cutoff in harmonic order, while a
comparison of graphene plasmon-assisted HHG to recent measurements in solid-state systems suggests
that the HHG yields from bulk semiconductors can be produced by graphene plasmons using 3-4 orders
of magnitude lower pulse fluence [4]. Our findings support the strong potential of nanostructured
graphene as a robust, electrically-tunable platform for HHG.
In contrast to the instantaneous nonlinear response that is commonly explored in the graphene optics
community, where input and output fields maintain relative coherences, a delayed nonlinearity also takes
place as a consequence of the strong dependence of the graphene response on the temperature of its
conduction electrons [1,5]. We demonstrate that strong transient modulation of the optical absorption
associated with plasmonic excitations in graphene nanostructures can occur when electrons are optically
pumped to an elevated temperature. We systematically investigate the effect of the transient chemical

potential and electron temperature on the absorption of (1) cw illumination, (2) individual ultrafast
pulses, and in (3) pump-probe schemes, where a pump pulse is used to modulate the absorption of a
delayed probe pulse. Our results indicate that plasmons in doped graphene nanostructures hold great
promise for all-optical switching applications in nonlinear nanophotonic devices.

Figure 1. High-harmonic generation (HHG) assisted by graphene plasmons. (a) Schematic illustration of a doped
graphene nanoribbon illuminated by an intense optical pulse that is resonant with the ribbon transverse dipole
plasmon. The latter produces strong in-plane electric field intensity enhancement (see color scale) that boosts the
generation of high-harmonics. (b) Absorption cross-section of a 20-nm wide armchair edge-terminated graphene
nanoribbon doped to a Fermi energy EF=0.4 eV, as predicted by atomistic tight-binding/random phase
approximation (TB-RPA, red curves) and classical electrodynamic (CEM, local-RPA conductivity at 300 K, blue
curves) simulations for transverse light polarization (see upper graphic). The prominent resonance feature
corresponds to the transverse dipolar plasmon within the 2EF optical gap. The dashed curve shows the classical
simulation for the undoped ribbon. (c) Spectral decomposition of the light emission energy under illumination by a
normally-incident pulse (100 fs FWHM duration, centered at the frequency ωp of the ribbon plasmon), as calculated
in the time-domain for three different pulse peak intensities (see legend) within the atomistic (TB-RPA, filled
curves, ħωp=0.336 eV) and massless Dirac fermion/classical electromagnetic (MDF-CEM, unfilled curves,
ħωp=0.330 eV) descriptions. Each curve is normalized to its own maximum value around the fundamental
frequency.
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Abstract- In recent years, nanotechnology and nanoscience have been expanding their toolbox
dramatically. Metallic nanoantennas – also known as plasmonic resonators – can be considered as
one of these novel tools providing an effective route to couple photons in and out of nanoscale
volumes. Emerging as a promising alternative are all-dielectric resonant nanoantennas which
demonstrate similar light concentration and manipulation capabilities yet benefiting from
negligible Ohmic losses. The higher the level of control over the way an optical antenna interacts
with light, the more effective this tool becomes and the further its applications will reach.
Essential to this end is a detailed knowledge of such an antenna’s supported modes and scattering
characteristics. Especially in nanophotonics applications where every photon counts, one
immediately benefits from directed photon routing for efficient photon collection.
We present a study of the modal field distribution in both plasmonic (i.e metallic) and all-dielectric
rod-shaped nanoantennas. Using experimental near-field mapping in combination with finite-difference-time
domain simulations, standing-wave TE and TM modes are revealed in these antennas operating at visible and
near-infrared frequencies. [1-3]
Symmetry-breaking of these resonators allows the coupling of dipolar resonance modes with higher order
(odd or even parity) modes. Interestingly, this effect gives rise to far field radiation patterns that can strongly
deviate from the omni-directional dipole radiation. Reducing the rod-shaped antenna’s symmetry into a V-shape
allows the standing-wave modes observed in the near-field to generate highly directional radiation patterns.
Additionally, the dielectric antenna even allows bi-directional color routing. We reveal the basic mechanisms
behind this phenomena for both plasmonic [5-6] and dielectric V-antennas. [7]
The obtained insight in how directional emission and scattering are generated and how different modes come
together to form far-field properties of a nanoantenna is indispensable to create new nanoscale optical devices
for, e.g., sub-wavelength color routing, self-referenced directional sensing, metamaterials and flat optics.
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Abstract- Strontium molybdate thin films have been studied by means of ellipsometry, XRD, and
DC resistivity measurements in order to evaluate their potential use in the advancing field of
plasmonics and nanophotonics. SrMoO3 (SMO) thin films were grown by pulsed laser deposition
on three types of substrate: LaAlO3, MgO, and SrTiO3. It is shown that SrMoO3 exhibits tunable
plasmonic behaviour at wavelengths above 600 nm with losses comparable to those of gold.

Plasmonic phenomena are expected to have a significant impact in applications such as nanoscale imaging,
biological sensing, energy harvesting, and communication systems in the coming years. Traditionally, the
research into plasmonics has been focused on the noble metals Au and Ag as a result of their high carrier
concentrations in the near infrared1. However both materials are subject to excessive losses at optical
frequencies2, are incompatible with silicon-based electronics1, and are unsuitable for high temperature
applications3, hence there arises a need for research into alternative plasmonic materials.
SrMoO3 (SMO) is a compound with a perovskite-type crystal structure which has been shown previously to
exhibit both metallic and Pauli paramagnetic properties. Furthermore, the bulk material shows temperature stability up
to approximately 1000 K while thin films of SMO have been studied with a view to electrode applications as a result
of their low room temperature resistivity. With a cubic lattice constant of 3.975 Å SMO is theoretically well-suited to
growth on substrates such as SrTiO3 (STO), MgO and LaAlO3 (LAO), though its potential for plasmonic and
nanophotonics applications has never previously been reported.
With such electronic properties in mind this article considers the potential for plasmonic and nanophotonics
applications of SrMoO3. We consider the optical, structural, and electrical properties of SMO thin films grown on
substrates of STO, LAO and MgO with film thicknesses ranging from 50 - 200 nm. Having studied the effects of
changes to the substrate temperature, laser energy, film thickness and deposition rate we observe that the ENZ
crossover can be lowered to 600 nm, though this is should not be considered a lower limit. In particular, the optical
properties of samples are shown to have strong dependency on the residual strain in the samples, controlled by both
film thickness and deposition rate (Fig. 1). It was found that a higher ENZ frequency could be achieved by reducing
the residual strain e.g. depositing thicker films at a lower deposition rate. In addition, it is noted that, as the ENZ
frequency is increased, the optical losses present in SMO decrease (Fig. 2) and so compare favourably to those of gold
and TiN.
Thus, SMO is a promising alternative material for plasmonics and nanophotonics applications operating in
the visible to near infrared spectral regions.

Figure 1. Dependence of SrMoO3 optical properties on residual strain.

Figure 2. Relationship between ENZ frequency, optical losses and DC resistivity in Dependence of SrMoO3
thin films.
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Abstract- Hot charge carrier extraction from metallic nanostructures is a very promising approach
for applications in photocatalysis, photovoltaics, and photo-detection. Here we demonstrate that a
monolayer of Au nanoparticles can be assembled on a multi-stack layered configuration to achieve
broadband, near-unity light absorption. We show that this enhanced light absorption leads to a
40-fold increase in the photon-to-electron conversion efficiency in photo-electrochemical cells. The
measured data is interpreted with a model that enables us to establish that efficient hot carrier
extraction is limited to spectral regions where (i) the photons have energies higher than the
Schottky barrier at the gold-semiconductor junction and (ii) the absorption of light is localized on
the metal nanoparticles.

It is expected that the rate of plasmonic hot charge carrier relaxation can be substantially increased under
conditions where the metal nanostructures absorb nearly all incident photons across a broad spectral bandwidth
[1,2]. Figure 1A shows the metal−semiconductor−nanoparticle structures, which consist of an optically thick
metal film (200 nm) and a single layer of Au nanoparticles, separated by a thin 50 nm TiO2 layer. These samples
were made by means of sequential physical vapour deposition of materials.

Figure 1: Plasmonic Perfect Absorber. A Diagram and SEM of the multi-stack structure. B Absorption spectra. C
Photo-current vs time for different stacks. D Comparison of the measured IPCE (dots) to the derived model (black lines).

Figure 1B shows that for the multilayer stack (black line), the absorbance (measured via specular and diffuse
transmission and reflectance) approaches 100% for some wavelengths and has a wide bandwidth. Figure 1C
shows that the increased absorbance leads to increase photocurrent in photoelectrochemical cells made with
these samples as photo-anodes. The efficiency (IPCE) also increases some 40x (when compared to non
super-absorbing samples) and the IPCE spectrum can be well described by a model that we have developed [1].
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Abstract- This paper describes the first observation of volume plasmon polariton (VPP) modes in
semiconductor hyperbolic metamaterials (HMMs). The metamaterials are grown using molecular
beam epitaxy, after which gold gratings are fabricated on top. These gratings allow light to couple to
the high-wavevector VPP modes in the HMM. Experimental data is compared to simulations, and a
good agreement is found; the experimental VPP dispersion curve matches predictions. Potential
applications of VPPs include subdiffraction focusing and waveguiding.
Hyperbolic metamaterials (HMMs) can be created using a superlattice of alternating subwavelength metal
and dielectric layers. We have previously demonstrated HMMs grown with molecular beam epitaxy (MBE)
using heavily doped InAs as the metallic component and undoped InAs as the dielectric component [1]. HMMs
have a variety of unique properties, including the ability to support high-wavevector modes, sometimes called
volume plasmon polaritons (VPPs). VPPs arise from the coupling of surface plasmon polaritons at every
metal/dielectric interface.
As more interfaces are added, more VPP modes are available.
The
high-wavevector of the VPP modes means that they can be harnessed for a variety of applications, including
subdiffraction focusing and waveguiding. In this paper, we present data showing the successful excitation of
VPP modes in semiconductor HMMs.

Figure 1. TM-polarized reflection as a function of wavelength for Sample 1 with grating period =2.0 m.
Black is experimental data, which is fit from the plasma wavelength (5.8 m) to 40 m using six Lorentzians
(colored curves). The cumulative fit is shown as a gray dotted line.

HMMs were grown using MBE and standard photolithography and liftoff techniques used to fabricate gold
gratings on Samples 1 and 3, as discussed previously in [1]. These samples had HMM onset wavelengths of
5.8 m and 9.5 m, respectively. The grating periods varied from =1.8–4.6 m and the fill factor was held
constant at 0.5. The gratings are necessary in order to match the wavevector of the incident light to the large
wavevector of the VPP modes. A variety of gratings were fabricated to trace the dispersion of the VPPs. The
samples were then placed in a Fourier transform infrared spectrometer and polarized reflection data was taken at
a 10˚ incident angle. The data exhibited a variety of absorption features, an example of which is shown in Fig.
1. The data was then fitted using multiple Lorentzians to extract the positions of the resonances. COMSOL, a
finite element modeling program, was used to simulate the optical properties of the samples, taking into account
the precise shape of the band structure in the superlattice. In Fig. 2, the simulated TM reflectivity is shown in
grayscale, while the extracted positions of the resonances are shown as colored dots. Different colors and
shapes indicate different grating periods. Some resonances exhibit a constant wavelength, regardless of grating
period; these are structural Fabry-Perot type resonances. However, for both samples, high-wavevector VPP
modes can be observed. Sample 1 shows three distinct modes, while Sample 3 shows two. The resonant
wavelength of these modes is strongly dependent on the wavevector in the material, as expected for VPP modes.

Figure 2. Simulation (grayscale) of reflection as a function of wavelength and wavevector in the HMM
normalized to air for Sample 1 (a) and Sample 3 (b). Colored points indicate experimental position of VPP
resonances for gratings with periods as indicated in the legend.
To our knowledge, this is the first successful excitation of VPP modes in a semiconductor HMM, and the
first such experiment to be performed using a grating coupler. Now that the dispersion of these modes is
understood, they can be leveraged for applications in infrared waveguiding, focusing, and imaging.
D. W. and S. L. acknowledge funding from the National Science Foundation, Division of Materials Research,
under Award No. 1606673.
REFERENCES
[1]
Wei, D., C. Harris, C. C. Bomberger, J. Zhang, J. Zide, and S. Law, “Single-material semiconductor
hyperbolic metamaterials,” Opt. Express, Vol. 24, No. 8, 8735–8745, 2016.

Four-wave mixing of dispersive and solitary waves in polariton
waveguiding systems.
A. Yulin 1*
1
ITMO University, 197101, Kronverksky pr. 49, St. Petersburg, Russian Federation
*
 corresponding author: alex.v.yulin@gmail.com
Abstract-Different regimes of resonant scattering of quasi-linear excitations on solitary waves in
polariton systems are considered. One and two dimensional waveguides are studied by numerical
simulations. It is shown that the efficient new frequencies generation can take place in these
systems at low intensities of the pump. The resonance condition for the scattering is derived and
compared against the results of the numerical modeling. The recoil of the scattering on dynamics of
the solitary waves is also addressed.
Recently it was shown that solitary optical waves can form in exciton-polarton systems in weak coupling
regime [1]. The advantage of these systems is that strong nonlinear effects can be observed at very low intensity
of the pump. Apart from pure fundamental interest the systems under consideration can also find practical
application for example for new frequency generation.
In this work we theoretically study the interactions between strong and weak waves in polariton systems
described by the coupled equations for the optical and exciton fields. In the dimensionless variables they
have the form
,
(1)
,
(2)
where and account for the losses in the photon and the exciton subsystems, is the coupling strength, is
the nonlinearity coefficient and
is the complex amplitude of the exciting optical field.
Choosing the appropriate shape and the intensity of the spatially localized driving force
it is possible
to excite propagating solitary waves very much similar to the nonlinear pulses studied in [1]. In experiments the
shape of the driving force is controlled by the shape of the optical pump and by the structure of the coupler. To
study the interaction between the solitary and the dispersive wave we need the second low intensity component
of the pump having a different frequency. The mixing between the solitary waves and the quasi-linear
excitations results in the generation of new frequencies.
We would like to notice that the second source can be either resonant or non-resonant. In the latter case the
excitation efficiency is very low and practically no propagating waves are excited. However the induces nonresonant field can interact with the solitary wave and this mixing couple a wave with detuned frequency into the
wavegude. This process is illustrated in Fig. 1 showing the interaction of such a kind. In panel (a) the temporal
evolution of the field is shown. The narrow intense line is the solitary wave which at
hits the area
excited by the non-resonant part of the pump. At this moment generation of the propagating scattered wave
starts. Panel (b) shows this process in spectral representation. The patterns corresponding to the soliton, to the
non-resonant excitations and to the scattered wave are clearly visible. It is seen that the frequency and the
wavenumber of the scattered wave are connected by the dispersion relation for the linear waves. We would like

to remark here that as it is seen in panel (a) of Fig.1 the trajectory of the solitary wave is changed because of the
interaction with the non-resonant field. This means that the weak excitations can be used to control the
parameters of the solitons in polariton systems.

Figure 1. Panel (a) shows temporal evolution of the photon field in the system excited by a weak non-resonant
pump and by a strong resonant pump leading to the formation of a solitary wave. The non-resonant pump is
delayed by
. The spectral representation of the field is shown in panel (b).
In one-dimensional case it is difficult to provide efficient scattering of the propagating dispersive waves on
the solitons because either the scattering or the scattered wave experiences high losses. However in twodimensional case this kind of scattering can be obtained.
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Abstract-The key point in constructing biosensors based on metallic nanostructures concerns
proper modification of their surfaces with defined (bio)receptors. This important tasks involves not
only reproducible synthesis of homogenous nanostructures, but also establishing reliable methods
for functionalization of the nanostructures that would enable efficient exploitation of plasmonic
interactions in such a hybrid system. In the presentation we describe several architectures where
successful control of biosensor activity of metallic nanostructures has been demonstrated.

In this work we present several ways of modification of metallic nanostructures for applying them
as optical biosensors. One example concerns immobilization of an antibody for the bacteriophage T7
on gold nanospheres. The nanospheres were chosen to have the localised surface plasmon resonance in
the visible range, i.e. at 520 nm, while the T7 bacteriophage was used as a model system of mammalian
viruses belonging to the family of adenoviruses. In the presence of the target virus, which forms an
immunocomplex with the antibody, the nanospheres tend to agglomerate. The resulting shift of the
plasmon absorption band can be easily be detected by eye as the sample suspension changes its colour.
The efficiency of this effect scales with the virus concentrations. An alternative approach employs a
biopolymer with selected functional groups instead of antibodies as the biorecognition element. These
relatively simple modifications of the metal nanoparticle surfaces resulted in fast and sensitive
immunotests with detection limits in the range of pM [1] or fM [2]. We also showed that properly
modified metal particles can have reasonable selectivity against non-specific viruses, in this case the
M13 bacteriophage.
Metallic nanowires, due to their ability to efficiently transport excitations, are also very suitable
nanostructures to construct biosensors. Moreover, diameters of such nanowires, which are in the range
of 100 nm, are small enough to exhibit plasmonic effects in the visible spectral range, while their
lengths exceeding tens of micrometers make them visible with a standard optical microscope. We
intend to discuss selected properties of silver nanowires synthesized using a wet-chemistry approach
[3]. The surface of the nanowires is amenable to a large array of surface functionalisation techniques,
for example using thiol reactions. In the experiment focused on attaching photosynthetic
pigment-protein complexes to the nanowires we demonstrate strong enhancement of fluorescence of
these complexes due to plasmonic interactions by combining advanced fluorescence microscopy
techniques. This is the first observation of metal-enhanced fluorescence in such a bioconjugated hybrid
nanostructure.
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In the presentation, I will show our results on lasing in plasmonic nanoparticle arrays at visible
wavelengths [1]. The most startling result is that the lasing action occurs simultaneously in two modes
at different energies, namely the bright and dark modes of the plasmonic lattice. We have found an
intriguing out-coupling mechanism through which the dark mode can radiate to the far field. The
out-coupling mechanism is based on the finite size of the array and is explained with gradual built-up
of dipole moments in nanoparticles towards the array edges.

Figure 1. Left: Measured output power and linewidth of the dark mode (blue) and the
bright mode (red) as a function of pump fluence. Inset: the momentum-energy distribution
of the emission above threshold. Here, kII refers to the in-plane momentum along one of
the principal directions of the square lattice. Right: Real space distribution of the laser
emission of the dark and bright mode, respectively.

We use an organic dye, Rhodamine 6G, as the gain material. The arrays consist of cylindrical silver
nanoparticles with a diameter of 60 nm and a height of 30 nm, arranged in a square lattice. The
periodicity is varied between 370 – 390 nm and the samples exhibit lasing in the wavelength range of
560 – 595 nm. We achieve a remarkably narrow linewidths of < 0.2 nm, beam divergence of 0.3ᵒ and a
spatial coherence across the whole 100 x 100 μm2 sized array. The results demonstrate a novel access to
the dark mode and pave the way for studies of strong light-matter interaction and condensation
phenomena in plasmonic lattices. In the presentation, I will also discuss recent advances related to this
work.
[1] T. K. Hakala et al., Nature Communications 8, 13687 (2017), doi:10.1038/ncomms13687.
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Abstract— In this work, we theoretically analyze Dyaknov surface plasmons (DPs) and bulk
plasmon waves in CMOS compatible hyperbolic metamaterial slab. The slab consists of alternate
layers of Si and aluminium-doped ZnO (AZO). We have shown that the dispersion and directivity
of the analyzed waves can be efficiently tailored in the mid-IR by change of geometrical parameters
of the structure and doping level of AZO layers.

Research on surface waves has intensified in the last decade due to their unique properties of
surface sensitivity and field localization, which lead to improved nanophotonic devices for sensing,
light-trapping, and imaging based on near-field techniques. Conventional Dyakonov surface waves
supported by the interface between anisotropic and isotropic dielectrics could propagate in a very
narrow range of directions because of weak optical anisotropy of natural materials [1, 2]. Using of
artificial media it is possible to achieve strong anisotropy and, therefore, substantially increase the
range of allowed propagation directions for Dyakonov waves [3]. In the extreme anisotropic cases,
when the hyperbolic regime manifests [4], the Dyaknov surface waves transform into Dyakonov
plasmons [5, 6, 7, 8]. Here, theoretically analyzed the spectrum of CMOS compatible photonic
structure exhibiting properties of hyperbolic media in the mid-IR and supporting Dyaknov plasmons
(DPs).
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Figure 1: (a) Sketch of Si/AZO trench structure. (b) Electric field distribution (|E|) for Dyaknov surface
plasmon and fundamental bulk plasmon modes. (c) Simulation of the equal-frequency contours for Dyakonov
and bulk plasmons at wavelength 3 µm.

The structure shown in Fig. 1(a) represents a high-aspect ratio (1:20) aluminium-doped ZnO
(AZO) trenches partially filled by silicon. The thicknesses of AZO and silicon layers are the same
and equal to 200 nm, the thickness of the slab is 4 µm.
The equal-frequency contours were found numerically by simulations of the reflectance spectra
in the Otto geometry with high-index ZnSe prism. The reflectance map [Fig. 1(c)] plotted in the
Fourier plane shows presence of several waveguide modes with hyperbolic dispersion. The analysis
of the field profiles [see Fig. 1(b)] makes clear that these are surface (Dyakonov plasmons) and bulk
plasmon modes. Dispersion and directivity of the Dyakonov plasmons and bulk plasmon modes
can be e↵ectively tailored by change of doping level of AZO, thickness of the layers and Si amount
in the trenches.

In conclusion, we have proposed the CMOS compatible photonics structure supporting Dyakonov
and bulk plasmon modes. Flexibility of the optical properties of the analyzed structures makes them
very prospective for a plethora applications in photonics and biosensing. The obtained results
provide useful guidelines for practical implementations of structures supporting Dyaknov plasmons
in the mid-IR.
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enlargement of angular existence range for Dyakonov-like surface waves at semi-infinite metaldielectric superlattice,” J. Nanophotonics, Vol. 6, No. 1, 63525, 2012.
4. Poddubny, A., Iorsh, I. V., Belov, P. and Kivshar, Yu. “Hyperbolic metamaterials,” Nat.
Photonics, Vol. 7, No. 12, 948957, 2013.
5. Jacob, Z. and Narimanov, E. E., “Optical hyperspace for plasmons: Dyakonov states in metamaterials,” Appl. Phys. Lett., Vol. 93, No. 22, 221109, 2008.
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Abstract--We demonstrate that the photonic Peierls chain, in which couplings alternate between
electric and magnetic, has different topological phases with different boundaries. Furthermore, we
measure the density of states, the symmetry type of the band-edge states and the topological
winding number with the aid of experimentally measured dispersion and mode characteristics.
These results are powerful evidences to demonstrate the topological phases trivial or not. This is the
first time to measure the winding number since the proposal of topological metamaterials.

One-dimensional finite models with topological band structures represent a simple and versatile
platform to demonstrate novel topological concepts. Here we present a periodic photonic system made
of split ring resonator elements to study topological phenomena. The photonic Peierls chain, in which
couplings alternate between electric and magnetic, has different topological phases with different
boundaries. Furthermore, we measure the density of states, the symmetry type of the band-edge states
and the topological winding number with the aid of experimentally measured dispersion and mode
characteristics. These results, in turn, are powerful evidences to demonstrate the topological phases of
states trivial or not. It is worth mentioning that, this is the first time to measure the winding number
since the proposal of topological metamaterials.
Figures: .

Fig. 1 The schematic illustration of the photonic Peierls chain. In this photonic Peierls chain, the couplings
between the split ring resonators alternate between electric and magnetic (negative and positive). The appearance
of the non-mutual next-nearest coupling causes the non-Hermitian nature with Parity-Time symmetry.

Fig. 2: The experimentally measured densities of states for different split ring reasonators with different
boundaries, so as with different topologies. The topological non-trivial phase shows clearly a “zero-energy” state
within the gap that corresponds to the topolgoical edge state.

Fig. 3: The experimentally measured band dispersion and winding number for the photonic Peierls chains
with two different boundaries. The lower two sub-figurs show clearly the “zero-energy” mode and the nonzero
(unit 1) winding number for the topological non-trivial phase.
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Abstract-We present our recent advances in the development of high-efficiency fiber-chip surface
grating couplers engineered by sub-wavelength grating nano-structuration. The intriguing
technological concept of sub-wavelength grating refractive index engineering affords an additional
design freedom in the development of high-quality optical coupling interfaces for sub-micrometric
silicon-on-insulator technology. We present an overview of various demonstrations of
high-efficiency surface grating couplers, particularly develop for applications in silicon photonics
across the near-infrared wavelengths.
We have demonstrated by both designs and experiments a set of different fiber-chip surface grating couplers
engineered by sub-wavelength grating metamaterials, requiring only a one step of lithography patterning and
reactive ion etching, while providing the state-of-the-art fiber-chip coupling performance [1-7]. In particular, we
have reported on apodized single-etch grating couplers with optimized thin film interference pattern. Those
grating couplers are implemented in a conventional 220-nm-thick silicon photonics platform, with a coupling
efficiency of up to -2.2 dB and -2.5 dB for wavelengths near 1.55 and 1.3 μm, respectively [3-5]. In addition, a
sub-decibel fiber-chip coupling efficiency of -0.70 dB has been experimentally realized by utilizing the
CMOS-compatible manufacturing via backside metallization [5].
We have also developed a flexible grating coupler concept with an ultra-high intrinsic directionality. The
grating couplers can be fabricated by using only two, deep and shallow, etching levels, typically used in silicon
photonic foundries [6, 7]. This coupling structure obviates the need of using typically complex fabrication
processes such as high-index overlays, customized etch depths, and bottom mirrors. In particular, we have
shown that the blazing effect can directly be implemented in any conventionally used silicon-on-insulator
substrates, with a negligible dependence on the thickness of the BOX layer. We reported an experimental
coupling efficiency of -1.3 dB near 1.55 μm in a standard 220-nm-thick silicon platform [7].

1

Figure: Single-etch step apodized surface grating couplers in (a) linearly-tapered and (b) curved layout
configurations, and subwavelength grating nanostructure inside the trenches. (c) Optical micrograph image
of the surface grating couplers layout with metal reflector underneath. (d) Dual-etch surface grating coupler
with interleaved deep and shallow etched trenches and subwavelength grating index-matching region.
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Abstract- We demonstrate an electromechanically tunable metal-air-metal structure based on a
gold nanowire suspended on a gold substrate in visible range. By applying voltage to the nanowire,
the suspended nanowire can be pull down by the electrostatic force, resulting in scattering spectral
change due to Fabry-Perot resonance of a plasmonic nanocavity. Such nanocavity provides a
promising route for achieving dynamical control of the interaction between surface plasmon and
inserted objects such as fluorescent molecules or quantum dots in the gap.
Metal-Insulator-Metal (MIM) structure is a fundamental structure for plasmonics. In recent years, MIM
structures have been applied to an efficient light absorber as a component for plasmonic metasurfaces. In such
applications, a finite-length MIM structure, i.e. an MIM resonator plays a crucial role to control the efficient
interaction between surface plasmon to light. Recently, electromechanically reconfigurable plasmonic
metamaterials have been proposed for achieving tunable plasmonic characteristics [1]. More recently, we have
reported static gap plasmon resonance in various gap sizes of a plasmonic nanowire (NW) suspended on a metal
substrate [2]. Such structure, so called Metal-Air-Metal (MAM) structure, has a great potential for the dynamic
control of gap plasmon resonance. Achieving electrical tuning of plasmon resonances in visible range remains a
challenge, in contrast to the great success of tunable plasmonic nanostructures in the other spectral regimes.
In this paper, we demonstrate electromechanically tunable MAM structure in visible range, which is capable
of dynamically tuning the resonant properties of the nanocavity [3]. In addition, we report our recent results
about the modulation of light emission from colloidal quantum dots placed inside the MAM resonator.
Figure 1 shows a SEM image of a 500-nm-wide and
150-nm-thick gold NW suspended over Al2O3 coated (20 nm thick)
Au film (80 nm thick) with a suspended length of 13.4 μm and an
initial air gap of ~250 nm [3]. The suspended NW was fabricated
using a probe-based pick-and-place method capable of arranging
NWs on a substrate.
We measured dark field image of the NW under applying voltage
to the NW and performed spectroscopy. We observed the scattering
color of the NW was changed with decreasing of the gap distance
between the NW and the substrate from 250nm (initial) to 100nm.
Fig. 1 SEM image of the suspended
Hence, the gap distance can be tuned by applying voltage, resulting
gold NW. The scale bar is 2 m.
in controlling Fabry-Perot resonance of MAM nanocavity.
In conventional MIM nanocavity, the spacing insulating layer prevents access to the enhanced filed spot in
the gap, making them limit to use in static applications. Such dynamic MAM nanocavity provides a promising
route for achieving dynamical control of the interaction between surface plasmon and inserted objects such as

fluorescent molecules or quantum dots in the gap. We have placed colloidal quantum dots (CQDs) inside the
MAM resonator and observed the light emission from CQDs. We report our recent results about the modulation
of light emission.
REFERENCES
1. N.I. Zheludev and E. Plum, “Reconfigurable nanomechanical photonic metamaterials,” Nat. Nanotech. Vol.
11, 16 (2016).
2. M. Miyata, A. Holsteen, Y. Nagasaki, M.L. Brongersma and J. Takahara, “Gap Plasmon Resonance in a
Suspended Plasmonic Nanowire Coupled to a Metallic Substrate,” Nano Lett., Vol. 15, 5609 (2015).
3. M. Miyata, A. Kaijima, Y. Nagasaki and J. Takahara. “Electromagnetically Tunable Plasmonic Nanowires
Operating in Visible Wavelength,” ACS Photonics, Vol. 3, No. 12, 2268 (2016).

Au/Ni hybrid nanostructures: tuning the plasmon resonance under
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Abstract- We report on the fabrication of plasmonic hybrid Ni-Au nanoantennas. The optical
properties of such nanostructure depend on the applied magnetic field and/or the temperature. Thus,
we tune under control the plasmon resonance using external stimuli.
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Over the past two decades, metallic nanoparticles have attracted increasing interest because of their varied
and complex optical properties. These properties are mainly governed by the collective oscillations of
conduction electrons called "plasmons". In particular, the excitation of the latter by optical fields leads to a local
exaltation of the electromagnetic field on the surface of the nanoparticle. This very intense nanosource makes it
possible to envisage nanometric optical concepts by
controlling, manipulating and amplifying light at this
25
scale. In recent years, a new challenge is the control and
manipulation of optical properties using an external
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stimulus [1].
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In this context, we developed Ni-Au plasmonic
nanoantennas which exhibit an optical response that can
be modulated either by the application of an external
magnetic field or by a change in temperature. Thus, we
are able to control the plasmon resonance of such
individual nanoobjects over several tens of nanometers as
shown in figure 1.
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Figure 1. Relative shift of the plasmon resonance as a function of the applied magnetic field.
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Abstract: Photonics structures are currently the leading platform for on-chip nonlinear optical application.
However, limitations in compactness, interfacing with electronics and broadband operations have open the
path to complementing and competing platforms such as the base based on plasmonic structures. These are
promising for nonlinear optics because they strongly confine light at the nanoscale, enhancing in this way the
light-matter interactions. Although Ohmic losses are an impediment to the full success of plasmonic-base
structures, we showed here how plasmonic structures perform better than any other platform by harnessing
efficiently the material nonlinearities manly thanks to a slow-light effect, exhibiting a different behavior than
the one in dielectrics.
The Kerr effect leads, amongst other things, to a variation ∆n of the refractive index with light intensity I. In turn, this
leads to an intensity-dependent nonlinear phase shift ∆ϕNL. The key challenge that needs to be overcome in nonlinear
optics is that these effects are weak and so it is crucial to use materials with the strongest possible nonlinearity and
geometries which maximize these effects in small volumes, compatible with modern chip-based devices. For many years,
metal-based (i.e., plasmonic) devices have promised to meet this challenge1-3, but though the metal can compress the
light very strongly, leading to huge intensities, they are also lossy, quickly dissipating these high intensities upon
propagation.
Here we report which characteristics make plasmonic metal-dielectric-metal (MDM) structures the most promising
nanoscale platform for nonlinear optical signal generation. After reviewing our previous work where we introduced a
simple figure of merit, F = γPth LATT,4 where LATT = 1/α with α the absorption coefficient, we then show that for MDM
structures F ∝ 1⁄nβ with 1 ≤ β ≤ 3, where β depends on the detailed properties of the device and n is the refractive index
of the nonlinear medium. It is thus very advantageous to use nonlinear materials with low refractive index in this
geometry.
We then introduce the concept of nonlinear effectiveness EFFNL, in order to quantify the ability of a waveguide mode to
make use of the material nonlinearity, i.e., to convert a material’s nonlinear index change into a nonlinear phase shift.
∆!!",!"#$
The EFFNL is defined as !""!" =
∆!!",!" = !! ∙ ! ∙ !!" , where the numerator and the denominator
represent respectively the nonlinear phase shifts for the mode and for a plane wave in bulk, and therefore for a plane
wave in bulk material, EFFNL = 1. The nonlinear effectiveness is also proportional to a factor fl, which represents the loss
of the waveguide structure; fl = 1 for a lossless mode and fl ≡ 2/(3ln(3)) for a lossy mode. The second factor S represent
the slow-light effect, and the third, ρNL, is the field overlap with the nonlinear medium, which quantifies the fraction of
energy in the mode that contributes to the nonlinear effects and the degree to which it does so (0 ≤ ρNL ≤ 1). Figure 1a
shows the EFFNL comparison between the best plasmonic structure for nonlinear optics, the MDM, and the one for alldielectric waveguide, the Si-slot waveguide. Here the nonlinear effectiveness is plotted versus the thickness of the central
layer for the MDM structure (dark blue) and an all-dielectric silicon slot waveguide (pink), Si-slot waveguide.
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Figure 1. (a) Nonlinear effectiveness versus tc for MDM structures (dark blue), the MDH structures (red) and
an all-dielectric silicon slot waveguide (pink). (b) Four-wave mixing efficiency versus propagation length for
five devices.

The nonlinear effectiveness of the MDM structure is superior to that of the Si-slot waveguide as tc → 0. This is because
the field remains confined in this limit while the presence of slow-light effects contributes to the efficient use of the
nonlinear refractive index change. In contrast, Si-slot waveguides exhibit modest slow light effects and cannot confine
the light when the low-index layer becomes too thin.
In Figure 2b we compare the nonlinear performance for five structures, showing ηmax versus propagation length. We
consider two MDM structures with tc=25 nm (dark blue) and tc=5 nm (light blue); two silicon slot waveguides, with
tc=800 nm (purple) and tc=200 nm (pink), and a silicon slot waveguide with a slow-down factor of S=6 (dashed), which
mimics typical photonic crystal waveguides. The silicon slot waveguides consist of a nonlinear central layer with
thickness tc, surrounded by two 100 nm thick silicon layers (n=3.47), surrounded by air. Each of these is driven at the
maximum power level of the thin MDM structure. Note that the thin MDM structure reaches ηmax ≈10−3 after only 2.5 µm
of propagation length, while all other devices require at least an order of magnitude more propagation lengths to reach
the same efficiency.
Furthermore, we show that the slow-light effect mechanism is substantially different between an MDM and an alldielectric waveguide such as a photonic crystal structure. The slow-light effect in MDMs arise because the energy in the
metal propagates backwards due to its negative permittivity. This mechanism differs from that for slow-light effects in
photonic crystals which rely on a narrow band structural resonance. Since the metal and dielectric permittivity have
opposite signs over a large wavelength range, the slow-light effects and thus the MDM’s nonlinear effectiveness are
intrinsically broadband.
We have investigated the merits of plasmonic structures for degenerate four-wave mixing. We find that the MDM
structure has the highest performance thanks to a combination of strong field confinement and slow light effects, but is
limited by the damage threshold of the nonlinear material. Such structures beat all-dielectric structures if the required
efficiency is low. The performance scales linearly with the damage threshold, and can thus be improved by using better
nonlinear materials.
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Abstract— Chirality, an exciting property of objects lacking in mirror symmetry, provides
the ability to sense the handedness of light’s polarization. Instead of following the conventional
apporach based on purely geometrical aspects, we now introduce a novel and versatile concept
realized by a heteromaterial composition of nanostructures. Here, we report on our experimental
and numerical observation of optical activity of geometrically symmetric nanoassemblies enabled
by heteromaterial selection.

According to the definition introduced by Lord Kelvin [1], chirality refers to a lack of mirror
symmetry of a geometrical figure, or group of points. Such objects can be found in nature and,
when inetracting with light, are capable of distinguishing between right- and left-handed circular
polarization [2]. Recently, optical activity of a variety of di↵erent artificial chiral 3D and planar
nanostructures has been reported [3, 4]. However, so far a chiral optical behavior has been induced
by a non-mirror-symmetric geometry of the studied structures.
Here, we present a novel concept of chiral optical response induced by heteromaterial composition
of a single nanoassembly. To this end, we investigate a geometrically mirror-symmetric particlearrangement, composed of equally sized and shaped achiral building-blocks [5] (see also Fig. 1a).
In such assemblies, the choice of di↵erent materials and a proper arrangement break the symmetry
of the system and enable its optical activity. The chiral behavior originates from the interaction
of the multipolar responses of the individual constituents. Depending on the input polairzation
state (right- or left-handed circularly polarized light) and, therefore, the phase between the linear
polarization components of the illumination, indiviudal particles interact di↵erently with their respective neighbor in the assembly due to the heteromaterial composition. The mutual interference
of the multipolar modes will, therefore, result in di↵erent interaction schemes and, eventually, in a
chiral response.

Figure 1: Sketches and SEM images of optically chiral three- (a) and two-particle (b) assemblies built from
gold and silicon nanospheres.

For a proof-of-principle experimental demonstration, we recently measured the optical activity
of a geometrically symmetric trimer [5] (see Fig. 1a). The trimer was assembled from gold and

silicon nanospheres on a glass substrate, utilizing a pick-and-place technique developed in-house [6].
For normal incidence, circular dichroism, i.e., the di↵erential absorption of right- and left-handed
circularly polarized light is observed. The experimental results are in excellent agreement with the
numerically calculated optical response of the nanotrimer.
The heteromaterial-driven chiroptical e↵ects can be further tailored by involving particles made
of many di↵erent materials, changing the number of particles or changing their arrangement. We
envision that heteromaterial selection will allow for the development of many di↵erent geometries of
nanostructures exhibitng a chiral optical response. Even simpler geometries than the one described
above may feature optical activity. Indeed, our recent studies confirm that optical activity can be
induced also in a heterogeneous two-particle-assembly (Fig. 1b). Details will be discussed in the
presentation.
In summary, we propose and investigate experimentally and numerically a new concept of chiral optical activity of a single nanostructure. In contrast to the studies reported so far, the chiral behavior
originates from heterogeneous material selection of the individual constituents of the geometrically
symmetric nanoassembly. Our concept of the heteromaterial-driven chiroptical response provides
a new degree of freedom for precisely designing the chiral properties of individual structures at the
nanoscale.
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5. Banzer, P., P. Woźniak, U. Mick, I. De Leon and R. W. Boyd “Chiral optical response of planar
and symmetric nanotrimers enabled by heteromaterial selection,” Nat. Commun., Vol. 7, 13117,
2016.
6. Mick, U., P. Banzer, S. Christiansen and G. Leuchs “AFM-based pick-and-place handling of
individual nanoparticles inside an SEM for the fabrication of plasmonic nano-patterns,” in
CLEO: 2014, San Jose, USA, June 2014, 171-176.

Experimental demonstration of a negative Kerr nonlinearity of
graphene through chirped-pulse-pumped self-phase modulation
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Abstract— A negative Kerr nonlinearity of quasiundoped graphene at telecom wavelengths
is demonstrated experimentally based on our novel chirped-pulse-pumped self-phase modulation
approach. Since a positive Kerr nonlinear index had been assumed for graphene so far, our result
will modify considerably strategies for exploiting waveguide nonlinearity enhancement induced
by graphene layer deposition.

Graphene became a topic of intense research since its isolation [1] due to the panoply of applications relying on the unusual band structure of this 2D honey comb lattice of carbon atoms [2].
Particularly, graphene is a promising material for nonlinear optical applications due to the extremely large magnitude of its Kerr nonlinear index, n2 (five orders of magnitude larger than n2
of silicon, which is one of the largest available in integrated photonics), as was demonstrated earlier using four-wave mixing (FWM) experiments [3]. Although the sign of n2 does not a↵ect the
(optimum) conversion efficiency of FWM, a positive n2 had been tacitly assumed for graphene [4].
In this work, we carry out self-phase modulation (SPM) experiments where graphene-covered
silicon-on-insulator (SOI) waveguides are pumped with positively and negatively chirped pulses in
order to determine both magnitude and sign of the waveguide nonlinear coefficient, K . Moreover,
n2 of graphene can be extracted since the nonlinear coefficient of bare SOI waveguides is also
measured. A new analytical model that accounts for SPM and linear losses but also the interplay
between SPM and the input chirp is used to fit the experimental spectral broadening induced by
SPM and as such extract K . Based on this analysis, we conclude that quasiundoped graphene
possesses a negative n2 at 1.55 µm, while its magnitude is in accordance with previous reports [3].
Our chirped-pulse-pumped SPM method relies on the following equation that governs the evolution of the root-mean-square (RMS) spectral width, µ2 , of the pulse along the waveguide (in the
z direction):
µ2 (z)
2 K P0 ze↵ C0 31 + ( K P0 ze↵ )2 41
=1+
,
(1)
µ2 (0)
1 + 4 C02 21
where P0 refers to the input pulse peak power, ze↵ is the e↵ective length, C0 accounts for the input
pulse chirp and -coefficients are positive-valued dimensionless shape-factors [5]. This equation
shows how the spectrum can broaden or get narrower depending on the sign of K C0 in the lowpower regime, namely, when the term that depends linearly on P0 becomes important compared to
the term that depends quadratically on P0 . This model allows determining K , including its sign,
by means of measurements of µ2 for di↵erent z lengths, provided C0 is known.
The most important features of the graphene-covered SOI waveguides and the laser sources
employed in our experiments are described in Fig. 1. Further information about the laser sources,
graphene deposition and patterning to vary the length of the graphene sections can be found in [5]
and references therein. The relative spectral broadening is measured for six SOI waveguides covered
by a graphene section with a length varying from 0 (i.e., no graphene coverage) to 250 µm. When
Source (1) is used [see Fig. 1(b)], 1.2 ps, 1.8 W pulses at 1.55 µm with C0 = 0.8 are injected into
the on-chip waveguides. In this case, the laser source provides directly positively chirped pulses.
In contrast, to provide negatively chirped pulses at the waveguide input, the (slightly positively
chirped) pulses emitted by an optical parametric oscillator (OPO) are sent through a negativedispersion fiber with properly chosen length. As a result, 3 ps, 1.7 W pulses with C0 = 0.25 excite
the waveguides when Source (2) is considered.

Figure 1: (a) Outline of the waveguides used in our experiments. (b) Experimental setup for the SPM measurements. The acronyms refer to variable optical attenuator (VOA), single-mode fiber (SMF), polarization
controller (PC), and optical spectrum analyzer (OSA). Note that the input and output spectra are measured
simultaneously using two OSAs.

Our experimental results are shown in Fig. 2. The experimental broadening factors for both
positive and negative input-chirp cases can be fitted on the basis of Eq. (1) with K as only fitting
parameter. This fit provides K = 1.4 W 1 mm 1 in the graphene-covered sections, which yields
n2 = 10 13 m2 W 1 for graphene. In Fig. 2, the red lines are the theoretical curves for the case
where the graphene-covered sections would have the same (positive) nonlinearity as that of bare
SOI waveguides. The poor correspondence between these hypothetical curves and the experimental
data showcases the strong impact of graphene on K . Although the magnitude of the n2 that we
find agrees with previous works [3], this previously unreported negative n2 of graphene changes
drastically present approaches that pursue larger K through graphene layer deposition.

Figure 2: (a) Experimental measurement of K for a positively chirped input pulse. (b) Experimental
measurement of K for a negatively chirped input pulse.
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Abstract-We discuss the concept of photonic wheels, i.e., light carrying an angular momentum
(density) perpendicular to the propagation direction, as a versatile and very flexible tool for
nanophotonics. We review recent studies involving transverse angular momenta.
Evanescent fields, waveguide modes, propagating surface plasmons and focused light beams share an
intriguing feature. As a direct consequence of the spatial confinement they are resulting from, components of the
field oscillating along the propagation direction are formed, which are usually dephased by ±π/2 with respect to
their transverse counterparts [1]. Hence, the electric or magnetic field (or both) are elliptically polarized with the
polarization ellipse coinciding with a plane of propagation. Richards and Wolf first recognized this subtle detail
for tightly focused light beams [2] and Huard and Vigoureux for evanescent waves [3]. In the notation of the
angular momenta of light, such confined fields therefore exhibit components of the spin, which are orthogonal to
the propagation direction [1] in contrast to the conventional case of circularly polarized light. This research area
of transverse angular momenta was initiated in 2009 [4] and, since then, received considerable attention (see for
instance [1] for a review). In some cases, the angular momentum (spin) density or the net angular momentum
might be even purely transverse [4-7].
The most flexible scheme for which this phenomenon of transverse angular momentum in general and
transversely spinning fields in particular can be observed and even, more importantly, also spatially tailored is
the framework of nonparaxial propagation in free-space. By properly choosing the input beams to be tightly
focused, tailored landscapes of locally varying transverse and longitudinal angular momenta can be created at the
nanoscale [1,5-7,12]. The resulting field distributions can be used, e.g., to selectively excite individual
nanoparticles or other nanoscopic systems and to control their emission. In this context it was shown that an
electric field spinning around an axis parallel to a nearby interface results in highly directional emission across a
dielectric interface or directional coupling to plasmons [1,6-11], with the emission direction depending on the
spinning sense. The latter one can be controlled easily by placing the nanoparticle in the focal field of a tightly
focused light beam where the local spin (density) depends on the relative particle position [6,7].
This effect of transverse angular momentum components in focused light beams in combination with the
aforementioned directional emission of a spinning dipole across an interface paves the way for a wide range of
different applications and effects [1,5-11], some of which will be discussed in this presentation.
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Microgels are cross-linked polymeric chains with dimensions ranging from several hundreds of nano- to a
few tens of micro-meters. Microgels are highly sensitive to the environmental changes. Their shape and volume
can experience a dramatic change in response to external stimuli such as temperature, pressure and ionic strength.
This ability has attracted a lot of attention due to potential applications as micro-sensors, micro-actuators,
micro-valves and drug delivery devices. In particular, temperature-responsive microgels can exhibit extremely
large deformation in response to a variation of temperature of the environment. Combining photo-thermal
materials (plasmonic nano-particles) with microgels opens a unique opportunity to design micro-dynamical
systems, which can be controlled all-optically. In this presentation, we discuss our recent advances in the
development of physical models capable to describe optically controlled, gold nanoparticle loaded microgel
systems. Appropriate consideration involves self-consistent coupling of diffusion, elasticity, heat transfer and
electrodynamic models. Using simple examples, we discuss how shape and volume of microgels can be
controlled using light.

Plasmonic Enhancement of Light-matter Interaction in Planar Materials

Hossein Taghinejad, Syed Hamed Shams Mousavi, Tianren Fan, Mohammad Taghinejad, Ali A. Eftekhar,
and Ali Adibi
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Two-dimensional metal dichalcogenides (2D TMDCs) have been of great interest lately due to their
unique potentials for forming new optoelectronic devices. This talk is focused on the integration of 2D
TMDC nanostructures with plasmonic nanostructures to considerably enhance their optical properties
for enabling new devices for light emission and detection. It is shown that by using a carefully
engineered plasmonic nanocavity, orders of magnitude improvement in light-matter interaction in these
hybrid materials can be achieved. Supported by theoretical calculations, this technique will be
experimentally presented for a variety of hybrid nanostructures, and its prospects for forming practical
nanophotonic devices will be discussed.

Nonlinear plasmonics at anisotropic metal-dielectric interfaces.
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Abstract— We show sensitivity of second harmonic generation to the surface plasmon propagation direction at anisotropic Au/dielectric interfaces. The symmetry of the iron garnet enables
interplay between even and odd components of the nonlinear susceptibility leading to a 95% asymmetry of the second harmonic output. Illustrating this interplay with a simple two-component
model, we discuss its applicability to nonlinear magneto-plasmonics and nanophononics.

Featuring strong electromagnetic field localization, surface plasmon-polariton (SPP) excitations
are key building blocks of modern nanophotonics. Recently, nonlinear plasmonics [1] benefited from
numerous observations of SPP-enhanced second harmonic generation (SHG). Often isotropic interfaces between air and polycrystalline noble metal films are considered, where the optical properties
are independent of the SPP propagation direction. Prominent SHG sensitivity to the symmetry
breaking suggests its applicability for probing excitations at anisotropic interfaces where new intriguing phenomena can be expected. SHG non-reciprocity with respect to the SPP propagation
also holds promise for nonlinear magneto-plasmonics [2].
In this work, we probe SPP-assisted SHG from an anisotropic interface in Bi,Tm-doped iron
garnet/Au hybrid plasmonic crystals. We observe strong variations of the SHG response when the
SPPs are propagating in the opposite directions, in a striking contrast to the negligible variations
of the linear transmittivity. In the vicinity of the SPP resonance at the anisotropic Au/garnet
interface, the modulation of the SHG intensity reaches 95%. We consider a two-source model
where SHG is generated at the Au/air and Au/garnet interfaces [3]. When the SPP is excited,
the relative SHG eﬃciency at the two interfaces changes, and the interference results in a complex
shape of the SHG response. The results of the SHG phase measurements allowed us to consider
N R + E R . The crystalline
SPP-induced resonant enhancement of the fundamental field as E⊥ = E⊥
⊥
anisotropy of the garnet film enables both even and odd χ(2) components with respect to the angle
of incidence θ. Within this approach, the outgoing SHG field takes the following form:
(2)

(2)

2
NR
R 2
P∥2ω (θ) = χ1,⊥∥∥ E1,∥
sin(±θ) + χ2,∥⊥⊥ (E2,⊥
+ E2,⊥
) cos θ,

(1)

where the lower indices 1,2 stand for the Au/air and Au/garnet interfaces, respectively.
This interference of the SHG contributions with diﬀerent parity with respect to θ holds high
potential for rapidly growing fields of nonlinear magneto-plasmonics and nanophononics. Firstly,
interface anisotropy can be utilized to enhance variations of the SPP-driven SHG output upon
the magnetization reversal in garnet. Furthermore, anisotropic interfaces constitute a popular
playground in nanophononics where surface phonon-polaritons (SPhPs) in polar dielectrics are
excited instead of SPPs in metals. In particular, interplay of anisotropy-driven phonon modes with
SPhPs was shown to strongly enhance the SHG output in the mid-infrared [4].
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Abstract Octahedral Au-core/Pt-shell (Au@Pt) nanoparticles were successfully prepared via a
galvanic replacement of Cu monolayer underpotentially deposited on Au core with a Pt monolayer.
The visible-light irradiation to Au@Pt nanoparticles-immobilized electrodes enlarged a cathodic
current of oxygen reduction reaction (ORR), suggesting that the electrocatalytic activity of Pt shell
layer was enhanced by the photoexcitation of localized surface plasmon resonance peak of
octahedral Au-core particles.

Current / mA cm

-2
Current density / mA cm
-2

Noble metal nanoparticles (NPs), exhibiting localized surface plasmon resonance (LSPR) in visible-light
region, have attracted much attention because their optical properties can be tuned by precise control of their
shape and size.[1,2] Recently, the enhancement of catalytic properties by the plasmonic properties of metal NPs
has been intensively investigated, because hot carriers could be created in plasmonic metal NPs by the
photoexitation of LSPR.[3] In this study, we try to improve the catalytic activity of Pt with LSPR of octahedral
Au NPs. An electrochemical technique is used for preparing Pt shell layer on octahedral Au NPs, resulting in the
formation of Au@Pt core-shell NPs. The photoexcitation of LSPR peaks of octahedral Au core in Au@Pt NPs
can modify the catalytic activity of Pt shell layer for oxygen reduction reaction (ORR) as a model reaction.
Octahedral Au NPs were prepared by reduction of HAuCl4 in diethylene glycol containing
poly(diallyldimethylammonium chloride) at 230 °C for 1 h. The underpotential deposition (UPD) of Cu
monolayer onto octahedral Au NPs immobilized on an HOPG
c
a
(c)
electrode was carried out with constant potential application at
0 Under dark
0
0.26 V vs. RHE in an aqueous solution containing 1.0 mmol
-3
-3
dm CuSO4 and 0.1 mol dm H2SO4. Thus-obtained
-0.1
Cu-deposited Au NPs on HOPG substrate immersed in
100 nm
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aqueous solution containing 0.5 mmol dm-3 K2PtCl4 for 10 min b
Au@Pt NPs
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to replace Cu monolayer by Pt, resulting in the core-shell
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structure of octahedral Au@Pt NPs.
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significant change in shape as observed in the SEM image of
Figure 1. SEM images of octahedral (a) Au
Fig. 1a and b. To elucidate the surface Pt coverage on the NPs and (b) Au@Pt NPs. (c) Cyclic
particles, we obtained the electrochemical active surface area voltammograms of octahedral Au and
-3
(ECSA) of octahedral Au@Pt NPs by measuring cyclic Au@Pt NPs in O2 saturated 0.1 mol dm
voltammograms. The deposition of Pt layer on Au NPs HClO4 aqueous solution.

decreased the peak current assignable to the reduction of Au oxide layer (ca. 1.15 V vs. RHE). In contrast, the
peaks originating from the reduction of Pt oxide layer and the H2 desorption on Pt surface were newly observed
for Au@Pt NPs at 0.65 and 0.05V vs. RHE, respectively. These results indicated the surface of octahedral Au
NPs was partially coated by the Pt shell layer. The Pt surface coverage was determined to be 85 % on octahedral
Au@Pt NPs from ECSA.
Figure 1c shows the cyclic voltammograms of the octahedral Au and Au@Pt NPs for ORR in a dark condition.
The cathodic current for ORR on octahedral Au@Pt NPs was observed at more negative potential than ca. 0.85
V vs. RHE, the onset potential of which was more positive than that of bare octahedral Au NPs, indicating that
the electrocatalytic activity for ORR was much larger on the surface of Pt shell layer than on the bare Au surface.
Furthermore the visible-light irradiation to octahedral Au@Pt NPs twice enlarged the cathodic current density of
ORR at 0.7 V vs. RHE from -0.12 to -0.21 mA cm-2. These results suggested that the LSPR excitation of the Au
core in Au@Pt NPs greatly modified the electrocatalytic activity of the Pt shell layer for ORR.
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Abstract- We report on developments in fabricating nanoplasmonic volumetric isotropic and
anisotropic materials with plasmonic resonances at visible and infrared wavelength ranges. We
push the melt-based crystal growth techniques for developing novel methods as the NanoParticle
Direct Doping method enabling doping dielectric matrices simultaneously with plasmonic
nanoparticles and quantum dots or rare earth ions. We also push the methods utilizing the
self-organization mechanism as in directional solidification of eutectic composites.
Two types of materials will be discussed: (i) based on directional solidification of eutectic composites [1,
2], and (ii) directional solidification of dielectrics directly doped with functional nanoparticles of various sizes,
shapes and chemical composition (metallic-plasmonic, quantum dots) as well as various additional elements as
rare earths, obtained by the NanoParticles Direct Doping, NPDD [3, 4].
It has been shown previously that with self-organization mechanism during the eutectic crystallization
various shapes pertinent to metamaterials can be obtained as the 'split-ring resonator' geometry [1], rodlike [5] or
lamellar structures which can be used as hyperbolic metamaterials [6], or for subwavelength transmission of
electromagnetic waves [7, 8]. It has been also shown that porous three-dimensional structures can be obtained [9]
as well as curved multilayer structure obtained by rotation during the eutectic growth - resembling necessary structure
for metamaterial hyperlens [10]. Recently we demonstrated eutectic-based tunable nanoplasmonic materials for
the first time in visible [11, 12, 13], and we have demonstrated a composite with plasmonic resonances at
infrared wavelengths [to be published].
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Abstract- The effect of anisotropy and spatial dispersion of a metamaterial on the Talbot effect may be
engineered in principle. This has profound implications for applications of the Talbot Effect such as the
design of multimode interference coupler (MMI). The presentation reports findings on the design of a
metamaterial, and its approximation by a Kronig-Penney material that is designed to suppress the modal
phase error, which limits the scaling of MMI port dimension.
The (fractional) Talbot effect describes the longitudinally spatially periodic (multiple) self-imaging of
transversely spatially periodic in free-space. The theory of the Talbot effect assumes Fresnel diffraction,
equivalently of a spectrum of plane wave modes concentrated on-axis, and the phase relation between the
self-images predicted evinces an intimate relationship with number theory [1]. The free-space Talbot effect may
be mapped to a description of the self-imaging properties of a planar multimode waveguide. The theory of the
waveguide Talbot effect follows that of the free-space Talbot effect once account is taken of the (near) zero of
the field introduced by the waveguide sidewalls. This somewhat complicates the phase relations. The free-space
Talbot effect extends naturally to a homogenous medium and, consequently, to metamaterials.
There have been significant improvements in MMI design to improve performance (uniformity, efficiency,
bandwidth) and to reduce the size of its foot-print. However, the performance of MMI on a high index contrast
platform decreases significantly as the number of ports is increased. The modal phase error scales with the
number of ports. This can be ameliorated by the use of a low index contrast platform [2] but this expedient
conflicts with the requirement for high quality fractional self-imaging that the modal expansion is close to a
Fourier series. It is modal phase errors caused by the failure of the paraxial approximation that impair
performance, whether introduced by coupling of the access-waveguides or by failure of the paraxial
approximation in a multimode section.
Additional degrees of freedom are needed to tune the individual phases of the intermediate modes, which
might be introduced by appropriate patterning of the geometrical or optical properties of the multimode section.
The perturbation of the lateral refractive index profile in the multimode section to reduce the modal phase errors
has been considered theoretically [3]. Shallow etching of the multimode region can also reduce the effective
index contrast [4], but these solutions have the demerit of requiring a multiple etch steps in the fabrication
process. MMIs formed using a subwavelength grating waveguides (SWG) structure offer a solution requiring
only a single etch step. In this way, the lateral refractive index contrast may be reduced by using SWG in the
lateral cladding regions of the multimode section while the high index contrast on the access waveguides
remains to be able to place them closely to reduce the size of MMIs when the number of ports increases [5].
Moreover, the modal birefringence of the waveguide can be controlled by depositing low and high index layers
with the subwavelength pitch on the top of the waveguide [6]. MMIs that make use of the anisotropy of SWG
structure to achieve ultra-compact footprints have been reported recently [7] and an MMI with ultra-broad
bandwidth of 450 nm and phase deviation below 3 degrees has been achieved [8] by engineering the dispersion

properties of the multimode region using SWG to mitigate the wavelength dependence of the Talbot distance.
Homogenised bulk SWG behave as strongly anisotropic materials with a c-axis normal to the layers of a 1D
multi-layer (Kronig-Penney) or for a 2D photonic crystal in 3D along the axis of uniformity. A Kronig-Penney
structure is uniaxial as is a 2D square or hexagonal lattice of circular cylindrical holes in 3D. Anisotropy can
help reduce the Talbot length but temporal and spatial dispersion is necessary to control the modal phase error
and the wavelength dependence of the Talbot length. Anisotropy and, even more so, spatial dispersion
complicate the theoretical description of waveguide structures. The metamaterial can result in a Talbot length
substantially independent of vacuum wavelength – thereby permitting broadband operation [7]. In principle, the
paraxial approximation may be made exact in the metaxial regime and therefore modal phase error eliminated –
thereby permitting the scaling of MMI port dimensions.
The presentation reports findings on the design of a metamaterial, and its approximation by a Kronig-Penney
material that is designed to suppress the modal phase error, which limits the scaling of MMI port dimension. The
findings may enable the realisation of photonic integrated circuits components of unprecedented performance.
For example, a compact broadband MMI with large port counts would constitute a breakthrough in integrated
passive coupler / splitter components enabling, for example, single component discrete space passive DFT
functions and large cross-overs with accurate port phase relations.
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Abstract-We present theoretical and numerical investigations on the locally resonant nanophononic
metamaterials with ultralow thermal conductivity. The anomalous dynamics and thermal transport
properties induced by various hybridizations between the local resonances of the branched
nanopillars and the bulk modes of the host nanowires are verified by finite element analysis. A
cantilever-in-mass model is proposed to theoretically analyze and control the resonance
hybridization band. Particularly we report on near-zero thermal coefficients at local resonances with
flat dispersion curves.
Analogous to locally resonant acoustic/elastic metamaterials, an emerging concept of nanophononic
metamaterials (NPM) has been proposed recently for thermoelectric energy conversion [1]. Based on the local
resonances of the nanopillars built on the surface of a host membrane, NPM can reduce the thermal conductivity
without causing undesirable obstruction to the electron transport and thermoelectric conversion efficiency.
Various numerical investigations on NPM have been conducted by using lattice dynamics (LD) calculations and
molecular dynamics (MD) simulations [2, 3]. Little work has been reported about the analytical model of this
emerging nanostructure. In this work, to theoretically investigate the dynamics and thermal transport properties
of a side branched NPM (see Figure 1(a)), we propose a cantilever-in-mass model to describe the one-side
branched nanowire. As shown in Figure 1(b), the host nanowire can be represented by an outer mass of m1, and
the side branched nanopillar can be enacted by a mass-less cantilever beam with an effective length of Leff and an
inner mass of m2. This cantilever-in-mass model can be further transformed into a classical spring mass-in-mass
model [4]. On basis of Euler–Bernoulli beam theory, we can calculate the equivalent spring stiffness of the
nanopillar as k

3EI z L3eff , where I z is the moment of inertia about the bending z-axis or y-axis. Using the

spring mass-in-mass model, we obtain the effective mass of the one-side branched nanowire as

meff 1
where
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is the locally resonant frequency of the internal resonator and can be written as
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Ea 2
4 L3eff Lh

(2)

The phonon dispersion relation of a one-side branched nanowire is illustrated in Figure 1(c). The mode

shapes at three representative frequencies (I, II and III) around different flat bands are visualized. It is observed
that within the flat bands, the branched nanopillars exhibit distinct resonant profiles whereas the host wire does
not confine any vibrations. Strong resonance coupling and hybridization between host structure and nanopillars
induce the flat bands, which further result in a distinct reduction in group velocity. Using the Equations (1) and
(2), we can theoretically analyze and control the first resonance hybridization bands. By modifying the resonator
size, the thermal conductivity of the NPM can be further theoretically manipulated and tailored, which could be
potentially significant in thermoelectric conversion.

Figure 1. (a) Schematic diagram, (b) equivalent cantilever-in-mass model and (c) phonon dispersion relation for
a one-side branched nanowire.
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Abstract-We perform spatiotemporal imaging of acoustic waves in a metamaterial based on silica
microspheres arranged in different patterns on a glass substrate, including waveguides. An ultrafast
optical pump-probe system is used to obtain time-resolved two-dimensional images of both surface
and bulk acoustic wave interactions with the microspheres. We also identify the metamaterial
frequency band-gap regions through a detailed examination of the experimentally and theoretically
obtained acoustic dispersion relations.
Materials consisting of two-dimensional arrays of particles demonstrate interesting effects on macro- and
micro-scales [1,2]. Such materials exhibit a number of vibrational resonances corresponding to different types of
particle motion and their mutual interactions. In
particular, metamaterial structures consisting of
microspheres on a glass substrate have lately been
investigated by examining their interaction with
propagating surface acoustic waves (SAWs), allowing
the elucidation of the nature of the particle contacts
and the demonstration of metamaterial band gaps
corresponding to different resonances [2–4].
Arranging acoustic metamaterials in different
patterns to form structures such as waveguides and
cavities, in a similar way to analogous
phononic-crystal and photonic-crystal structures,
allows the construction of devices to control acoustic
wave propagation. Such structures are ideally suited
to spatiotemporal imaging studies. However, such
Fig. 1 Dispersion relation (frequency f vs wave number ky
real-time imaging has not been performed in acoustic
along the propagation direction) of SAW propagation in a
metamaterials. In the case of particle arrays, the
metamaterial arranged in the form of a linear waveguide.
interaction of the particles with surface and bulk
Inset: optical micrograph of a section of the sample.
modes is expected to exhibit metamaterial band gaps.

However, gaps formed by bulk modes have not been experimentally studied in detail.
Here we experimentally investigate the interaction of propagating acoustic waves in a float-glass substrate
with a surface structure consisting of a monolayer of 1.08 µm diameter silica spheres, demonstrating interactions
with both SAWs and surface-skimming longitudinal bulk waves (SSLWs). These are excited and detected using
an optical pump-probe set-up with a Ti:sapphire femtosecond laser operating at 75.6 MHz [5]. The glass
substrate is coated with a 0.1 µm aluminum film for coupling with the laser pulses. The probe pulses, of
wavelength 830 nm and duration ~200 fs, detect the out-of-plane surface particle velocity of the propagating
waves. The beams are focused to spots of about 1 µm in diameter, and images are generated over areas up to
~200×200 µm2, allowing animations of the surface motion to be obtained at acoustic frequencies up to ~1 GHz.
Time-resolved images show acoustic waves—in particular SAWs and SSLWs—propagating along the sample
surface.
Fourier analysis allows the propagation to be visualized at different frequencies, and allows the acoustic
dispersion relation to be determined. In this connection, k-space images of the wave propagation on
homogeneous samples show the presence of two acoustic modes, representing the SAWs and the faster SSLWs.
Figure 1 shows the dispersion relation of SAW propagation for an arrangement of particles in the shape of a
linear waveguide, in which case only the SAW mode appears. The inset of the figure shows an optical
micrograph of the metamaterial waveguide sample, which consists of a column about 4 µm wide of closely
packed microspheres. There is a pronounced dip in amplitude around ~300 MHz, corresponding to a wavelength
of ~12 µm—considerably larger than the particle diameter—as expected for metamaterial-related resonances for
this type of structure. This dip corresponds to the metamaterial band gap, a region in which the wave vector is a
complex quantity.
The dispersion relation of a uniform array of microspheres is investigated by means of an analytical theory
based on the interaction of the acoustic waves in the substrate with the particle vibrational resonances. We find
good agreement with this theory and the experimentally determined dispersion relation of such a uniform array.
This work demonstrates the application of ultrafast laser imaging to microscale metamaterials. Future
perspectives include the investigation of anisotropic effects in ordered structures and crystalline substrates, as
well as the investigation of wave propagation in more complex 2D heterogeneous structures.
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Abstract-The work is devoted to the development of the novel design of magnetoplasmonic
nanostructures for improvement of magneto-optical properties. Namely, we propose (1)
magneto-plasmonic crystals with broken symmetry for obtaining the Kerr effects at normal
incidence, and (2) magneto-plasmonic quasicrystals with the broadband magneto-optical response.
Resent research has demonstrated the enhancement of magneto-optical effects in structured media. In
particular, the attention has been paid to plasmonic crystals which are periodic structures supporting surface
plasmon polaritons. It was demonstrated that the transverse Kerr effect and the Faraday effect are resonantly
enhanced in magnetoplasmonic crystals, and also novel promising effects arise, namely the longitudinal intensity
effect. As a rule, these effects are of resonant nature, due to their relation to the excitation of eigenmodes, which
leads to narrow spectral range of magneto-optical response.
A specific kind of nanostructures that attracts attention is plasmonic quasicrystals [1], that demonstrate
broadband optical response and, moreover, it is polarization-independent for 2D structures. We investigate
magneto-optical effects in plasmonic quasicrystals formed by a uniform magnetic dielectric and a quasiperiodic
1D or 2D metallic lattice. Theoretical approach is developed and experimental results are presented. The
experiments were performed with two types of structures: (i) the 1D quasi-periodic grating specially designed
for obtaining plasmonic resonances at certain range of frequencies, and (ii) the 2D structure with 10-fold
rotational symmetry. The Faraday effect as well as the transverse Kerr effect demonstrate broadband
enhancement. We also find the conditions for the enhancement of the longitudinal magneto-photonic intensity
effect.
Due to symmetry reasons linear effects associated with in-plane magnetization (such as the transverse Kerr
effect) are prohibited at normal incidence. However, for practical reasons it would be useful to observe the
transverse Kerr effect at normal incidence. For that reason, the spatial symmetry of the structure should be
broken. To achieve that we investigate a plasmonic crystal formed by a uniform magnetic dielectric and a
non-symmetrical metallic lattice. The obtained results for the transverse Kerr effect measurements at normal
incidence are consistent with the theoretical considerations.
Acknowledgements: The work is supported by the Russian Foundation for Basic Research (project
16-52-45061) and the Russian Presidential Grant МК-2047.2017.2.
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There is steady increasing demand for a reliable and sensitive detection of a broad range of biomolecules.
Among various different approaches for detection, our group is interested in the use of localized surface plasmon
resonances (LSPR) as a transducing principle for the biomolecular binding. The LSPR occurs in metallic
nanostructures, where the spectral position and shape of the resonance can be engineered by the shape of the
structure. We have used several approaches with a different degree of complexity for the customized formation
of the nanostructures such as microfluidic synthesis of anisotropic particles [1,2], double concentric structures by
colloidal lithography [3], pyramidal structures by template stripping and colloidal lithography [4] or by thermal
annealing of thin continuous metal layers [5]. The reliable readout of the spectral position of the LSPR with very
low noise is one of the key challenges in the biosensing process. The relatively simple detection can be realized
on nanoparticles ensembles, but the step to the spectroscopy of a single particle is challenging [6]. Often only
single or a small number of nanostructures can be measured at once and therefore a parallelization of these
measurements is very time consuming. In our approach we have established hyper-spectral imaging combined
with microscopy imaging system, which allows to record spectral properties of many particles simultaneously
[7]. We were able to map spatial variation of the protein adsorption and to demonstrate the limitation of the
ensemble LSPR measurement caused by the shape variation of the metallic nanostructures.
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Abstract- We introduce a new technique to resonantly post-tune ensembles of nanophotonic
resonators with light. The method is scalable, highly precise, and compliant with on-chip structures.
Building on the method, we develop medium-scale nano-optomechanical architectures where first
collective phenomena do emerge. We report as first example the light-mediated frequency locking
of multiple nanomechanical oscillators.
The interaction between light and mechanical motion, at the core of optomechanics, is boosted in lightweight
nano-optomechanical resonators. After landmark experiments realized on single resonators, the investigation of
collective phenomena now requires controlling vast ensembles of coupled resonators, with the coupling mediated by
light or vibrations. This evolution towards collective nano-optomechanics bears potential for a variety of sensing
applications of course, but for quantum or topological photonics as well. It is however impeded by the residual
disorder imposed by nanofabrication techniques, which naturally detunes high-Q resonators and precludes resonant
interactions between them.
Here we present a new technique to tune ensembles of nanophotonic/mechanical resonators. Light resonantly injected
into the optical mode of a first resonator immersed in a fluid (gas or liquid) triggers an etching process, leading to a
fine-tuning of the resonator’s dimensions. The evolution of dimensions is monitored continuously by tracking the
resonator’s optical resonance with a laser. This tuning process, dubbed resonant photo-electrochemical etching, is
naturally scalable to multiple resonators and allows us to tune small ensembles (2 to 5 resonators). We demonstrate
the versatility of the process and discuss its implementations in various contexts.

Second, we present a first application of this tuning technique, by exploring the resonant optical interaction
of multiple nano-optomechanical systems. We observe a first form of collective behavior involving several
distant resonators, where a unidirectional flow of light frequency-locks a chain of nano-optomechanical
oscillators.

REFERENCES
1. Gil-Santos, E., et al. “Scalable high-precision tuning of photonic resonators by resonant cavity-enhanced
photoelectrochemical etching,” Nature Communications 8, 14267 (2017).
2. Gil-Santos, E., et al. “Light-mediated cascaded locking of multiple nano-optomechanical oscillators,” Phys
Rev Lett 118, 063605 (2017).
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Abstract. This work experimentally revealed, that 60Co-gamma-irradiation of potashalumina-borate glasses doped with 2 mass.% of iron oxide to the dose of 1.7 MR in
the temperature range of 150-300 oC induced differential optical density changes
within -5.7≤ΔD ≤-3 in the wave length range of 300÷350 nm, which is characteristic
for meta-material. Calculations have shown that variation of optical refraction index
within -0.66 ≤ ∂n / n0 ≤ 0.1 due to microstructure transformation causes changes in the
differential absorption coefficient of the glass -7.86< Δα~< 0.11.
λ

Introduction. Besides synthesis of metamaterials [1], alternative possible way is the
dynamic nonlinear effect – self-organization of multielement disordered matrix under
simultaneous influence of heating and ionizing irradiation radiative effects.
Levy P.W. [2] showed that it is possible to present the radiation induced absorption
formed by superposition of several individual absorption bands, in the form of Gaussian for
each color center α (Е) in the glasses as coefficient of absorption of photons with energy E:
α(Е)=αmexp[ - (4ln2/ΔE1/2)(E – E0)2],

(1)

where αm – absorption coefficient at the maximum of Gaussian curve; ΔE1/2 – width on halfheight maximum. Dexter D.L. [3] studied absorption of light by atoms in ionic сrystals and
improved Smakula's formula for the concentration of color centers, but this one can be use
for oxide glasses
Ni·f = 0.87·1017·[n/(n2+2)2]·ΔE1/2·αm, αm = (2,303/d)·D

(2)

where f–oscillator force, n- optical refraction index, D-optical density, d–sample thickness in
cm.
The purpose of this work is to study "meta" – like optical properties related with
structural transformations at thermal radiation treatment of multi-component oxide glasses.
Theoretical background. Earlier we showed that for borosilicate glasses [4]
proceeding from doses dependences of optical density (D) it is possible to estimate the
number of color centers Ni
Considering dispersive curves and their relation through (1) and (2): αm=αm (Е), n =
n(E), for changes of αm and n we can write
[dαm(E)/dn(E)] = [dαm(E)/dE] / [dn(E)/dE].
Let's assume that

n(E)=n0 + δnE = n0(1+(δnE/n0)),

(3)
(4)

where n0 - constant index of refraction, δnE/n0– the relative index of refraction taking into
account dispersion. Replacing, for simplicity αm(E) =α~; nE=n~ and considering (2) and (3)
for derivative [dα~ / dn~] we find:

[dα ~ / dn ~ ] = C ⋅ [N / ΔE1 / 2 ]⋅ {(d / dn ~ )[((n02 + 2)/ (n0 + n~ )) + ((2n0 + n~ ) / (n0 + n~ ))]}
For simplicity we will designate (n~ / n0 ) = n~'
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~
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For meta-material [5] it is possible to accept limits of change -0,66≤ ∂n / n0 ≤0,1 and
calculate according to (6) -7.86< Δα~< 0.11. Thus, due to the thermal-radiation effect, the
negative value of absorption coefficient caused by results in a negative value of optical
refraction index of the oxide glass. It means physically self-transparency under certain
experiment conditions.
Objects of research and experimental results. We studied experimentally KAB-50
glass matrix with the composition (50B2O325Al2O325K2O) mol. % doped with 2 mass.%
Fe2O3. The samples were irradiated in 60Co
gamma-source at the dose rate of 236 R/s to
the dose of 1.7 MR in the temperature range
of 150-300 oC. Figure 1 shows the
differential absorption spectra of the glass
samples irradiated at various temperatures.
The particular feature occurs in the
wavelength range of 300÷350 nm, where the
differential optical density becomes negative
and changes in the range of -5.7 ≤ΔDλ≤ -3.
In other words the glass sample after the
treatment and additional irradiation becomes
the similar of metamaterial, the same time
the thermo-radiative processes can be
considered as a non-linear self-transparency
of glasses.
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Abstract- Self-assembled metamaterials constitute a promising platform towards bulk optical
materials with unusual effective properties. Reporting on several experimental systems, we show
that they can reach unprecedented values of bulkiness and homogeneity figures of merit. This is
achieved by assembling plasmonic nanoparticles into dense 3D structures, in which the localized
surface plasmon resonances of the particles provide specific optical responses. We produce
self-assembled hyperbolic metamaterials and self-assembled bulk nanocomposites presenting
optical magnetism at visible wavelengths.

Among the exciting emerging functional nanomaterials, metamaterials are artificial composites presenting
unusual properties of light propagation thanks to a specific structure at a length scale smaller than wavelength.
The search for meta-properties in the visible domain has been mostly focused on nanostructured plasmonic
systems. This has led to the search for new and versatile fabrication methodologies, among which nanochemistry
and self-assembly have become promising routes. Two experimental systems will be discussed here, using
self-assembly of metallic nanoparticles into dense organized structures, in which tailored localized surface
plasmon resonances (LSPR) of the nanoparticles provide large amplitude and specific properties of the optical
responses.
We produce anisotropic nanocomposites by the assembly of gold nanoparticles templated with
spontaneously ordered matrices of diblock copolymers. In particular, we study periodic lamellar stacks of
alternating layers of pure polymer (dielectric) and layers of composite of polymer loaded with a high density of
gold nanoparticles (see Figure 1). The spectral variation of their anisotropic effective dielectric permittivity is
determined by variable-angle spectroscopic ellipsometry using appropriate effective medium models.

60nm
Figure 1. Side view
(SEM) of a lamellar
metal-dielectric
nanocomposite

Figure 2. Top view
(SEM) of assembled
plasmonic raspberries

For large gold loading, the lamellar stack presents a frequency domain, in which the ordinary and
extraordinary components of the dielectric function are of opposite signs. This peculiar property, called
“hyperbolic”, allows for the propagation of large magnitude wavevectors, carrying details finer than half the
wavelength, otherwise corresponding to evanescent non-propagative waves in a usual dielectric. We therefore
demonstrate for the first time the possibility of using a self-assembly methodology for the fabrication of bulk
hyperbolic metamaterial1.
We obtain plasmonic nanoclusters made of metallic satellites surrounding a dielectric core (so-called
“plasmonic raspberries”) by colloidal engineering. We measure both the electric dipolar and the magnetic
dipolar scattering cross-section of these plasmonic raspberries vs. wavelength with a polarization resolved
spectroscopic light scattering experiment. The raspberry-like nanoclusters are subsequently assembled to form a
bulk metamaterial (see Figure 2), with an effective permeability parameter probed by spectroscopic ellipsometry
at variable incidence, found to take values between 0.8 and 1.4, over the visible light wavelength range2. We thus
created the first nanostructured metamaterial exhibiting a strong isotropic artificial optical magnetism in visible
light.
We will discuss these results and how they can open new routes for metamaterial fabrication.
Acknowledgements. This work is supported by the LabEx AMADEus (ANR-10-LABX-42) in the framework of
IdEx Bordeaux (ANR-10-IDEX-03-02), France.
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Abstract-We introduce a new class of photonic band gap materials based on amorphous gyroid
networks. The amorphous gyroid networks are created using the concept of local-self uniformity
that controls spatial correlations of on a wide range of length scales.
The fundamental correlations between the geometrical/topological characteristics of photonic materials and
the advanced optical functionalities they provide is a fundamental problem in the field of structured photonic
materials. To this end we introduce a new metric, local self-uniformity (LSU) [1] as a measure of the structural
order of photonic network architectures of predefined valency.

Figure 1: Schematic design of an amorphous gyroid photonic network.

The LSU metric can quantify the correlation between uniformity of the local environments and the overall
photonic band gap properties and provides a new paradigm in the design of aperiodic media. LSU can be
employed to uniquely classify photonic networks with a precisely defined upper limit reached for the only
known strongly isotropic structures, the trivalent (SRS-gyroid) and tetravalent (diamond) networks. The lower
reaches of the scale describe an interesting minimal local self-uniformity, or maximal self-dissimilarity. The
LSU concept enables us to explore photonic band gap formation in a completely new architecture, the
1

amorphous gyroid network and to show that very distinct photonic architectures presenting large photonic band
gaps, be they periodic or aperiodic, all are characterized by high values levels of local self-uniformity. The LSU
metric renders the exact nature of their underlying seed patterns, whether crystalline, quasicrystalline, or
hyperuniform, irrelevant.

Figure 2 Alumina 3D-printed networks. The single network gyroid and amorphous gyroid blocks (A). Completed
cylinder (B) assembled from the two semi-cylindrical pieces.

The new amorphous gyroid network is of significant interest for photonic applications. Amorphous gyroid is
a three-dimensional continuous random network (CRN) characterized by 3-fold connected vertices and short
range structural correlations whose strength decays with distance. By analogy with the well-known glassy
disordered honeycomb and amorphous diamond networks, the network structure about a given vertex in
amorphous gyroid should be a low symmetry realization of its structure in crystalline single network gyroid. We
can expect that an amorphous gyroid structure possessing these properties should, like other glassy networks,
exhibit substantial local self-uniformity. The realization and study of amorphous gyroid thus presents an
opportunity to investigate the possible connection between local self-uniformity and the formation of sizeable
photonic band gaps (PBGs) in high refractive index disordered structures.
The physical concept behind amorphous gyroid networks, local self-uniformity directly links a network's
physical structure to its optical properties. It describes a fundamental mechanism of photonic band gap formation.
Local self-uniformity, however, has significant relevance beyond this. It illuminates a subtlety in structural
coloring architectures that has so far escaped detection. Further, an appreciation of a material's local
electromagnetic resonances, and the control that local self-uniformity allows over the way they couple,
represents a new paradigm in complex optical material design.
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Abstract- We report our advances in the development of subwavelength engineered structures for
on-chip photonics circuits, including Si membrane waveguides for sensing applications in the nearand mid-infrared, and high pump-rejection filters for quantum photonics.
The large transparency window of silicon (1.1 - 8 µm wavelength range) makes it a promising material for
the implementation of a wide range of applications, including datacom, sensing, nonlinear and quantum optics.
Patterning silicon with features smaller than half of the wavelength (well within the capabilities of standard
silicon fabrication processes) has proven to be a powerful tool to tailor material properties, allowing the
realization of Si devices with unprecedented performances [1].
Here, we exploit the new degrees of freedom leveraged by subwavelength engineering to implement two
types of high-performance Si filters for nonlinear optics, quantum and sensing applications in the near- and
mid-infrared. First, we will present subwavelength engineered Bragg filters based on a novel differential
corrugation width configuration allowing narrow-band rejection with a single etch step and relaxed fabrication
constraints [2]. These filters feature a rejection bandwidth of 1.1 nm and an extinction ratio exceeding 40 dB.
Then, we will show an integrated Bragg grating waveguide filter for single-mode operation in near- and mid-IR.
A 500-nm-thick and 1100-nm-wide silicon waveguide allows single-mode propagation in the mid-IR, while a
specific waveguide corrugation is used to radiate out the higher order modes in the near-IR. This results in an
effectively single-mode operation in near-IR. Building upon this concept, we demonstrated efficient
waveguide Bragg grating filters for several applications. Our achievements pave the way towards the
development of new types of on-chip functionalities in silicon based on the principle of subwavelength
waveguide engineering.
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Deterministic Quantum Dot Microlenses: Building Blocks for
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Abstract We report on deterministic quantum light sources for applications in quantum
communication systems. The sources are based on single quantum dot - microlenses fabricated by
by in-situ electron-beam lithography. These quantum devices show close to ideal single photon
purity with g(2)(0)<0.01, high photon indistinguishability with V>90%, and high potential for
quantum repeater networks based on entanglement distribution. Moreover, quantum dot –
microlenses can be used for efficient twin-photon emission and allow for the development of
stand-alone fiber-coupled single-photon sources.
The realization of building blocks for quantum networks has become one of the driving forces for the
development of advanced nanophotonic device concepts and nanofabrication technologies. Within this field,
significant progress has been achieved regarding for instance the fabrication of efficient quantum dot (QD) based
single-photon sources. This work has almost elusively been performed on self-assembled QDs, which is
explained by their superb optical and quantum optical properties. However, due to the self-assembled growth,
both the position and the emission energy of individual QDs are controlled, which leads to a very low yield of
usable optical devices when standard nano-processing schemes are used. This issue strongly limits the
applicability upscaling of single QD based photon sources in practical systems such as multi-partite quantum
networks.
In this contribution we will present a nanotechnology platform for the
deterministic fabrication of high quality quantum light sources based on
self-assembled QDs. Our technique is based on in-situ electron-beam
lithography which allows us to integrate pre-selected quantum dots into
photonic devices with nm-accuracy and flexible device design [1, 2]. In this
way we realize deterministic QD microlenses (see Fig. on the right) which
can act as non-classical light sources with superb optical and
quantum-optical properties in terms of the photon extraction efficiency, the
single photon purity and the degree of photon indistinguishability [3]. I will
also discuss effects limiting the photon indistinguishability and show how
they can be explored by delay-time and temperature dependent
Hong-Ou-Mandel experiments [4]. The talk will conclude with recent work

Fig. 1: Schematic view of a
single-QD microlens.

and an outlook towards entanglement swapping using QD based quantum light sources [5], twin-photon
emission [6] and direct fiber coupling of a QD-microlens the realize a stand-alone and user-friendly single
photon source [7].
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Abstract- Brillouin nonlinearities permit stimulated light-sound scattering through optomechanical
three-wave interactions. In conventional silicon waveguides, material response and poor acoustic
confinement effectively stifle Brillouin nonlinearities. However, new optomechanical
waveguides—that control both light and sound—have recently transformed Brillouin interactions
into the strongest and most tailorable nonlinearities in silicon. In this paper, we use theory and
experiment to demonstrate a variety of stimulated light-scattering processes. We also harness these
interactions to realize light-amplification, signal filtering, and laser technologies.
Optical confinement and wave-guidance within optical fibers has allowed us to harness and enhance silica’s
intrinsic Kerr, Raman, and Brillouin nonlinearities. As a result, the silica fiber-optic is perhaps one of the most
versatile nonlinear devices in existence [1]. These same principles have been applied in silicon photonics to yield
a new class of highly nonlinear devices on a chip. For example, tight modal confinement has been used to
radically enhance intrinsic Kerr and Raman nonlinearities in nanoscale silicon waveguides[2], [3].
Counterintuitively, Brillouin nonlinearities—which far surpass both Kerr and Raman nonlinearities in
optical fibers—are exceedingly weak within these highly nonlinear silicon waveguides[4]. Within conventional
silicon waveguides, material response and poor acoustic confinement effectively stifle Brillouin nonlinearities
[4]. However, new optomechanical waveguides—that control both light and sound—have recently transformed
Brillouin interactions into the strongest and most tailorable nonlinearities in silicon [5]–[8].
In this paper, we demonstrate a range of highly engineerable new stimulated Brillouin interactions in silicon
waveguides by controlling both light and sound within a growing ecosystem of Brillouin-active optomechanical
waveguides. In particular, we describe the recent realization of high performance Brillouin amplifiers in silicon [8]
using forward intra-modal Brillouin interactions. We show how the unusual properties of forward-Brillouin
interactions can be used to create microwave-photonic filtering technologies that have no analogue in all-optical
signal processing [9], [10].
Building on these concepts, we introduce a new type of multi-mode optomechanical waveguide that creates
phonon-mediated coupling between optical modes with distinct spatial profiles[11]. This process, termed stimulated
inter-modal scattering, produces unusual new nonlinear dynamics[12], [13]. From a technology perspective, this
process is intriguing because the incident and scattered fields propagate in distinct spatial modes, permitting unique
forms of mode-multiplexing and dynamical mode conversion [11]. We show that this interaction opens the door to a
range of Brillouin processes that enable everything from slow-light, to Brillouin-induced transparency, to new laser
technologies in silicon.
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Abstract- Rapidly time-varying metasurfaces are proposed as a frequency converting platform. The
proposed metasurface is designed for sudden merging of two distinct resonances into a single
resonance upon ultrafast optical excitation. From this dispersion-engineered temporal boundary
onward, the merged resonance frequency component can be radiated.

A few years before the experimental demonstration of coherent nonlinear optical effect, Morgenthaler
contemplated an alternate route towards the conversion of light frequency via velocity modulation of the wave,
i.e. temporal variations of permittivity and/or permeability of the media [1]. Afterwards, continual theoretical
efforts have been made to understand this linear frequency conversion. Experimental verifications followed then
in the field of plasma physics; notable examples were the observation of frequency shift in rapidly growing
plasma from laser ionization of gases and semiconductors. However, it was not until a group of researchers
proposed chip-scale dynamic photonic structures, such as photonic crystals [2-5], micro-ring resonators [6], and
waveguides [7] for the observation of wavelength conversion that the phenomena became the subject of
engineering.
Active resonant metamaterials, in which the resonating meta-atoms are hybridized with electrically or
optically reconfigurable natural materials, can be thought of as an optimal platform that can be spatiotemporally
rearranged. Here, we propose rapidly time-varying metasurfaces as a frequency converting platform and
demonstrate their efficacy experimentally at terahertz frequencies. Since our proposed conversion scheme does
not rely on a nonlinearity of comprising materials, the conversion efficiency is invariant with respect to the
intensity of an input wave. Therefore, this method would be beneficial especially for the frequency conversion of
waves with weak intensities. Furthermore, the frequency of a converted wave and its efficiency is tailorable to a
large degree as the conversion process does not require energy conservation between participating waves.
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Quantum Optics with Nanowires
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Nanowires offer new opportunities for nanoscale quantum optics; the quantum dot geometry
in semiconducting nanowires as well as the material composition and environment can be
engineered with unprecedented freedom to improve the light extraction efficiency.
Quantum dots in nanowires are shown to be efficient single photon sources, in addition
because of the very small fine structure splitting, we demonstrate the generation of entangled
pairs of photons from a nanowire.
Another type of nanowire under study in our group is superconducting nanowires for single
photon detection, reaching efficiencies, time resolution and dark counts beyond currently
available detectors. We will discuss our first attempts at combining semiconducting nanowire
based single photon emitters and superconducting nanowire single photon detectors on a chip
to realize integrated quantum circuits.
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Abstract

2. Results and discussion

We analytically study light scattering of normally irradiated magneto-optical coated cylinders [1]. We show that
the application of an external magnetic field along the cylinder axis, consisting of silica core and InSb shell, induces a
drastic decrease in absorption and negative values of scattering anisotropy. This preferential backscattering response
results in an anomalous regime of multiple light scattering from a collection of magneto-optical microcylinders, in
which the scattering mean free path is larger than the transport mean free path.

1. Introduction
Preferential backscattering, which hardly occurs in natural
media, is characterized by negative values of the asymmetry
parameter, the average of the cosine of the scattering angle,
hcos ✓i [2]. Negative hcos ✓i has been reported in ferromagnetic particles [3] and lossless dielectric nanospheres made
of moderate permittivity materials, such as silicon or germanium nanospheres in the infrared region [4]. In these
cases, negative asymmetry parameters have been show to
lead to an unusual regime in multiple light scattering, in
which the scattering mean free path is larger than the transport mean free path [4]. This peculiar transport regime has
also been demonstrated for multiple scattering systems with
correlated disorder under certain conditions [5].
Here, we propose an alternative, versatile strategy
to achieve not only preferential backscattering (negative
hcos ✓i) but also to control the scattering direction with an
external parameter [6], which can be either an applied magnetic field or the temperature [1, 7]. We consider an infinitely long core-shell magneto-optical cylinder, normally
irradiated by p waves, i.e., the magnetic field is parallel
to the cylinder axis. The cylinder is embedded in vacuum ("0 , µ0 ) and consists of a dielectric core made of silica (SiO2 ) ("1 = 2.25"0 and µ1 = µ0 in the far-infrared)
of radius a coated with a cylindrical shell of indium antimonide (InSb) of radius b, which is a magneto-optical material strongly dependent of the external magnetic field and
the temperature [9]. The complete analytical and numerical
study of this system can be found in Ref. [1].

Figure 1: Light scattering by a SiO2 microcylinder ("1 =
2.25"0 ) coated with InSb shell. The system is normally irradiated by p waves and is subjected to an external magnetic
field B = Bẑ. (a) hcos ✓i as a function of the frequency
f , for various magnetic field amplitudes B, with the scatterer radius being b = 2.5 µm (kb ⌧ 1), and aspect ratio
S = a/b = 0.35 at room temperature (T = 295 K). The
insets show the extinction efficiency Qext for B = 0.0 T
(ap1 = ap 1 ) and B = 0.5 T (ap1 6= ap 1 ) and the corresponding scattering pattern for B = 0.5 T and f = 2.0 THz,
where ap±1 is the Lorenz-Mie coefficient for p waves. (b)
The diffusion coefficient D for a collection of parallel and
identical magneto-optical cylinders with packing fraction
fpack = 35%, where c is the speed of light.

Figure 1(a) shows that the application of an external
magnetic field B strongly affects the scattering directionality [8]. Indeed, the presence of B breaks the scattering
isotropy of dipolar scattering, in contrast to what occurs
for non-Faraday-active materials in the Rayleigh regime
(kb ⌧ 1). For magneto-optical materials the Lorenz-Mie
coefficient are not degenerate (ap1 6= ap 1 ) for B 6= 0,
leading to a strongly asymmetric, magnetic field-dependent
scattering pattern, as it can be seen in Fig. 1(a). In Fig. 1(b),
we investigate the impact of tunable scattering anisotropy in
light transport in planes composed of identical, infinitelylong magneto-optical core-shell cylinders. The parameters
are the same as the Fig. 1(a): b = 2.5 µm, S = a/b = 0.35,
and T = 295 K. Figure 1(b) reveals that the application
of an external magnetic field up to B ⇡ 1.0 T leads to an
increase in the diffusion coefficient D.

f ⇡ 1.6 THz as B increases. As it can be seen from
Fig. 2(b), this interference induces a band (1.3 THz to
2.0 THz) of anomalous scattering in which `? < `ext .
Moreover, for B = 1.3 T, `? ⇡ `sca /(1 hcos ✓i) since
absorption becomes very small in this frequency range, as
it can be verified in the inset of Fig. 2(b). This implies that
there exists a transport regime in which `? < `sca , with
`? ⇡ 0.8`sca .
It is worth mentioning that the application of the external magnetic field can suppress absorption in this frequency
range, resulting in Qsca /Qext ⇡ 1, as it can be seen in the
inset of Fig. 2(b). In addition, for a fixed frequency and material parameters, Fig. 2(a) shows we can effectively tune
the directional scattering pattern by applying B. More details of this study can be found in Ref. [1].

3. Conclusion
Using the Lorenz-Mie theory, we have investigated the
electromagnetic scattering by magneto-optical core-shell
microcylinders. We have shown that the application of an
external magnetic field induces a drastic decrease in electromagnetic absorption in a frequency window in the THz,
where absorption is maximal in the absence of the magnetic field. We have demonstrated not only that the scattering anisotropy can be externally tuned by applying a magnetic field, but also that it can reach negative values in the
THz even in the dipolar regime. This leads to an anomalous regime of multiple light scattering in a collection of
magneto-optical core-shell cylinders, in which the scattering mean free path is larger than the transport mean free
path in specific ranges in the THz. In our approach, we have
demonstrated an unprecedented degree of external control
of multiple light scattering, which can be tuned by either
applying an external magnetic field or varying the temperature.
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Figure 2: Light scattering by (SiO2 ) core-shell (InSb) cylinders with outer radius b = 25 µm and aspect ratio S =
a/b = 0.5. (a) Normalized differential scattering efficiency
@Q( )/@ for a fixed frequency f = 1.6 THz (kb ⇡ 0.84)
at temperature T = 250 K, for B = 0.0 T and B = 1.3 T.
(b) The ratio between the transport mean free path and the
extinction mean free path for a collection of cylinders.
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Bound states in the continuum with high orbital angular
momentum in dielectric rod with periodically modulated
permittivity.
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Abstract— We consider bound states in the radiation continuum (BSC) in single dielectric rod
with with periodically modulated permittivity. Because of rotational and translational symmetries the BSCs are classified by orbital angular momentum m, Bloch wave vector β directed along
the rod and the polarization. The BSCs with high orbital angular momentum m ̸= 0 and mixed
polarizations constitutes the most interesting class of the BSCs because of high localization of
EM fields near surface of the rod.

Recently confined electromagnetic modes above the light line were shown to exist in various
periodical arrays of long dielectric cylindrical rods, photonic crystal slabs and two-dimensional
periodical structures on the surface of material (see reviews [1, 2]). Among these diﬀerent systems
the one-dimensional array of spheres possesses by rotational symmetry that gives rise to the bound
states in the continuum (BSCs) with orbital angular momentum [3] as shown in Fig. 1 (a). That
reflects in unique properties of the scattering of plane waves by the array for the frequency nearby
the BSC frequency [2, 3]. However fabrication of infinite array or at least more than hundred
identical spheres [3] and arranged into a periodical array is a challenge because of technological
fluctuations of shape of the spheres. Here we consider the single dielectric rod with with periodically
stepwise modulated permittivity along the rod’s axis z as shown in Fig. 1 (b). We consider that the
permittivity takes two values ϵ > 1 and ϵ0 = 1. Then the rod is equivalent to the one-dimensional
array of dielectric discs with the permittivity ϵ. This system preserves the main feature of the
array of dielectric spheres which is rotational and translational symmetry, however the single rod
with modulated permittivity is much easier to fabricate. Each dielectric disk has two geometrical
parameters, the radius R and thickness d that essentially expands the domain of existence of the
BSCs for substantially lower permittivity compared to the case of dielectric spheres.

Figure 1: Infinite periodic arrays of (a) dielectric spheres and (b) discs.

In what follows we refer all length quantities in terms of the period h of the array. Because
of rotational symmetry the total system splits onto the independent sectors classified by integer
m = 0, ±1, ±2, . . ., orbital angular momentum (OAM) which defines the BSCs which are degenerate
relative to the sign of m. All components of the σ-th BSC can be expressed through auxiliary
function
! 2
"
∂
1 ∂
m2
∂2
+
−
+
+
U
(z)
ψσ (z, r) = 0,
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∂r2 r ∂r
r2
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Figure 2: Patterns of the Bloch TE BSC with m = 0, β = 1.08676 at R = 1 and frequency k0c = 3.88423 (a)
and the BSC with high OAM m = 5, β = 0 at tuned radius of rod R = 1.875 and frequency k0c = 5.143873
(b). Other parameters: ϵ2 = 3, ϵ2 = 1, d = 0.5.

where σ = T E, T M , m = 0, 1, 2, . . . is the orbital angular momentum and
UT E (z) = ϵ(z)k02 ,
# ′ $2
(z)
UT M (z) = ϵ(z)k02 − 34 ϵϵ(z)
+

1 ϵ′′ (z)
2 ϵ(z) .

That consideration for m = 0 and σ = T M is completely equivalent to that performed by Li and
Engheta in a plasmonic nanowire with periodic permittivity variation [4].
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Engineering anapole mode for the generation of
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Abstract- A novel three-dimensional plasmonic metamaterial which is able to generate a transverse
toroidal dipole moment under normal illumination is presented in the optical region. In addition to
the toroidal dipolar response, a non-radiating anapole mode resulting from the destructive
interference between toroidal and electric dipoles is also observed. Different from the previous
works, it is a specifically designed and fabricated plasmonic metamaterials for the generation of
both transverse toroidal dipole moments and associated anapole mode, and readily available for
feasible applications.
Natural toroidal molecules, such as biomolecules and proteins, possess toroidal dipole moments that are hard
to be detected [1], which leads to extensive studies of artificial toroidal materials. Recently, toroidal
metamaterials [2] have been widely investigated to enhance toroidal dipole moments while the other multipoles
are eliminated due to the spacial symmetry. However, most of generated toroidal dipole moments are either
aligned vertically to the substrate surface or embedded in a dielectric, which is a critical constraint for further
applications of toroidal metamaterials.
In this talk, we will show several cases on the plasmonic toroidal excitation by engineering the near-field
coupling between metamaterials. The gain-assistant toroidal resonance is subsequently studied for realizing
toroidal lasing spaser. In addition, a novel design for a toroidal metamaterial with multi-layered structures is also
studied. Because the induced toroidal dipole moment is oscillating at the interface between metallic structure and
free space, this design overcomes the challenge in detecting the scattering of the induced toroidal dipole and
provides a possibility of coupling with other dipolar moments. Besides, the non-radiating anapole mode [3, 4]
results from the destructive interference between toroidal and electric dipoles are realized through such proposed
toroidal metamaterials. To our best knowledge, this is the first proof-of-concept demonstration of anapole mode
though coupled plasmonic metamaterials which offers a promising way for the investigation of optical properties
with complicated electromagnetic fields.
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On an exact multipole expansion and the implications for dynamic
toroidal multipoles.
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One reason for this may be their complexity, i.e. they feature differential operators like the curl
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We consider a high-index dielectric nanosphere and a gold nanosphere. Both are illuminated
with a linearly x-polarized plane wave that propagates in the z-direction. The induced multipole
moments in both cases can be computed using the expressions in Table 1. The induced electric
current density is obtained by using J! (r) = i!✏ 0 (✏ r 1) E! (r), where E! (r) is the electric
field distribution, ✏ is the permittivity of free space, and ✏ is the relative permittivity of the

arbitrarily shaped particles. Our exact expressions for multipole moments are very similar to the
well-known expression obtained in long-wavelength approximation(see Table 1).
Our starting point are the hybrid integrals in Fourier and coordinate space in Eq. 14 of Ref. [26]
(see the Appendix A). These integrals are exact expressions for all the multipolar moments
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Progress in anapole metamaterials
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Abstract-Dynamic anapole is separated type of excitation. One of the most promising cases of
anapole excitation has been observed in metamaterials and nanophotonics, which we discuss in this
work. We show the peculiar properties of planar metamaterials, like extremely high Q-factor and
strong electric and magnetic field localization, tunable toroidal metamaterials. Moreover, we
discuss anapole excitation in dielectric metamaterials. Especially we discuss the role of losses in
toroidal and anapole metamaterials: radiating and non-radiating nature and show that the playing
between them can be crucial for effects of high Q-factor applications. We demonstrate our
experimental and theoretical results in microwave, THz and optics.

Optical force on toroidal nanostructures: source representation
versus field representation
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Abstract- In the electrodynamic multipole expansion, all the charge and current distributions can
be expanded into a complete set of contributions from electric, magnetic, as well as toroidal
multipoles. However, the radiated far field from all these three types of source can be completely
described in terms of electric and magnetic multipoles only, excluding the toroidal ones. We
employ optical forces to address this confusion by studying the force acting on toroidal
nanostructures in both source representation and field representation.
The notion of toroidal moments has always been confusing or even controversial in electromagnetics. The
standard treatment of electromagnetics requires only two families of moments, namely electric and magnetic
moments, to describe radiation fields for the reason that two sets of functions are complete because the fields are
divergenceless in the source free homogeneous region. However, some authors showed that in addition to
electric and magnetic moments, there is a third set of toroidal moments [1,2]. This issue was usually brushed
aside as most electromagnetic structures do not have observable toroidal moments and so the argument of their
existence is just "academic". However, due to recent advances in material fabrication, the toroidal metamaterials
were theoretically predicted [1] and experimentally demonstrated at microwave frequencies [2], followed by
various studies on their intriguing properties [3,4].

Figure 1 (a) Schematic diagram of the designed nanostructure that supports a toroidal dipole resonance. (b)-(c) Calculated
optical forces acting on the toroidal nanostructure based on the source representation (b) and field representation (c).

Our main purpose in this work is to use optical force as a means to clarify whether toroidal moment is an
indispensable or useful concept. Optical force is an excellent platform for such a consideration because
mechanical effect is the most intuitively obvious consequence of abstract notions such as toroidal moments. We

found that there are two possible ways to understand the optical force. If we envision the optical force as a
consequence of the incident wave interacting with the induced currents in a complex resonant structure, then the
notion of toroidal moment is useful and indispensable. However, if we interpret the optical force as a momentum
transfer between light and matter and we compute the momentum transfer by considering the scattered field in
the far zone, then the toroidal moment does not appear in the description (see Figure 1). Both descriptions are
correct and they complement each other, depending on whether we focus our attention on the near field or the far
field. We also show that optical force enables the observation of the toroidal response of a nanostructure even
when its effect on scattering power is overwhelmed by the conventional multipoles.
Acknowledgements: This work is supported by the Hong Kong Research Grants Council through grant
AoE/P-02/12.
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Toroidal cavity resonance in metal-dielectric-metal nanoantenna
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Abstract- We show that in judiciously designed metal-dielectric-metal (MDM) nanoantenna, the toroidal dipole
resonance may arise and dominate. Furthermore, toroidal-like cavity resonances can be excited and controlled.
More interestingly, it is possible to tune the coupling interactions between such cavity modes and the antenna
mode, yielding significant scattering enhancement and suppression of the MDM nanoantenna. The results are
interpreted as Fano-like and/or electromagnetically-induced transparency like phenomena by a coupled oscillator
model.

Dielectric nanoantennas: exploiting anapole modes and low-loss behavior for near-field
localization of near-infrared and visible radiation

S. A. Maier1
1

Imperial College London, London SW7 2AZ, UK

Abstract – We discuss avenues for near-field focusing of electromagnetic radiation in the visible and nearinfrared regime of the electromagnetic spectrum. A special focus will lie on the exploitation of anapole modes
— coherent superpositions of electric and toroidal dipolar modes — in order to efficiently localize electric
field energy in dielectric nanostructures. Materials systems to be presented include Ge, GaP, and hybrid
dielectric/metallic nanoantennas.

Dielectric nanostructures can localize electromagnetic radiation via the excitation of low-order Mie electric and
magnetic modes. While not breaking the limit of diffraction, and providing a lower local field enhancement than their
plasmonic counterparts, such structures show the advantage of low absorption losses due to the absence of free electron
scattering. The first part of the talk will focus on the exploitation of anapole modes in order to efficiently maximize
electric field enhancement in thin Ge nanodisks [1, 2], for applications in higher-harmonic generation. The nature of
both first and higher-order anapole modes will be discussed, and the mode profile directly imaged using third-harmonic
generation.
The second part of the talk will focus on GaP nanostructures, which due to the large bandgap show negligible
absorption loss in the visible part of the spectrum [3]. Finally, hybrid dielecric/metallic nanoantennas allow the
hybridization of anapole modes with plasmonic modes [4], boosting the local electric field enhancement.
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Abstract— We discuss an all-dielectric integrated source of ultrafast optical pulses by finely
tuning the mutual interaction and synchronization of near-field nanolasers emitting at the anapole
frequency.

The generation of ultra-short pulses is standardly achieved by the mutual synchronization among
a large number of cavity modes of the system, which, in most cases, is achieved by introducing
external active components, such as Q-switching, saturable absorbers or optical modulators. Such
components, due to their the required optical setups are complex and expensive and, more importantly, they are difficult to integrate at the nanoscale. As a result, the development of on-chip
ultrafast pulsed nanolasers is still a challenging task [1].
In order to address these difficulties, we propose an integrated source based on the spontaneous synchronization of several near-field nanolasers emitting at the anapole frequency [2]. Anapoles, which
have been experimentally demonstrated in silicon nanoparticles [3], are characterized by a radiation
pattern which is entirely confined to the near-field, and they play a key role in the generation of
scattering suppression states in dielectric nanostructures [4]. Due to their near-field emission, an
ensemble of anapole-based nanolasers can be employed to investigate and engineer spontaneous synchronization phenomena in a silicon-compatible framework, as their mutual non-linear interaction
is strictly confined to the near-field and can be precisely controlled within standard nanofabrication
tolerances.

Figure 1: Generation of ultrafast pulses from a chain of anapole-based nanolasers. (a) Nearfield emission from a three-dimensional anapole nanolaser. (b) Schematic representation of our ultrafast
generation device, composed of an ensemble of nanolasers (green) and a Si waveguide (gray). (c,d) Steadystate emission from the system. The properties of the pulsed emission ranges from optical pulses of ⇡ 100f s
(b) to more complex configurations with ps optical pulses.

Results

We investigated the emission properties of an ensemble of anapole-based nanolasers with our
Finite-Di↵erences in Time-Domain simulator NANOCPP [5, 6, 7]. By solving a fully-dispersive set
of Maxwell-Bloch equations with no approximations, we considered three-dimensional integrated
nanolasers based on III-V semiconductors [8, 9]. In the Maxwell-Bloch model, the amplifying material is expressed in terms of a set of complex-valued density matrix equations. By optimizing the
geometrical parameters of the system, we induced the formation of an anapole state in correspondence of the emission frequency of the amplifying semiconductor, obtaining a nonlinear emission
composed of purely evanescent waves (Fig. 1-a). By combining di↵erent anapole nanolasers, the
system behaves as an integrated ultrafast pulse generation device (Fig. 1-b), in which the collective
emission of the interacting sources is convoyed into silicon waveguide. Due to the spontaneous synchronization of the anapole emitters, the system achieves a stable mode-locked state characterized
by optical pulses of less than 100fs (Fig. 1-c). Interestingly, the pulse duration and the repetition
rate of the emission can be finely tuned by acting on the spatial distribution of the anapole emitters,
as shown in Fig. 1-d where we optimized the system to achieve ps optical pulses.
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Steering light by tailored excitation of nano-antennas and
applications to nano-metrology
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Abstract- Far field methods based on the interaction of spatial mode of light with ultra-compact
resonant optical antenna are proposed to measure deep subwavelength displacement. The realm of
combining optical antenna theory with spatial modes will open intriguing applications in
nano-metrology and provide new insights into fundamental far field subwavelength detection
technique.
The field of nano optics involves the study of light and matter interactions at nano-scale. One of the key
elements is nano-antenna: nano-scaled particle that interacts resonantly with free space light[1,2]. Using the
so-called antenna effect, free space light can be focused down to extremely small point, and then reemitted in a
highly directional way through the interference of different antenna modes. The reshaping of the light field by
nano-antennas has propelled many intriguing applications ranging from holography to imaging devices.
Attractive ideas have been developed to use different spatial modes of light for the excitation of different
antenna modes[3-8]. For example, it has been shown cylindrical vector beams such as radially polarized beam
and azimuthally polarized beam can excite the electric and magnetic resonances of the nano-antenna
respectively[5]. However, the true power of this selective excitation lies in designing the excitation field on
purpose for better antenna directivity. This would require optimization of the excitation field in terms of
polarization, amplitude and phase.
If the nano-antenna is placed in a strongly inhomogeneous field, its far-field scattering directivity can be
largely changed depending on its relative position[6-9]. If the incoming field contains rapidly changing features,
the displacement sensitivity of the nano-antenna within the field can be extremely large. In this talk, we will talk
about our recent works on this subject. In particular, we will show that extremely high far-field scattering
sensitivity for a displacement much smaller than the wavelength can be achieved using the optimized
illumination and nano-antenna structures. This method could bring about important understandings of
super-resolution technique involving spatial modes of light as well as interesting applications in optical
subwavelength metrology.
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Tunable plasmonic sensing through enhanced Raman spectroscopy
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Abstract-Plasmonic enhancement is the key phenomenon for sensing a molecule or a sample that
has weak scattering, through enhanced Raman spectroscopies, such as SERS or TERS. In such
techniques, there can be two different resonances, one associated with the oscillations of the
localized surface plasmons and the other associated with the Raman scattering. If the two
resonances are tuned to the same wavelength, the resultant enhancement can be huge and hence
makes a better sensing device. We will discuss how tuning the plasmon resonance to the resonance
in Raman allows one to achieve better sensing at nanoscale.
Both surface-enhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy (TERS) have
been utilized as plasmonic techniques for sensing and detecting tiny amount of specific molecules, as well as for
spectroscopy and imaging at the nanoscale. The most important phenomenon in such measurements is the
enhancement of Raman signal, which makes it possible to detect or study a sample that is extremely small in size
or weak in scattering. A large amount of research in both SERS and TERS has therefore been dedicated to
improve the enhancement factor. Since the localized surface plasmon polariton resonance (LSPR) depends on
the size and shape of the metallic nanoparticles, as well as on the kind of the metal, it is very crucial to properly
design the surface roughness for SERS substrate or the metallic nanoparticle at the apex of the tip in TERS.
Further, if the LSPR is tuned to match the resonance in Raman scattering of the given sample, then one would
expect even better enhancement as both resonance effect would work together. Once one decides the sample to
be measured to detected, the incident wavelength for resonant Raman scattering from that sample is known. Now,
one can design the plasmonic nanostructure in such a way that the LSPR of that plasmonic nanoparticle matches
with the wavelength of resonant Raman scattering. In this way, when the decided wavelength is used as the
incident light, both LSPR and resonant Raman scattering are simultaneously invoked.
In order to demonstrate this phenomenon, we designed a plasmonic nano-tip for TERS measurement, where
a small triangular silver nanoparticle was attached to the tip apex. By changing the size of this silver
nano-triangle, we confirmed through both simulation and experimental results that one can easily tune the LSPR
within the entire visible spectrum. We demonstrated that for different size of the nano-triangle, the enhancement
in Raman scattering can be obtained for different incident wavelengths, confirming the tenability in LSPR for
better enhancement. We further demonstrated the selective detection of the presence of pesticide molecules on a
food item, such as on an orange, by tuning the LSPR to the resonant wavelength of Raman scattering. For this,
we design gold and silver nanorods and control their lengths to tune the LSPR at a desired wavelength that
matches with the resonant Raman scattering from the pesticide. We showed that we were able to detect very tiny
amount of pesticides, which was not detectable by conventional techniques.

Ag/SiNx sub-10 nm gap for ultra-sensitive SERS
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Abstract-SiNx sub-10nm nanogap is fabricated by stress induced cracking of
SiNx nanobridge. The width of the gap is determined by the shape of nanobridge
and Ag coating thickness. FDTD simulation shows that there is a “bulk effect”
of the suspending nanogap, making the nanogap to be better than traditional
metal gap in light confinement. Take rhodamine 6G as a probe, this structure
performs very good in SERS even at an ultra-low concentration of 10-16 M.
Nanogap has been widely used in surface-enhanced Raman scatting (SERS) or surface
enhanced infrared absorption (SEIRA), for its ability to confine light in a point or line-shape
space1-3, especially for the application of SERS. However, it is still a challenge to achieve
large-area sub-10 nm nanogaps based on the existing techniques. Although a series of
methods such as “break junctions” have been reported4, problems still exists. For SERS
devices applied in industry or medicine, the sub-10 nm nanogaps should be large-scale and
stable. Stress induced film breaking is a promising technique to meet these requirement,
however the existing technique can only be applied for brittle material5, which restricting its
application in metal structures for SERS application.
In this paper, stress induced SiNx cracking method is introduced to achieve nanogaps with
large-area, good repeatability and controllability. The bow-tie-shape is first fabricated by
electron beam lithography (EBL) and reaction ion etching (RIE) on SiNx film. TMAH is used
to etch the substrate for suspending nanobridge, and in this process the stress concentrated on
narrowest part of the nanobridge can release and result in SiNx crack. By altering the shape of
SiNx nanobridge (Figure 1), the width of nanogap changes correspondingly. The gap width
increases with the increasing of the bridge length and decreasing of the bridge width. In order
to apply it on localized enhancement of electromagnetic, metallic nanogap is prepared by Ag
deposition. Finite-different time-domain (FDTD) simulation shows that the suspending
Ag/SiNx nanogap provides strong electrical field than suspending Ag gap (Figure 2). R6G
with an ultra-low concentration (10-16 M) can be detected.

Figure 1 Schematic of Ag/SiNx nanogaps and SEM
image of large-area samples.

Figure 2 Field distribution of Ag/SiNx 8 nm-gap.
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Abstract Fluorescence microscopy provides simple recipe to specific virus detection.
Functionalized silver nanowires (AgNWs) with antibodies specific for T7 bacteriophage can be
well seen in an optical microscope. By correlating fluorescence images of marked viruses with
optical image of the silver nanowires we can efficient and easy define the presence of specific virus
in a sample. The fluorescence will be concentrated around the viruses if the virus binds to the
antibody-modified nanowires. Otherwise it will be distributed over the sample.

Sensitive detection of viruses and other relevant species has been considered recently as one of the most
interesting and attractive research fields, both from fundamental and applied perspectives. The driving force
behind these efforts is a need to prevent incubation and spreading of diseases among humans, animals, and
plants. Binding of specific antibodies to targeted antigens is perhaps the most popular of all biosensor designs [1].
Among the numerous methods of detecting viruses are optical immunosensors based on surface plasmon
resonance phenomenon, fluorescence detection or the application of optical fibers.
Since viruses labeled with fluorescent dyes are rather very small objects (20-300 nm) they cannot be directly
observed using an optical microscope, however we can apply other nanostructures as “fishing rods” to detect
them. While silver nanostructures have already been used to detect viruses [2], our idea was to apply silver
nanowires as a geometric platform to hitch on antibodies and detect viruses by combining fluorescence and
optical microscopy.
In our research we used two different bacteriophages: T7-SYBRGreen-intercalated and
T4-SYTO62-intercalated. First bacteriophages are specific and the second are not-specific with respect to the
antibody.
In the case with unmodified AgNWs there is no clear position correlation between the nanowires and the
fluorescence spots (even for overnight incubation). Thus no specific interaction between viruses and nanowires
took place. In ocntrast, for specifically functionalized AgNWs, where antibodies were attached that can bind
T7-SYBRGreen intercalate bacteriophages, we observe clear correlation between these two images, as shown in
Fig. 1. This effect is the most apparent after overnight incubation. We conclude that fluorescence microscopy
imaginig indicates conjugtion of the antibodies attached to silver nanowires via specific attachment with
T7-SYBRGreen intercalate bacteriophages. In many instances attachment of single wiruses can be demonstrated.

We belive that such an architecutre based on silver nanowires can be used for effective virus detection.

Fig. 1 Fluorescence intensity maps obtained using wide-field microscopy for T7-SYBRGreen intercalate bacteriophages
mixed with AgNWs modified with anti-T7-tag antibodies after t = 0 (A), t = 30 min (B), t > 20 h (C). For excitation we used
wavelength of 485 nm.
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Abstract-We propose and investigate a hybrid photonic-plasmonic crystal nanocavity consisting of
a silicon grating nanowire. The resonant defect mode exhibits a high quality factor of 567 and an
ultrasmall mode volume of 1.9 × 10-3 (λ/n)3 . The cavity mode also reaches a sensitivity of 443
nm/RIU and a FWHM of 3.4 nm aiming at applications such as biosensing.
Plasmonic nanocavities that integrate surface plasmon polariton (SPP) with optical cavities usually
significantly lower the effective mode volume (Vm) [1]. With the advantage of SPPs, various plasmonic cavities,
especially utilizing the gap mode of SPP, have been proposed recently [2-4]. However, the quality factor of this
type of cavities is compromised by parasitic loss of metal substrate. In this work, we propose and study a hybrid
photonic-plasmonic nanocavity containing a silicon nanowire (NW) photonic crystal (PhC) near a metal
substrate using finite-element method (FEM). With the periodic dielectric lattice atop the metal layer, hybrid
plasmonic crystals are formed to support a complete two-dimensional band-gap [5] for the hybrid plasmonic gap
structure. A defect is then introduced into the PhC NW to build up a nanocavity.
The proposed hybrid plasmonic nanocavity is illustrated in Fig. 1 (a). The structure consists of a patterned
silicon NW and a silicon dioxide gap layer on silver substrate. The Si NW-SiO2-silver film structure supports
hybrid plasmonic gap modes. These modes are coupled to the dielectric NW PhC Bloch modes to form a hybrid
plasmonic crystal. The hybrid plasmonic structure as high-low-index dielectrics on a metal substrate brings
about even small footprint inside the low-index region. Several dimensions of the proposed structure such as the
NW etch depth d, the gap layer thickness h, and lattice constant Λ are varied to achieve the optimal design of
high Q-factor and low mode volume. In addition, to achieve high-reflection Bragg diffraction, we look for the
high refractive index contrast along the NWs.
In order to lower the mirror losses, different number of periods of each side by the cavity is varied to resolve
the corresponding reflectivity by using three-dimensional (3D) FEM and orthogonality theorem [3]. The result
shows that the reflectivity is proportional to the number of periods and gradually convergent. We obtain
sufficiently small mirror loss when the cavity is accompanied with a pair of gratings of 8 periods. We then look
into the field profiles of the high-Q resonant mode at λ = 1550 nm. As shown in Fig. 1 (b), the side view (y-z
plane) of the field profiles of the cavity eigenmode reveals strong localization below the NW, whereas the
top-view (x-z plane) shows that the field quickly decays inside the mirror region. Only one resonant mode with
even symmetry along the z-axis is supported in this cavity. In addition, we solved for the quality factor Q of the
nanocavity. In 3D FEM calculations, we excited the nanocavity with a y-polarized plane wave. The spatial

integration of the squared magnitude of the electric field inside the gap region at various wavelengths was then
recorded in the Fig. 1 (c). Next, resolving the field distributions of the resonance modes enables us to evaluate
the mode volume Vm. A high sensitivity is essentially required for the better performance of an index sensor. We
immerse the proposed nanocavities into water (nc) or other aqueous solutions to examine the sensitivity S, as
shown in Fig. 1 (d).
We proposed a hybrid photonic-plasmonic crystal nanocavity containing a silicon grating nanowire near a
metal substrate with a gain gap between. We analyzed the modal characteristics of the hybrid plasmonic
waveguide modes using finite-element method. We also numerically solved the band structure of the hybrid
crystal modes. As a single defect is introduced to the photonic crystal, a resonant defect mode forms and exhibits
strong confinement inside the gap region. For such cavities with a short defect length, a high quality factor near
567 and ultrasmall modal volume lower than 1.9 × 10-3 (λ/n)3 are achievable. The results demonstrate that the
defect mode can reach a sensitivity of 443 nm/RIU at the wavelength around 1550 nm aiming at biosensing
applications.

Figure 1 (a) The proposed photonic-plasmonic crystal nanocavity. (b) Side views of the defect resonant mode
profiles by 3D FEM (c) The resonance line shape corresponds to a FWHM of 2.7 nm and the Q factor is 566.5.
(d) The sensitivity S as function of the refractive indexes of the surrounding environments.
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Abstract- We present our recent investigations regarding the interaction of localized terahertz (THz)
radiation with nanomaterials. Details about the design of resonant metallic nanostructures for THz
field confinement will be given, together with some examples of applications.
During the last few years, we have explored the use of metallic nanoantennas for applications in THz science
and technology. We have shown that these devices can confine THz radiation well beyond the diffraction limit
and are characterized by a large electric field enhancement close to their extremities [1,2]. We have also
demonstrated that such properties can be further optimized (reaching enhancement values > 1,000) exploiting the
end-to-end coupling of THz nanoantennas through nanogaps (down to 20 nm in width). The effective absorption
of an object scales with the local electric field squared, and it can thus be increased by several orders of
magnitude within antenna nanocavities. This can be used to enhance the interaction of THz radiation with
nanomaterials and molecules. In particular, we have recently studied the coupling between the phonon resonance
of semiconducting nanocrystals and the plasmon resonance of nanoantenna arrays. When the two resonances are
matched, the combined system shows a clear destructive-interference feature in THz extinction measurements.
We have first employed this effect to perform enhanced THz spectroscopy of a single layer of cadmium selenide
quantum dots [3]. Intensified THz radiation - matter interactions within nanoscale volumes are also found to lead
to other interesting phenomena that will be discussed on site.
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Abstract- We report high-performance organic optoelectronic devices including organic
light-emitting devices (OLEDs) and organic solar cells (OSCs) employed with laser
nano-engineered functional surfaces. The proposed laser induced functional surfaces can help
manipulate light-structure interactions in these devices. As a result, the electroluminescence
efficiency of OELDs and photon-to-electron conversion efficiency of OSCs are considerably
improved.
Organic optoelectronic devices such as organic light-emitting devices (OLEDs) and organic solar cells
(OSCs) have been attracting various attentions owing to their merits of lightweight, low cost, stretchable, and
ultraportable. The electroluminescence efficiency of OLEDs and photon-to-electron conversion efficiency of
OSCs are key factors for their commercial applications. Manipulating the surface profiles using laser micro-nano
fabrication techniques is an effective way to improve their performance. Here we report some of our recent
works related to this topic.
Stretchable OLEDs are becoming more and more important in the fields of wearable displays and
health-monitoring technology. We report a laser-programmable buckling process to introduce micrometer
gratings into OLEDs [1]. We realized a highly stretchable OLED with mechanical robustness and unprecedented
efficiency. The strained device luminous efficiency, 70 cd A-1 under 70% strain, is the largest to date, which may
pave the way for commercial applications of stretchable OLEDs. The loss of surface plasmon-polaritons (SPPs)
in OLEDs employed with metallic electrodes always sets obstacles for high efficiency of the devices. To deal
with this issue, we patterned the electrodes using a laser assisted soft nano-imprinting lithography. SPPs could
then be extracted successfully and the device efficiency is considerably increased [2].
Broadband absorption enhancement is an effective way to improve the performance of OSCs. We introduced
two-dimensional nanostructured electrodes into OSCs to excite SPPs supported in the cathode/organic interface.
We performed numerical simulations and experiments and found that light absorption in the active layer can be
enhanced in broadband due to the effect of SPP-induced field enhancement [3].
To conclude, we have proposed various laser induced micronanostructured surfaces in OLEDs and OSCs,
which may pave the way for the commercial applications of high performance organic optoelectronic devices.
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Abstract- We performed atomic force microscope (AFM)-based optical force spectroscopy to
quantitatively characterize optical forces generated in the vicinity of plasmonic and dielectric
nanostructures. The optical forces were either attractive or repulsive, which was controlled by sizeand shape-dependent unique optical resonances of the nanostructures.
Plasmonically-induced optical forces in the vicinity of metallic nanostructures have received considerable
attention because of their applications in local positioning and manipulation of nano-objects. There have been a
variety of works on nano-optical forces controlled by various geometric configurations of metallic
nanostructures [1].
Here in this work, we proposed the use of AFM-based near-field optical techniques [2] with high force
detection sensitivity in order to quantitatively and qualitatively characterize optical forces generated in the
proximity of various metallic nanostructures. In particular, the optical forces exerted between two metallic
nanostructures were experimentally characterized, and were found to be either attractive or repulsive depending
on the separation distance, incident angle, incident polarization and excitation wavelength. Furthermore, we also
applied the plasmonically-induced optical forces for controlling biomolecular recognition reaction
(ligand-receptor binding).
In addition to plasmonic materials, dielectric materials with high indices of refraction and low energy losses
have recently been recently regarded as promising resonant scatterers to generate strong optical forces [3].
Among the high index materials, silicon (Si) nanoparticles with diameters of 100–200 nm have gained much
attention owing to their multiple electromagnetic resonances in the visible region [4, 5]. We performed
nanoscale optical force spectroscopy of a silicon nanodimer, and found that multiple excitation of electric- and
magnetic-dipoles in the Si nanostructures played a crucial role in achieving the reversed optical binding force of
the Si nanodimer.
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Abstract— We investigated the e↵ect of combined interband and intraband nonlinearities in
aluminium zinc oxide thin films. We show that suitably timed two-colour pulsed excitations
increase the material modulation bandwidth at near-infrared wavelengths and unlock novel functionalities including ultrafast modulation of the transmitted and reflected radiation frequency.

1. INTRODUCTION

Transparent conductive oxides (TCOs) are wide-bandgap semiconductors supporting large doping
values (' 1021 cm 3 ) and low e↵ective electron mass, thus presenting a metallic response in the
near-infrared (NIR) spectral region and high optical transmission in the visible part of the spectrum.
This class of materials recently acquired a relevant role for nano-photonics for the large extent their
optical properties can be controlled during the fabrication process and dynamically, via optical or
electrical excitations [1, 2, 3]. Transparent conductive oxides also feature an epsilon-near-zero (ENZ)
condition in the near-infrared spectral region, in the technologically relevant telecommunication
band. At the ENZ wavelength, the e↵ect of optical nonlinearities is enhanced [4, 5, 6], enabling
ultrafast photonics applications such as all-optical switching [7]. Aluminium zinc oxide (AZO) is
a TCO with reduced optical losses and low fabrication costs compared to other TCOs, showing
strong, sub-picosecond interband nonlinear e↵ects at the ENZ wavelength when excited by an abovebandgap optical pulse (UV, 325 nm) [7]. Even faster nonlinear e↵ects have been observed when
AZO is driven by longer wavelength pulses, as a consequence of the interband carrier dynamics [6].
Here, we show that the optical properties of AZO at the ENZ wavelength can be tailored in unique
ways by a properly shaped two-colour optical excitation.
2. RESULTS

We experimentally investigated the change in the transmission and reflection at ' 1300 nm (ENZ
wavelength) of a 900 µm thick AZO film when simultaneously excited by above ( = 262 nm)
and below ( = 787 nm) bandgap ultrashort pulses (' 100 fs), with a controllable relative delay.
The time-resolved reflection and transmission measurements reported in Fig. 1 show that the two
nonlinearities can be combined to increase or cancel the film nonlinear response. We also observed
that the two-colour excitation enables to increase the modulation bandwidth above the limits of
a single-pulse excitation. Further, we experimentally investigated the e↵ect of such an ultrafast
modulation on the transmitted and reflected pulse at the ENZ wavelength, reporting tunable wavelength shifts.
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Figure 1: Relative changes in the transient transmission (a)-(d) and reflection (e)-(h) of an optical pulse
at = 1300 nm from a 900 µm thick AZO film as a function of the delay between the UV pump and the
1300 nm probe pulse (tprobe tUV-pump ). Di↵erent panels show the measured quantities for various relative
delays t between the UV and the NIR pump pulses.

In conclusion, we shall report our measurements performed on AZO films and other commercial
TCOs, and discuss the novel opportunities provided by the combination of intraband and interband
nonlinearities, such as optical three-state logic and ultra-fast routing of the transmitted nearinfrared radiation.
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Campanile Near-Field Probes Fabricated by Nanoimprint
Lithography.
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Abstract-Optical transformer is a plasmonic antennas that can focus the light in few nanometers
space efficiently and broadband. By means of Nano Imprinting Lithography, it has been fabricated
on top of an optical fiber in a configuration called “Campanile Tip”. It is an efficient probe tip for
Scanning Near Field Optical Microscopy and Spectroscopy. We will show the fabrication process,
the optical characterization and the performances as high resolution SNOM tip.
One of the major challenges to the widespread adoption of plasmonic and nano-optical devices in real-life
applications is the difficulty to mass-fabricate nano-optical antennas in parallel and reproducible fashion, and the
capability to precisely place nanoantennas into devices with nanometer-scale precision [1]. In this talk, we
present a solution to this challenge using the state-of-the-art ultraviolet nanoimprint lithography (UV-NIL) to
fabricate functional optical transformers [2,3] (figure 1) onto the core of an optical fiber[4,5] in a single step,
mimicking the ‘campanile’ near-field probes. Imprinted probes were fabricated using a custom-built imprinter
tool with co-axial alignment capability with sub < 100 nm position accuracy, followed by a metallization step
(figure 2) [6,7]. Scanning electron micrographs confirm high imprint fidelity and precision with a thin residual
layer to facilitate efficient optical coupling between the fiber and the imprinted optical transformer. This novel
nano-fabrication approach promises a low-cost, high-throughput, and reproducible manufacturing of advanced
nano-optical devices. We demonstrate the capability to imprint 3D structures with sub-70 nm scale features and
sub-100 nm positioning precision, creating functional ‘campanile’ near-field probes. The functionality of the
imprinted probes was validated by performing hyperspectral nano-PL mapping of a dispersed film of 40 nm
polystyrene fluorescent beads. Both the topography scans and the PL maps exhibited features consistent with the
behavior of traditional FIB-fabricated optical transformer probes. Results show that imprinted campanile probes
enable sub-diffraction-limit imaging with a resolution of ~ 80 nm, determined by the gap size at the tip apex. The
fabrication process presented here can be scaled and parallelized for higher throughput and offers a promising
route for mass production of nano-optical devices.
Acknowledgements This work is supported by the U.S. Department of Energy, Office of Science, Basic
Energy Sciences, under Award Number DE-C0013109. Work at the Molecular Foundry was supported by the
Office of Science, Office of Basic Energy Sciences, of the U.S. Department of Energy under contract no.
DE-AC02- 05CH11231.

Figure 1 Campanile probe geometry and simulations. Geometries of the regular (a) and “tower-less” campanile probe.
FDTD simulations of the electric field amplitude inside the campanile for a regular (c) and “tower-less” (d) campanile.
Comparison of field enhancements as a function of wavelength for both configurations (e).

Figure 2 Tilted-view SEM of the pyramid imprinted on an optical fiber. The inset shows a close-up of the campanile that
has a gap of about 130 nm in width at the apex. e. shows a residual layer of about 200 nm. f. False-color SEM image of the
completed campanile probe after side-evaporation of Au with a final gap of about 70 nm.
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Abstract-Plasmonic color generation based on metallic metasurfaces provides resolutions far
beyond the diffraction limit of light enabling new possibilities for printing color images or
high-density optical data storage. However, the realization of dynamic plasmonic displays remains
a challenging task. In the present paper, we utilize catalytic magnesium nanostructures, which
change their optical properties during exposure to hydrogen, to demonstrate dynamic color
generation. The technique could pave the way for animating high resolution images and could
provide new routes for encrypting information or detecting counterfeits.
Plasmonic color printing based on tailored metallic metasurfaces provides resolutions several times higher
than conventional printing techniques. 1 Due to its unprecedented subwavelength resolution, applications such as
high-density optical data storage, stereoscopic imaging, or anticounterfeiting features are within reach. However,
the realization of dynamic plasmonic color generation for displays with advanced functionalities still remains a
challenging task.
In the present paper, we demonstrate two approaches of dynamic plasmonic displays exploiting catalytic
magnesium nanostructures arranged in engineered metasurfaces. 2 First, brilliant colors are generated by tailoring
theparticles’sizesaswellastheirinterparticledistances. 3 Secondly, dynamic displays based on cavity modes in
a nanostructured dielectric layer, which is coated with magnesium, are demonstrated. In both approaches, a
controlled hydrogenation and dehydrogenation of the magnesium trigger a metal to dielectric phase transition
resulting in a dramatic change of their optical properties.

Figures 1 Schematic of the plasmonic metasurface composed of hydrogen-responsive magnesium metasurfaces interacting with
incident unpolarized white light. Hydrogen loading is achieved by exposing the display to H 2 whereas dehydrogenation is achieved by
oxygen exposure.

The technique could pave the way for animating ultra-high-resolution images as we demonstrated by
reversibly erasing and restoring plasmonic color paintings. Furthermore, through a smart design of the
nanostructures, information can be encoded on selected pixels enabling secure encryption.

Acknowledgements: The projects were supported by the Sofja Kovalevskaja grant from the Alexander von
Humboldt-Foundation, the Marie Curie CIG grant, and the European Research Council (ERC Dynamic Nano)
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Functional Materials and Devices for Acoustic and Elastic Waves

Parity Time Synthetic Phononic Media.
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Abstract- Classical systems containing cleverly devised combinations of loss and gain elements
constitute extremely rich building units that can mimic non-Hermitian properties, which conventionally
are attainable in quantum mechanics only. Parity-time (PT) symmetric media, also referred to as
synthetic media, have been devised in many optical systems with the ground breaking potential to create
nonreciprocal structures and one-way cloaks of invisibility. Here we demonstrate a feasible approach for
the case of elasticity where the most important ingredients within synthetic materials, loss and gain, are
achieved through electrically biased piezoelectric semiconductors [1]. We study first how wave
attenuation and amplification can be tuned, and when combined, can give rise to a mechanical PT
synthetic media with unidirectional suppressed reflectance, a feature directly applicable to evading sonar
detection [2].
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Abstract- Focal spot of a wave is bounded by diffraction limit, which has a dimension of half
of the wavelength. This limit arises through the destructive interference between converging
and diverging waves, which eliminate the singularity at the center of the focal spot, and gives
rise to its sinc-function shape. We design a three-dimensional sub-wavelength absorber using
acoustic metamaterial, and show with a time-reversal focusing experiments that by reducing
the diverging waves, the focal spot is smaller than the diffraction limit.
We form a focal spot by converging, from the far-field regime, a spherical wavefront 𝑃𝑖𝑛 =
exp(−𝑖𝑘𝑟 − 𝑖𝜔𝑡)/𝑟 to a point defined as 𝑟 = 0. Here, 𝑘 = 2𝜋/𝜆is the incoming wave vector.
However, after reaching the point 𝑟 = 0, the wave does not disappear, instead it diverges,
forming another spherical wavefront 𝑃𝑜𝑢𝑡 = exp(𝑖𝑘𝑟 − 𝑖𝜔𝑡)/𝑟. Note that a singularity can be
found in the spatial distribution of both the incoming and outgoing wavefronts alone at 𝑟 = 0,
at which point the wave’s amplitude diverges. However, this singularity does not usually exist.
This is because the total wave field in the medium given by the superposition of the two
wavefronts
𝑃 = 𝑃𝑖𝑛 − 𝑃𝑜𝑢𝑡 = (

𝑒 −𝑖𝑘𝑟 𝑒 𝑖𝑘𝑟 −𝑖𝜔𝑡 2𝑖 sin(𝑘𝑟) −𝑖𝜔𝑡
−
=
𝑒
)𝑒
𝑟
𝑟
𝑟

It follows that the destructive interference between the incoming and outgoing waves eliminates
the singularity at 𝑟 = 0. The resultant total wave field takes a finite value at the origin, and the
major peak of the focal spot has a FWHM of ~𝜆/2 . This interference process is also
responsible for the formation of side lobes.
The above analysis suggests that one may restore the singularity by simply modifying the
ratio of 𝑃𝑖𝑛 and 𝑃𝑜𝑢𝑡 . In the extreme case that 𝑃𝑜𝑢𝑡 = 0, i. e., the wave converges to 𝑟 = 0
but without subsequently diverging, interference no longer occurs, therefore side lobes of the

focal spot vanishes, and the singularity at 𝑟 = 0 shall be restored.
We construct a subwavelength acoustic metamaterials that is highly absorbing for a
spherical wavefront. By using this metamaterial absorber, we are able to significantly reduce
the outgoing waves of thereby successfully observe that a wave can be focused to dimension
smaller than the diffraction limit. Experimental evidence also show signs of singularity at the
center position.
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Causal nature of the acoustic response dictates an inequality that relates the absorption spectrum of the sample to
its thickness. We use the causal constraint to delineate what is ultimately possible for sound absorbing structures,
and denote those which can attain near-equality for the causal constraint to be “optimal.” By using acoustic
metamaterial as backing to conventional porous absorbers, a design strategy is presented for realizing structures
with target-set absorption spectra and a sample thickness close to the minimum value as dictated by causality. By
using this approach, we have realized a 10.86 cm-thick structure that exhibits broadband, near-perfect flat
absorption spectrum starting at around 400 Hz, while the minimum sample thickness as calculated from the
causal constraint is 10.36 cm. To illustrate the versatility of the approach, two additional optimal structures with
different target absorption spectra are presented. This “absorption by design” strategy would enable the tailoring
of customized solutions to difficult room acoustic and noise remediation problems.
*Work done in collaboration with Min Yang, Shuyu Chen, and Caixing Fu.
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Abstract-Due to the spinless nature of sound, the “spin-like” degree of freedom crucial to
topological states in acoustic systems is commonly realized with circulating background flow or
pre-set coupled resonator ring waveguides, which drastically increases the engineering complexity.
Here we realize the acoustic pseudospin multipolar states in a simple flow-free symmetry-broken
metamaterial lattice. Topologically protected edge states and reconfigurable topological one-way
transmission for sound are further demonstrated.
The application of topology, the mathematics of conserved properties under continuous deformation, is
creating a range of new opportunities in acoustic systems. This field was inspired by the discovery of topological
insulator which shew insulating behavior in the bulk and transmission states without dissipation in the interface.
Because of the spinless nature of sound, the “spin-like” degree of freedom crucial to topological states in
acoustic systems is commonly realized with circulating background flow1,2 or pre-set coupled resonator ring
waveguides3, which drastically increases the engineering complexity.
In this paper, we demonstrate the “spin-like” degree of freedom crucial to topological states in a simple
flow-free metamaterial lattice, without using any complicated material or structure. Starting with the honeycomb
acoustic metamaterial lattice, we make the primitive cell rotated and enlarged to obtain a metamolecule, which
constructs double Dirac cone at the center of the 1st Brillouin zone. We make sound circulating in the lattice and
the direction of sound propagation within each hexagonal cluster (i.e., clockwise or anticlockwise) plays the role
of pseudospin (i.e., pseudospin-down or pseudospin-up). Tuning the strength of intermolecular coupling by
simply contracting/expanding the metamolecule can induce band inversion effect between pseudospin dipole and
quadrupole, which leads to a topological phase transition (shown in Fig. 1).
As a result of the spin-orbital coupling, these artificial pseudospin multipoles can support topologically
protected one-way transmission, in which the route of sound propagation can be reconfigured to whatever you
want. The two pseudospin states will not affect each other at the same frequency and between different
frequencies. What is worth noting is that the pseudospin modes will not change after encountering the local
defects. These results open new avenues for the novel acoustic topological insulators with versatile applications,
such as acoustic modulators, transducers and isolators.

FIG. 1. (a) Topological transition as the coupling strength is tuned from weak (Left: R/a=0.320) to strong (Right:
R/a=0.345). Critical coupling appears at R/a=1/3 with double Dirac cone. (b) Topological modes inversion
underlying the transition. Sound intensity I associated with pseudospin-down and pseudospin-up modes below
the band gap in the (c) trivial regime (R/a=0.320) and (d) nontrivial regime (R/a=0.345). The rainbow colour
represents the amplitude of acoustic pressure, and the arrows show the direction and amplitude of the intensity.
This work was supported by the National Basic Research Program of China (2012CB921504), NSFC
(11674172, 11574148, 11474162 and 11274171), SRFDP (20130091130004), and Jiangsu Provincial NSF
(BK20160018 and BK20150562).
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Abstract-We have proposed a structured metasolid, which can be homogenized into an elastic
continuum with both stiffness and inertial anisotropy. Effective medium parameters have been
retrieved from band structure results and have shown the orthotropic properties in elasticity and
inertial mass. This anisotropic metasolid fulfills the requirement of transformation elastic mediums
under some special coordinate transformations in which the Navier elastodynamic equation retains
its original form. We study some elastic wave controlling examples based on the proposed
metasolids.
Transformation method has now been recognized as a powerful tool for generating parameter inhomogenity
in order to manipulate wave propagation in ways as one will. The concept is initiated in electromagnetics realm
[1,2], and later extended rapidly to acoustics[3] and elastic waves[4]. In elasticity, Navier elastodynamic
equation doesn't retain its original form under a general coordinate transformation; however elastic wave
controlling based on special form-invariant transformation is still significant, which requires both elastic and
inertial anisotropy in solids. The practical design of this solid can be made possible based on the metamaterial
concept.
Based on the recent advances of elastic metamaterial design [5-8], we have proposed a preliminary version
of the anisotropic metasolid. The element consists in a periodic hexagonal frame structure, inside which the
resonator-like inclusions are inserted. Anisotropic stiffness is realized by the non-regular hexagon geometry of
the frame structure. Anisotropic inertial mass is achieved due to the different resonant frequencies in two
perpendicular principle directions. Band structures of the periodic lattice have been calculated, which have
shown the purely longitudinal and transverse branches of our interest at a finite frequency range. Utilizing the
modal fields of band structure results, we have defined average stress and strain fields for the cell structure, and
retrieved all orthotropic effective parameters according to macroscopic elasticity and inertial motion equations.
Effective medium analysis has been fully conducted, from which the influence of microstructure geometry to the
overall anisotropy is well identified.
As an example of elastic wave controlling, we have considered a wave beam shifting medium, obtained by
using the linear transformation. The parameters of this transformation device are anisotropic in both stiffness and
mass, thereby can be readily realized by the proposed metasolids. The cell structures of the beam shifting
metasolids have been designed with their anisotropic parameters strictly satisfying the transformation results.
Full-wave simulations have been conducted to verify the beam shifting performance of the designed device.
As a conclusion, this work has proposed the microstructure model of metasolids with both elastic and inertial
anisotropy. The beam shifting effect achieved by the proposed metasolids is exampled. The study is expected to
find potential applications in seismic wave protection.
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Abstract- We theoretically and experimentally demonstrated the geometric phase effect for sound
using a helical waveguide. We show that the geometric phase can be used to control the flow of
sound vortices inside an interferometer structure, resulting in geometric-phase-based sound vortex
filter.
When a physical system undergoes a cyclic evolution, a non-integrable phase can arise in addition to the
normal dynamical phase. This phase, depending only on the geometry of the path traversed in the parameter
space and hence named geometric phase (also called Berry phase), has profound impact in both
quantum-mechanical and classical physics, resulting in exotic phenomena such as Aharonov–Bohm effect [1]
and light spin-Hall effect [2-3]. It has been experimentally observed for light travelling with a helical trajectory
[4]. We show that it is possible for sound to manifest a similar effect, which may seem rather counter-intuitive as
sound is a scalar wave without transverse polarization.

Figure 1. Designed interferometers with [(a)] and without [(c)] geometric phase. (b) and (d) show the transmissions of q =
±1 sound vortices for the configurations in (a) and (c), respectively.

Consider sound propagating inside a waveguide with hard boundary. For high-order waveguide modes such
as dipole, the corresponding pressure field has a non-uniform phase on the transverse plane and hence plays a
similar role as the transverse polarization field of light. The linear combination of two orthogonal dipole
components is essentially a sound vortex carrying topological charge q = ±1. When the waveguide is slowly
bended into a helical shape, the dynamics of the sound vortices inside are governed by an equation that is
formally identical to the one describing the spin evolution under a slowly varying magnetic field [5]. The helical
shape of the waveguide induces a Berry curvature (effective gauge field) that corresponds to an effective

magnetic monopole located at the origin of the momentum space, which leads to a geometry phase with a sign
dependence on the topological charge of the sound vortex. So opposite sound vortices have different
transmissions when they propagate through an interferometer (Fig.1a,b). However, if the waveguide has in-plane
bending feature, the geometry phase vanishes and one get equal transmission for opposite vortices (Fig.1c,d).
The study here demonstrates that scalar waves such as sound also have interesting topological features that
can be used for designing structures to modulate wave transport.
Acknowledgements This work was supported by Hong Kong RGC (AOE/P-02/12). We thank Prof. Z. Q.
Zhang for valuable comments and suggestions.
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Abstract- We show that the physics of the inner ear, responsible for the mammalian’s audition, can be
modelled by a one-dimensional active metamaterial. More precisely, quarter wavelength resonators,
with a gradient in their resonance frequency, side coupled to a main waveguide, give rise to the
travelling wave typical of the dead cochlea. By introducing a feedback loop in each resonator, we then
reproduce all of the salient non-linear properties of the living cochlea.

The human ear is a fascinating sensor, capable of detecting sounds over three decades of frequency and
twelve orders of magnitudes. The ability of the cochlea to enhance low-amplitude sounds is referred to as the
cochlear amplification effect [1,2]. This effect is attributed to the hair cells of the organ of Corti which lies on
the basilar membrane that are believed to work as subwavelength non-linear resonator operating at the particular
regime of the so-called Hopf bifurcation. In this work, we propose to implement this model experimentally to
study an artificial cochlea based on an active metamaterial [3], and we show that it reproduces all of the salient
characteristics of the mammalian’s living cochlea [4].
To mimic the frequency-dependent cochlear response, we take our inspiration from the so-called rainbow
trapping effect, initially proposed in optics and more recently in acoustics [5]. The basis of our method lies in the
realization of a gradient of the propagation properties, resulting in the spatial encoding of the frequency
information through the slow light/sound effect. This is achieved in an elegant way using so-called locally
resonant metamaterials: these propagating media are composed of an assembly of subwavelength resonators,
each of which causes interferences near its respective resonance frequency [6]. Due to these local resonators,
wave propagation through the metamaterial is macroscopically observed to be strongly dispersive. Then, using a
different resonance frequency at every resonator location, one can obtain the desired gradient for the effective
propagating wave. Experimentally, this strategy is simply implemented by side coupling quarter wavelength
resonators made of rigid-walled pipes to a single mode airborne acoustic waveguide and we phenomenologically
well-reproduce the tonotopic mapping of the dead cochlea (Figure 1).

Figure 1: Photograph of the experimental gradient-index metamaterial for airborne sounds, made from 38
quarter-wavelength acoustic resonators of different heights.

Then, following a proposed biophysical model [2] which has yet to be universally accepted, we mimic a
living cochlea using an active acoustic metamaterial. Each subwavelength resonator constituting the previous
metamaterial is turned to an active one by adding a feedback loop with a speaker emitting sound linked to the
field measured inside the resonator with a microphone. By choosing the parameters of the loop we build
resonators that operate near a Hopf-bifurcation as the biophysical model of the cochlea requires. The dynamical
response of the medium now becomes non-linear as it is the case for the response of the living basilar membrane.
Among all of the non-linear effects that have been reported, we focus here on the cochlear amplification. By
measuring the dynamical response for different amplitudes of excitation we can extract the sensitivity curve of
Figure 2 which is very similar to the characteristic response of living cochleae.

Figure 2: Non-linear dynamic of the evolution of the acoustic pressure in one resonator as a function of the excitation
amplitude. This curve is analogous to experimental measurements realized on living cochleae

To conclude, we would like to emphasize that very few ingredients are necessary to reproduce the active
cochlear wave. First, an adequately dissipative gradient-index locally resonant metamaterial well mimics the
passive travelling wave. The active processes, as a price to pay for hyper-sensitivity to low-amplitude sounds,
are created simply by replacing the resonant unit cells of the metamaterial by active resonators. As a result, the
response of the medium becomes dependent on the excitation amplitude, and we have clearly reproduced the
active amplification of low level sounds that characterizes the mammalian hearing abilities.
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Abstract- Negative refraction is observed at ultrasonic frequencies in underwater acoustic
experiments. The phenomenon is evidenced through the deflection of an ultrasonic beam emerging
from a prism-shaped negative-index metafluid composed of soft porous micro-beads randomly
dispersed in a water-based gel matrix. These experiments are compared with theoretical predictions
based on multiple scattering theory models revealing a good agreement for various
volume-fractions of particles.

In most (negative) refraction experiments, the conventional way consists in measuring the scattering angle of
the transmitted beam through a prism fabricated with the (negative index) material. By using this configuration,
the first experiments were conducted at microwave frequencies in 2D resonant structures in 2001 [1]. Then,
many other experiments were reported in optics [2] until the fabrication of 3D optical metamaterials in 2008 [3].
In the same year, negative refraction was also observed using a prism-shaped phononic crystal in acoustics [4].
Since then, negative refraction has been reported in various (non resonant) periodic systems [5] but no
experiment has been conducted in random acoustic metamaterials up to now.
In this talk, we report negative refraction experiments performed at ultrasonic frequencies by using a soft 3D
acoustic metafluid with a negative acoustic index [6]. This metafluid, composed of soft porous micro-beads
randomly dispersed in an aqueous matrix, was confined in a prism-shape box deposited on the surface of an
ultrasonic transducer. Then, the scattering angle of the transmitted ultrasound beam emerging from the prism
was measured at different frequencies, evidencing negative refraction around 160 kHz as shown in the figure.
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Figures: (left) spatial acoustic-field mapping at 160 kHz, (right) corresponding spatial-frequency content

(obtained by a 2D Fast Fourier Transform).
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Topological sound in active liquid metamaterials
Liquids composed of self-propelled particles have been experimentally realized using
molecular, colloidal, or macroscopic constituents. These active liquids can flow
spontaneously even in the absence of an external drive. Unlike spontaneous active
flow, the propagation of density waves in confined active liquids is not well explored.
Here, we exploit a mapping between density waves on top of a chiral flow and
electrons in a synthetic gauge field to lay out design principles for artificial structures
termed topological active metamaterials. We design metamaterials that break timereversal symmetry using lattices composed of annular channels filled with a
spontaneously flowing active liquid. Such active metamaterials support topologically
protected sound modes that propagate unidirectionally, without backscattering,
along either sample edges or domain walls and despite overdamped particle
dynamics. Our work illustrates how parity-symmetry breaking in metamaterial
structure combined with microscopic irreversibility of active matter leads to novel
functionalities that cannot be achieved using only passive materials.

Non-reciprocal acoustic systems: from sound isolation to topological
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Abstract-We discuss the possibility to largely break Rayleigh reciprocity in compact, linear acoustic
systems with broken time-reversal symmetry. These subwavelength systems can be used as building
blocks to construct non-reciprocal metamaterials. Interestingly, the obtained metamaterials support
one-way edge modes that are topologically protected against defects and disorder, highlighting a
fruitful design strategy, from engineering non-reciprocal acoustic metamolecules to building acoustic
Chern topological insulators.

Non-reciprocal acoustic systems that let sound flow in one direction but block it in another may be of
fundamental interest in many application fields, from underwater communication to imaging systems. However,
largely violating reciprocity is not an easy task in a compact acoustic system as it requires either strong non-linear
effects or a breaking of time-reversal symmetry or time invariance1.
We discuss two different solutions to achieve large acoustic non-reciprocity in a linear subwavelength device
by coupling a weak external time-odd bias to an acoustic resonance. The first system consists of a ring acoustic
resonator filled with air and coupled to three output waveguides, in which we impart a slow rotating air motion
(Fig. 1a). We demonstrate experimentally 30 dB of acoustic isolation for airborne audible sound in a
subwavelength device2. The second system consists of a resonant acoustic trimer, which undergoes a weak rotating
temporal modulation of the acoustic index, at a frequency much slower than the acoustic frequency (Fig. 1b). This
device allows for more than 40 dB, with 0.3 dB insertion loss in a system whose total size does not exceed a sixth
of a wavelength3.
Finally, we investigate the intriguing properties of non-reciprocal metamaterials built from a periodic
arrangement of these non-reciprocal metamolecules. We obtain a metamaterial that behaves as the acoustic
equivalent of Chern topological insulators, in which a nontrivial topology is initiated by a breaking of time-reversal
symmetry4. These artificial materials are characterized by the fact that they do not support acoustic propagation in
their bulk, but possess one-way topological edge modes (Fig. 1c). Like their electronic counterpart, since local
perturbation to the edge cannot affect the topology of the bulk, these states are topologically protected against a
large class of defects and even disorder. We also discuss an acoustic equivalent of Floquet topological insulators,
built from a hexagonal lattice of time-modulated, non-reciprocal trimers (Fig. 1d). This last design presents
interesting robustness to site-to-site disorder in the modulation phase5.

Figure 1: a) An acoustic circulator built from a resonant ring in which we rotate the air in the clockwise direction strongly
breaks Rayleigh reciprocity. b) An ultrasonic circulator achieves the same functionality without resorting to motion, but using
a rotating temporal modulation. c) An array of non-reciprocal elements like the ones in a) makes an acoustic Chern insulator,
obtaining one-way robust reconfigurable acoustic waveguides. d) An array of non-reciprocal metamolecules like the one in
b) makes the acoustic equivalent of a Floquet topological insulator, and supports some level of disorder in the modulation
phase (top) and non-reciprocal Floquet edge mode propagation.

Conclusions- Compact, non-reciprocal acoustic systems can therefore be used to build non-reciprocal
metamaterials that possess non-trivial topological properties, in particular one-way edge modes with topological
robustness. Compared to their constituting metamolecules, such topological materials may offer significant
advantages in their bandwidth of operation, robustness, and reconfigurability. Our study provides the opportunity
to increase our ability to control sound propagation with broadband, backscattering-immune, reconfigurable
acoustic waveguides that are immune to defects and disorder.
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Tailoring locally resonant metamaterials: from local modifications
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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 involving homogenized parameters. This allows us to highlight the importance of multiple
scattering even at this deep subwavelength scale. This, in turns, permits to envisage exotic
phenomena such as subwavelength control of waves, slow waves, negative refraction with a single
negative medium or topological metamaterial crystals.
In this talk, we will show how going beyond the paradigm usually introduced in the context of locally resonant
metamaterials, namely to consider them as homogeneous materials presenting effective properties, permits to
enrich the physics associated with them in a drastic way. We will first show, using a microscopic approach based
on the transfer matrix, that the properties of many metamaterials made out of resonant unit cells are strictly
governed by interferences, propagation effects and multiple scattering.
Then we will demonstrate how this observation allows one to tailor locally this kind of composite media at the
scale of the unit cell, hence going much further than in the homogenization approximation. We will show how
this allows to design various components such as cavities, waveguides, filters, that present deep subwavelength
dimensions, much smaller than that of their phononic crystal counterparts. We will also demonstrate the
possibility to slow down waves drastically using this kind of components, while keeping reasonable bandwidths,
hence achieving delay bandwidth products 10 times higher than the state of the art in photonics or phononics.
Concentrating now on structural modifications, we will explain how a single negative metamaterial can turn
double negative simply thanks to multiple scattering, provided that it is judiciously structured, hence introducing
the concept of metamaterial crystals. We will show that this approach is very rich and can be used to
demonstrate various analogs of solid state crystals in acoustics, such as an acoustic equivalent of graphene, or
acoustic metamaterials that present topological properties at the deep subwavelength scale. We will finally show
that these ideas can be straightforwardly transposed to the electromagnetic domain.

Fig. 1. A triangular Helmholtz resonator based single negative metamaterial can be turned double negative,
acquiring its negative index from its symmetry broken structure.
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An acoustic metamaterial crystal with a graphene-like dispersion
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Abstract-Graphene, a honeycomb lattice of carbon atoms ruled by tight-binding interaction,
exhibits extraordinary electronic properties, due to the presence of Dirac cones within its band
structure. Here we explain how we induced tight-binding coupling within a locally resonant
metamaterial made of mere soda cans (Helmholtz resonators) and how it allows to obtain an
acoustic analog of graphene. These numerical and experimental results demonstrate the potential of
crystalline metamaterials as a tabletop platform for the study of solid state physics.

In this talk, we will show how going beyond the usual description of locally resonant metamaterials in terms of
effective parameters allows to construct a classical acoustic analog of graphene1. First we show that a triangular
lattice of empty cans creates a hybridization bandgap. Within this bandgap, we then place resonant defects
simply made by increasing the resonance frequency of resonators, which is easily done filling cans with water2.
Because of the absence of propagating waves thanks to the bandgap created by the initial triangular lattice, these
defects are solely linked by nearest neighbors interactions, that is tight-binding coupling2,3. Therefore, we design
a honeycomb lattice of resonant defects around the previous triangular lattice in order to emulate the physics of
graphene in such a crystalline metamaterial.
After presenting the concept behind this work, we show the experimental setup we used and the results we
obtained. We compare the field maps we measure and the corresponding analytically calculated ones for a
tight-binding model of graphene. This demonstrate a very good matching between both: monitoring the structure
and the composition of a metamaterial4 is indeed a powerful strategy to create an acoustic analogue of graphene.
Then, we show that the properties of the bandgap within the metamaterial permits to change easily the
strength of the coupling between the defects. We present several experimental band structures and their
numerical counterparts realized for different volume of water within the defect cans. Hence, this simple change
allows to study a transition between a tight-binding and a polaritonic coupling within the lattice of defects. We
finally show that these ideas can be straightforwardly transposed to the electromagnetic domain.

Fig. 1. A triangular lattice of empty soda cans creates a hybridization bandgap (a). This allows to induce
tight-binding coupling within the honeycomb lattice of filled cans and to mimic the band structure of electronic
graphene (b).
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Abstract-Two- and three-dimensional bubble metamaterials can be tuned to enable a variety of
interesting functionalities for acoustic waves by exploiting the low-frequency Minnaert resonance of
the bubbles. Here we show how a broadband coherent perfect absorber for ultrasonic waves can be
created from a bubble metalayer, and how doubly negative behaviour can be realized in
three-dimensional bubble metamaterials.
Bubbles in a yield-stress fluid or soft solid are excellent candidates for creating acoustic metamaterials, as
they exhibit a strong low-frequency monopolar resonance, which can lead to interesting effective acoustic
properties at wavelengths that can be hundreds of times larger than the radius of the bubbles. Since bubbles are
strongly coupled to water-borne acoustic waves, bubble metamaterials are especially well suited for applications
in underwater acoustics, where, for example, ultrathin metalayers consisting of a single layer of bubbles
entrapped in a soft elastic solid have been shown to act as very effective reflectors or absorbers of ultrasound
[1,2]. In this presentation, we show how a bubble metalayer can be optimized to create a coherent perfect
absorber for acoustic waves, and then consider how three-dimensional structures assembled from spatially
correlated bubble pairs can be designed to exhibit a transparency window with a negative index of refraction.
Since the concept of a coherent perfect absorber, or “anti-laser”, was first proposed in optics [3], there has
been growing interest in developing coherent perfect absorbers for acoustic waves [4,5]. Such a device can be
implemented by coherently illuminating a metamaterial or metalayer using two oppositely propagating incident
beams. For water-borne acoustic waves, a metalayer consisting of a single layer of bubbles has several
advantages for realizing an acoustic coherent perfect absorber experimentally. An important first step is to
develop a soft matrix, into which the bubbles can be embedded, that is impedance-matched to the water
surrounding the metalayer, so that water-matrix reflections can be eliminated; this has been achieved by
mixing sub-micron TiO2 particles into PDMS so that the longitudinal velocity and density of the cured mixture
leads to the same acoustic impedance as water. It is also crucial to optimize the structure of the bubble layer so
that the magnitude of the amplitude reflection and transmission coefficients (r and t) of the layer are equal to 0.5
(they are intrinsically of opposite sign), a process that was guided by the predictions of a simple analytic model
whose accuracy has been tested previously [1,2]. For the optimized structure, the critical coupling condition is
satisfied so that the bubble layer’s radiative and dissipative damping are equal, implying a unique relation
between the bubble radius a and separation d, which is given by a3/d2 = 4η/πZ, where η is the viscosity of the
matrix. When two counter-propagating coherent beams of equal amplitude and phase are incident on a
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Fig.1: (a) Experimental setup for turning an optimized bubble metalayer (blue circles) into an acoustic coherent
perfect absorber.

Two ultrasonic transducers (gold and black rectangles, on the left and right) emit coherent

counter-propagating pulses that arrive from opposite directions with the same incident phase at the metalayer.
(b) Predictions from finite element simulations and the analytic model for an example of a metalayer with a square array
of bubbles with a = 50 μm, d = 240 μm, and η = 5.1 Pa s.

Here r and t are the magnitudes of the amplitude

transmission and reflection coefficients, and A is the absorption.

For these parameters, broadband absorption is

predicted to be greater than 97% for 150 kHz < f < 300 kHz, and greater than > 95% for 90 kHz < f < 510 kHz.

well-optimized metalayer, virtually all of the incident radiation is absorbed, as illustrated for one choice of
model parameters in Fig. 1. This example compares the model predictions with finite element simulations, and
shows that broadband near-perfect absorption can be achieved.
For three-dimensional structures with pair-wise correlated bubbles (“bi-bubbles”), strikingly different
behaviour can be observed when the bubble pairs are arranged in either random or periodic arrays. Then,
overlap between monopolar and dipolar resonances can lead to a frequency band with a negative refractive
index, demonstrating how deeply-subwavelength spatial patterning of inclusions in metamaterials can play a
crucial role in determining material properties and functionality [6]. Predictions for both types of structure will
be presented and the influence of dissipation on doubly negative behaviour discussed.
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Abstract
The emerging field of topological acoustics that explores novel gauge-field-related phenomena
for sound has drawn attention in recent years. However, previous approaches constructing synthetic
gauge field for sound predominantly relied on a periodic system, being unable to form a uniform
effective magnetic field, thus lacking access to some typical magnetic-induced quantum phenomena
such as Landau energy quantization. Here we introduce strain engineering, previously developed in
graphene electronics and later transferred to photonics, into an aperiodic two-dimensional acoustic
structure in order to form a uniform effective magnetic field for air-borne acoustic wave
propagation. Landau levels in the energy spectrum can be formed near the Dirac cone region. We
also propose an experimentally feasible scheme to verify the existence of acoustic Landau levels with
acoustic measurement.

Air-borne sound waves have no intrinsic spins and do not respond to magnetic field.
Recently several approaches of synthetic gauge field construct magnetic-like effects (such as
quantum Hall effect) for sound, which have enabled the emergence of a new field of
topological acoustics [1-5]. However, previous approaches constructing synthetic gauge field
for sound predominantly relied on a periodic system, being unable to form a uniform
effective magnetic field, thus lacking access to some typical magnetic-induced quantum
phenomena such as Landau quantization [6].
Here we introduce strain engineering into a two-dimensional acoustic structure in order
to effectively form a uniform magnetic field for air-borne acoustic wave propagation, and
consequently, acoustic Landau levels. Typical acoustic Landau levels (labelled with numbers
of 0, ±1, ±2) are shown in panel (a) of the following figure. Panels (b-e), which show the
change of acoustic pressure with increase of frequency, demonstrate the process of
localization (b) – spreading (c) – localization (d) – spreading (e), as a clear evidence of
acoustic 0th-order and ±1st-order Landau levels and the significant band gaps between them.
As a new freedom of constructing synthetic gauge field for sound, our study has offered a
path to previously inaccessible magnetic-like effects in traditional periodic acoustic
structures.

Figure 1. Landau levels in acoustic structures.
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Observation of topological interface state of elastic wave
in a silica 1D phononic crystal
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Abstract-We demonstrate a topological interface state of elastic wave in solid-structured 1D
phononic crystals (PnCs). Two PnCs with different structural parameters can possess a common
phononic bandgap with different topological nature. At the interface between the two PnCs, a
topologically confined state of elastic wave in the bandgap appears. We observe the topologically
confined mode with a quality factor of ~5,650 in the transmission experiment, while no interface state
exists at the interface between PnCs with the same topological characteristic.
There is currently a great interest in the study of topological properties in metamaterials that draw inspiration
from quantum spin Hall and quantum Hall effects in solid state physics. Recently, some pioneering demonstrations
of topological edge states in acoustic systems have been reported [1,2]. On the other hand, controlling elastic
waves in solids using topological properties will pave the way to practical high-speed phononic applications.
Although some theoretical studies aiming the control of elastic waves in solids have been reported [3,4], there is
a lack of experimental study demonstrating such topological edge states even in one-dimensional periodic systems.
Here we report the experimental realization of topological interface state in solid-structured quasi 1D PnC.
In this study, we use quasi 1D PnCs [5] made of fused silica. As shown in Fig. 1(a), each unit cell with period
𝐷 = 16 mm along with x-direction has two wider blocks sandwiching an inner block. We designed topologically
distinct PnCs, U1 (𝑊𝑖𝑛 /𝐷 = 0.3, 𝑑𝑖𝑛 /𝐷 =0.59) and U2 (𝑊𝑖𝑛 /𝐷 = 0.501, 𝑑𝑖𝑛 /𝐷 =0.72), by tuning the structural
parameters of unit cells. In a 1D periodic system, the topological invariant of Bloch bands, so called Zak phase,
characterizes the property of bulk band. The phononic band diagrams shown in Fig. 1(b) and (c) indicate that two

Figure 1: Unit cell of the PnCs used in this study (a) and phononic band diagrams (b) and (c) of U1 and U2, respectively.
Mode shapes at the center of the Brillouin zone are shown in the insets, which exhibit the inversion of the two related
bands. (d) Displacement distribution of the topological interface mode at the interface between U1 and U2.

PnCs, U1 and U2, have a topologically distinct bandgap. The characters of the bands at the upper and lower
bandgap edges are inverted as shown in the insets and the Zak phase of the bands changes, resulting in a change
in the topological properties of the bandgap. Therefore, at the interface of these two PnCs, a topologically protected
mode is predicted to exist inside the overlapped bandgap from bulk-edge correspondence principle. Figure 1 (d)
shows the displacement distribution of the topological interface mode at the interface of U1 and U2 where the each
PnC has the number of period N=4. The interface mode is well confined at the interface and works as a cavity of
elastic wave.
The pictures on the left of Fig. 2 (a) and (b) show the samples having a non-trivial junction of two topologically
distinct PnCs (U1+U2) and a trivial junction composed of two PnCs with same topological characteristic of the
bandgap (U1+U1′ ), respectively. Both samples were made of fused silica by ultrasonic machining process.
U1′ has a slightly thicker inner block than that of U1 but a topologically identical bandgap with U1, which expects
that no topological interface state exists. We measured transmission spectrum of elastic waves through the samples
by a network analyzer. In the measured transmission spectrum for U1+U2 (Fig. 2 (a)), a peak indicating the
topologically confined state is clearly observed in the bandgap. The topological interface state is observed at
202.38 kHz with mechanical quality factor of ~5,650. In contrast, no such peak was measured for U1+U1′ (see
Fig. 2 (b)) since they have the topologically identical bandgap. The measured spectra for both samples show good
agreement with numerical simulations also shown in the same figures.
In conclusion, we experimentally demonstrate a topological interface state of elastic wave in a solid-structured
1D system. Higher operating frequency above MHz can be achieved by scaling down the size of structures. Our
result is an important step for the advanced control of elastic wave in solid structures by their topological characters.

Figure 2: Measured (blue) and calculated (black) transmission spectra in the case of (a) non-trivial and (b) trivial topological PnC
junctions consisting of two different 1D PnCs. respectively. Each picture on the left shows the sample used in the measurement.
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In this talk, I will introduce some of our latest works on production and manipulation of
acoustic OAM with the aid of metamaterials. We have designed and fabricated an acoustic
vortex emitter with multi-arm coiling slits that utilize diffraction effect to generate vortex
beam, with broadband functionality and stable topological charge. Based on this, we further
propose a new mechanism for producing acoustic OAM by converting acoustic resonances to
OAM. As an implementation, we have designed and fabricated a thin planar device with high
efficiency to verify our scheme. In comparison with existing ways for OAM production by
phased spiral sources that need sophisticated electronic control and by physically spiral
sources that need screw profiles and may also have a bulky size, our acoustic resonance-based
OAM production bears the advantages of high efficiency, planar profile, compact size, no
spiral structure and can be freely tuned to produce different orders of OAM. I will also briefly
discuss the potential of acoustic OAM devices to revolutionize various applications such as in
medical ultrasound or acoustic communication.
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Abstract - “Schroeder diffuser” is a classical design, proposed over 40 years ago, for artificially creating
optimal and predictable sound diffuse reflection. It has been widely adopted in architectural acoustics and
it has also shown substantial potential in noise control, ultrasound imaging, microparticle manipulation,
among others. The conventional Schroeder diffuser, however, has a considerable thickness on the order of
one wavelength, severely impeding its applications for low frequency sound. In this paper, a new class of
ultra-thin and planar Schroeder diffusers are proposed based on the concept of acoustic metasurface. Both
numerical and experimental results demonstrate satisfactory sound diffuse reflection produced from the
metasurface-based Schroeder diffuser despite it being one order of magnitude thinner than the
conventional one. The proposed design not only offer promising building blocks with great potential to
profoundly impact architectural acoustics and related fields, but also constitutes a major step towards realworld applications of acoustic metasurfaces.
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Abstract-We propose a new kind of bound states in continuum1-3 (BIC) in a class of systems
constructed by coupling multiple identical one-dimensional (1D) chains each with inversion
symmetry. The BIC existence is enabled by a specific separation of the Hilbert space into
topological and non-topological subspaces. Bulk-boundary correspondence in the topological
subspace guarantees the existence of a localized interface state which can lie in the continuum of
extended states in the non-topological subspace, forming a BIC. Such topological BIC is observed
experimentally in a coupled-acoustic-resonators system.
We couple two identical Su-Schrieffer-Heeger (SSH) chains in a way so that the chains outnumbers the
coupling channels between them. With only one coupling channel, two bands remain topological characterized
by quantized Berry phase, despite the overall inversion symmetry is broken by the introduction of coupler chain.
A bound state occurs at the interface between two topologically different phases due to bulk-boundary
correspondence. By choosing appropriate system parameters, we can make the topological interface state to
overlap with the continuous spectrum of the extended states in the non-topological subspace. In this way, a BIC
is formed. We emphasize this is a new scheme which relies on bulk-boundary correspondence to construct a BIC.
We experimentally demonstrated our proposal in a system consisting of coupled acoustic resonators. The dipole
modes of acoustic resonators are used to represent the orbitals.

Fig. 1 (a) Two identical SSH chains coupled by a coupler “atom” per unit cell. The hopping parameters and
indices of the “atom” orbitals are labeled. The on-site energies are ε1 = ε 2 = ε 3 = ε 4 = 0 and ε 5 . (b) A unit cell
consisting of coupled acoustic cavities.
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Abstract— This talk presents new classes of inhomogeneous media for which one can easily
get exact solutions for the fields. They are called analytic materials, as the moduli involve analytic functions. The partial di↵erential equations solved by the fields are reduced to a set of
ordinary di↵erential equations. We present explicit examples of analytic materials for elastodynamics and for electromagnetism. This greatly expands the array of examples of exactly solvable
materials that one can obtain using other techniques, such as the transformation optics technique
introduced by Dolin in 1961.

The theory of inhomogeneous analytic materials is developed. These are materials where the
coefficients entering the equations involve analytic functions. Three types of analytic materials
are identified. The first two types involve an integer p. If p takes its maximum value then we
have a complete analytic material. Otherwise it is incomplete analytic material of rank p. For
two-dimensional materials further progress can be made in the identification of analytic materials
by using the well-known fact that a 90 degrees rotation applied to a divergence free field in a
simply connected domain yields a curl-free field, and this can then be expressed as the gradient of
a potential. Other exact results for the fields in inhomogeneous media are reviewed.
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Abstract-A cylindrical underwater acoustic cloak is designed from pentamode material that mimics
meta-fluid with anisotropic modulus. The machined cloak is tested in a designed 2D waveguide
through transient cylinder wave experiments. Experiment results verify excellent cloaking
performance over a broadband frequency range 9-15 kHz, and therefore confirm superior wave
manipulating capability of pentamode metamaterial particularly for underwater acoustics.
Inertial acoustic cloak requires anisotropic density to deflect wave trajectory to achieve invisibility, however
conventional metamaterial technique, such as perforated plate or alternating fluid layer, cannot offer sufficient
anisotropy in dense fluid like water and also suffers from the infinite mass catastrophe1. To circumvent these
difficulties, an alternative approach using pentamode material is adopted1, 2 in this research to design cloak for
underwater acoustics. Pentamode material, specially designed microstructure solid, can mimic anisotropic
modulus meta-fluid, and has much stronger anisotropy than available in density through any conventional
metamaterial technique. Numerical investigations3 have shown its broadband performance for acoustic
manipulation, while experiment has never been reported. Here, we experimentally demonstrate superior wave
steering ability of pentamode material by designing a broadband underwater acoustic cloak4.

Figure 1. (a) Experiment setup demonstration; (b) Experiment test platform; (c) (d) (e) Snapshot of measured
acoustic pressure field in forward region for cloaked, reference and uncloaked cases, respectively.

A new geometry is first proposed as pentamode unit cell with larger effective parameters space. A
cylindrical cloak, aim at underwater acoustic wave, is designed from proposed unit cell using transformation
approach as well as optimization algorithm. Geometry of pentamode cell in the cloak has been calibrated to
acquire effective material parameter required by transformation approach. The cloak is finally machined from an
aluminum block using advanced electric discharging machining technology with high accuracy.
Due to small size of the fabricated cloak in height direction, a 2D underwater waveguide is also proposed to
test the cloak. Transient cylindrical wave emitted from a piezoelectric transducer is used to verify broadband
performance of fabricated cloak. Scanned acoustic pressure field indicates obvious difference between uncloak
and cloaked air scatter in both forward and backward regions. Strong scattering effect, due to severe impedance
mismatch between air and background water, has been substantially eliminated when the scatter is covered with
cloak, and the rectified pressure field approaches that of reference case with empty waveguide. Target Strength
Reduction (TSR) has been calculated from measured signal at specific backward location, and also shows
excellent cloaking performance of designed cloak over remarkable frequency range, with an averaged reduction
6.3dB in TSR over 9-15 kHz.
The experiment proves expected excellent and broadband wave steering capability of pentamode material
with cloak application for the first time. It should be noted, although measurements here only indicate excellent
performance of designed cloak over the given range owing to transducer frequency limitation, the designed cloak
can in principle work from zero frequency, since only quasi-static material properties are employed, in contrast
to inertial cloaks based on local resonance mechanism. Solid and broadband advantages together with achievable
strong anisotropy make pentamode material a perfect candidate for controlling acoustic wave propagation, and
may bring forth new applications, such as wave bender, metasurface, particular for underwater acoustics.
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Abstract— Building architectures able to demonstrate asymmetric transmission became a real
challenge in the last decades. Here, we propose two devices with capabilities of breaking acoustic
reciprocity. The first device uses nonlinear conversion in granular matter meanwhile the second
allows to avoid frequency conversion during the propagation process. Helping by the experimental
results, the advantages and drawbacks of each architecture are compared. The possibility to break
the reciprocity introduces new capabilities for information processing and for improving acoustic
imaging.

For breaking the reciprocity of a wave system, i.e. allowing the transmission through the device
in one direction of propagation but not in the other [1, 2], the most common solution consists
to use frequency conversion process combined with a frequency filtering process [3]. An other
common solution consists to introduce a energy bias like gravity or circulating air flow [4]. The
main drawback of these existent solutions is their narrow frequency band working regime where
these asymmetric proprieties are obtained. Moreover, using conversion process or external energy
supply is not promising for long term and energy efficiency applications in information processing.
Here, we report on the design and experiments on two di↵erent architectures of asymmetric acoustic
devices with and without frequency conversion process to going beyond the previous limits.
The first architecture is based on the nonlinear self-demodulation process in a one-dimensional
structure made of a nonlinear granular medium and a phononic multilayer solid as shown on Fig. 1.

Figure 1: (a) Schematics of the proposed acoustic rectifier in ”+” direction. (b) Picture of the experimental
system. (c) Schematics in ”-” direction.

Implementing upstream and downstream ultrasonic delay lines, we characterized first the two
parts of this rectifier. The conversion part is assumed by 3D unconsolidated granular medium
which consists of a layer with a thickness of 3.0 cm of steel powder (Fe3Cr1Mo0.5Mn0.2V) with

an average grain diameter of d = 300 µm. Alternating nine layers of Lucite with ten layers of
aluminum, we built the phononic crystal (i.e. the selection part) where thicknesses are dp = 10 mm
and da = 20 mm, respectively, along with diameters of 30 mm. After characterized the two parts of
this rectifier, we analyze the broadband character of this asymmetric e↵ect, which could allow for
information processing in the future. With the help of the delaylines, we also measure quantitatively
the incident, reflected and transmitted wave packets, and demonstrate a ratio larger than 106 in
transmitted acoustic wave energies for the two opposite directions of operation. The drawbacks of
this device are a modification of the transmitted signal spectrum and a weak transmitted amplitude
compared to the incident one.
In the second part of the presentation, we present a solution to avoid the frequency conversion
process involved in the most part of asymmetric device as the first proposed using the granular
matter. Interestingly, this architecture mimics the intrinsic behavior of the most known asymmetric
device: the electrical diode. After detailing all processes and mechanisms involved in this asymmetric device, we demonstrate experimentally a very high efficiency with an energy transmission ratio
of ⇡ 106 between the two direction of propagation, as well as tunability and broadband characteristics. The most interesting aspect is that the transmitted signal does not show signs of distortion
without external energy supply. Moreover, the transmitted amplitude in the allowed propagation
direction is close to 1. Due to simple design and the mechanisms involved, the proposed device is
also able to become a key element to realize an acoustical switch.
In conclusion, we propose two new architectures for asymmetric propagation of acoustic waves
to overcome the limits of the recent proposed architectures. Combining a granular layer with a
phononic crystal, we demonstrate with the first architecture, the possibility to rectifying the energy
for the wide band signal with a high contrast ratio ⇡ 106 . Secondly, we propose an another
architecture to avoid the conversion process trough the propagation without energy supply. The
second device is able to transmit almost all the energy in the allowed propagation direction without
distortion e↵ect. These experimental results on two proposed devices for asymmetric transmission
extend the previously demonstrated e↵ects (transmission ratio, frequency bandwidth, transmitted
amplitude). The designs and tests of these architectures contribute to the field of acoustic diodes,
which could open avenues for novel acoustic devices aiming at controlling waves.
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Abstract – Guiding mechanical energy in a reliable way between two points in space is an
important ingredient for many technological applications such as energy harvesting or in
mechanical computing. In particular, wave guides that are free from backscattering and can
hence be bent without any losses would be a most welcome addition to the metamaterials
toolbox. Here, we present a new design principle for wave-guides with exactly these properties.
Owing to the intricate structure of the Bloch-wave structure of the bulk mechanical vibrations,
surface modes with highly specialized properties are arising. We discuss a general formalism for
the theoretical description of such “topological surface modes” and provide experimental
implementations of two corner stones for topological wave guiding [1]. First, we introduce a
mechanical analog of the quantum spin Hall effect, where a two-dimensional material nucleates
one-dimensional surface states that can transport energy in a unidirectional fashion [2]. Second,
we provide the first experimental observation of a quadruple (or higher order) topological
insulator, where a n–dimensional systems stabilizes stable (n-2)–dimensional corner modes. This
corner modes pave the way to concrete materials where stable one–dimensional waveguides are
built in a three–dimensional sample.
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Abstract— We analyze the Purcell e↵ect in a waveguide with a side-coupled microcavity and
demonstrate that it can be considered as an interference phenomenon. Also we describe a growth
of photoluminescence intensity at the low-frequency edge of the band-gap in a photonic crystal composed of alternating amorphous hydrogenated silicon with carbon and silica layers and
attribute this with the Purcell e↵ect. We suggest that Green’s function calculated by the transfermatrix method allows describing the Purcell e↵ects in low-dimensional photonic structures.

In many applications of photonics the light is radiated from an energy source that can be either
an excited quantum system or a resonator that accumulates energy in the form of standing waves.
The engineering of dielectric environment allows to modify the emission rate due to the Purcell
e↵ect without changing the properties of the emitter itself. Here we study the Purcell e↵ect for
several photonic systems described by quantum and classical approaches. Since Edward Purcell
published his landmark note [1] on the modification of quantum transition rates due to a cavity, this
e↵ect was considered in the framework of the quantum electrodynamics. Recently, it was reported
that the Purcell e↵ect in antennas with current loops can be described classically [2, 3]. Here we
suggest a classical counterpart of the Purcell e↵ect for pure photonic modes in a microcavity [4].
We describve the Purcell e↵ect in a waveguide with a pair of partially reflecting defects forming
an e↵ective environment for a side-coupled resonator. This system was considered earlier as a
system with a sharp Fano resonance [5], and it is described phenomenologically by means of the
transfer-matrix method. We find the expression the Purcell factor in the form
f=

= (1
0

r2 )

1 + r2 r[cos(2 1 ) + cos(2 2 )]
.
(1 + r2 )2 4r2 cos2

(1)

Here and 0 are the resonator damping rate with and without environment respectively, r is
reflection coefficient of the defects, 1,2 = kd1,2 , = 1 + 2 , k is wavenumber, d1,2 is the distance
between left or right defect and the resonator.
We implement the system in a photonic crystal composed of a square array of silicon rods with
radius r = 0.2a (a is the lattice constant) and refractive n = 3.4 (silicon in near infrared range).
A waveguide is formed by removing a row of dielectric rods, and a resonant cavity is created by
reducing the radius of a single rod to 0.1a. The cavity is placed at the distance 3a away from
the waveguide. Such a cavity supports a localized monopole-like defect mode with the resonant
frequency !0 = 0.32821 · (2⇡c/a) and the half-width at half minimum 0 = 0.00026 · (2⇡c/a).
Cylinders of radius 0.1a introduce the pair of defects in the waveguide. The transmission spectra
in this structure are calculated by employing the frequency-domain Wannier functions approach
[6] that enables us accurate modeling of high-Q resonances. The calculated data appear to be in
excellent agreement with the results of transfer matrix based theory. The adjustment of the distance
between defects changes the damping rate over 25 times (the Purcell factor is in the interval from
0.18 to 5)
To analyze this result we calculate Purcell factor for a two-level quantum particle instead of
the resonator using conventional quantum electrodynamic approach explaining the Purcell e↵ect
by modification of local density of photonic states (DOS), which can be evaluated through the
imaginary part of Green’s function for electric field. Quasi-one-dimensional structures considered
in the present study allow the calculating of the Green’s function by means of transfer matrix
method. It appears that the Purcell factor found from the Green’s function is exactly the same as
one defined by Eq. (1).

For experimental confirmation of results obtained by the Green’s function for quasi-one-dimensional
structures calculated by transfer matrix method we examine photoluminescence from a photonic
crystal. The density of photonic states is known to increase at the edges of photonic gaps. However the local DOS has a strong dependence on the emitter position relative the photonic crystal
environment. For the regions occupied with a higher refractive index material the local DOS has
a maximum at the low-frequency edge, while for a lower refractive index layers the local DOS has
the maximum at the high-frequency edge. To measure experimental data allowing unambiguous
interpretation we should take into account a number of circumstances. Emission centers have to
be localized either in high-index layers or low-index ones. The width of photoluminescence contour
has to be comparable with the photonic band gap, since we need to compare the luminescence
intensity at the di↵erent edges at the same measurements.
We
fabricate
one-dimensional
photonic
crystal
being
an
alternating
a-Si0.5 :C0.5 :H and a-SiO2 layers. A gradient in layer thickness is introduced for adjusting the
photonic band gap with photoluminescence band. The addition of carbon to amorphous hydrogenated silicon allows a broadening of photoluminescence band (to be compatible with the photonic
band gap) and an increasing quantum yield at room temperature. We excite the sample with a 405
nm continuous-wave semiconductor laser (the corresponding phonon energy exceeds the electronic
energy gap width of a-Si0.5 :C0.5 :H). In addition, this wavelength falls outside the excitation spectrum of the photoluminescence associated with oxygen vacancies in a-SiO2 films. As a result we
obtain the increasing of the luminescence intensity at the low-frequency edge in a good agreement
with spectra evaluated theoretically, which are obtained by means of the quasi-one-dimensional
Green’s function calculated using the transfer matrix method.
In summary, we have studied the Purcell e↵ect in silicon-based photonic structures. The classical counterpart of the Purcell e↵ect for pure photonic modes enables us to discuss Purcell e↵ect
in a more intuitive terms of interference. In quasi-one-dimension systems Purcell e↵ect can be
evaluated by Green’s function calculated by transfer matrix method. This Green’s function allows
the description of experimentally measured photoluminescence of the layered photonic crystals.
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Abstract-We demonstrate an ultra-high efficiency and fast graphene microheater on silicon
photonic crystal waveguide. By taking advantage of slow-light effect, a tuning efficiency of
1.07 nm/mW and power consumption per free spectral range of 3.99 mW. A fast rise and decay
times (10% to 90%) of only 750 ns and 525 ns are achieved. The corresponding figure of merit of
the device is 2.543 nW·s, one order of magnitude better than results reported in previous studies.
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Micro-heater on silicon waveguide is one of the most important building blocks in silicon photonics. Silicon
photonic integrated circuits based reconfigurable switches are relying on micro-heaters [1], which requires low
power consumption and fast tuning. Traditional metallic microheater design requires a thick silicon dioxide layer
introduced between the silicon waveguide and the metallic heater to avoid the light-absorption loss, inevitably
impeding heat transport and dissipation owing to the low thermal conductivity of SiO2. The unique properties of
graphene, e.g. low optical absorption loss, high thermal conductivity (~5300 W·m-1·K-1) make graphene rather
attractive as a heating material. Graphene heater can be in close contact to the silicon waveguide which significantly improves the tuning efficiency. However, the current performances of devices using graphene heaters
are limited either by their relatively high power consumptions [2] or by their microsecond response times [3].
Here we report a new concept of enhancing the heater efficiency by the use of slow light in a silicon
photonic crystal waveguide with a monolayer of graphene working as a heater. We demonstrate an
energy-efficient graphene microheater with a tuning efficiency of 1.07 nm/mW and power consumption per free
spectral range (FSR) of 3.99 mW, with the rise and decay times (10% to 90%) of only 750 ns and 525 ns.
A schematic of the slow-light-enhanced graphene microheater is shown in Fig. 1(a). A graphene monolayer
is deposited onto the core-region of the silicon PhCW. The graphene is contacted by two gold/titanium (Au/Ti)
pads. Ohmic heating is generated in the graphene via an applied voltage bias between two Au/Ti pads. The width
of the graphene overlapping the photonic crystal line defect is designed to be narrower than the other part of the
graphene to locally increase the Ohmic dissipation, which results in a more effective heating.
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Fig. 1. (a) Schematic of the slow-light-enhanced graphene heater. (b) Band structure of the photonic crystal waveguide. The even guiding
mode (red curve) consists of a semi-slow-light region (green dashed line). (c) The temperature response for different heating power.
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The tuning efficiency is significantly enhanced owing to the semi-slow light effect that is obtained in the
PhCW, which increases the effective interaction length between the heater and the waveguides [5]. By
optimizing the positions of the first and second rows of holes adjacent to the line-defect, the band structure with
semi-slow light effect is obtained (see Fig. 1(b)). Fig. 1(c) indicates the theoretical response time of the proposed
microheater, 420 ns response time is achieved, which is faster than most previous reported microheaters.
The slow-light-enhanced graphene heater was fabricated by CMOS fabrication process and the graphene wet
transfer process. The false-color SEM image is shown in Fig. 2(a). In order to test the efficiency, the device is
incorporated in a Mach–Zehnder interferometer. By applying external voltage on the device, both the static (see
Fig. 2(b)) and the dynamic response (see Fig. 2(c) and 2(d)) of the device are measured. The interference dips
shift at 1533.71 nm and 1525.12 nm as functions of the tuning power is represented, and tuning efficiencies of
1.07 nm/mW and 0.65 nm/mW are achieved, respectively. A fast rising and decaying times (between 10% and
90%) are measured to be 750 ns and 525 ns, respectively, as indicated in Fig. 2(d). The corresponding figure of
merit of the device [6], i.e. the product of the power consumption per FSR and the average response time, is
2.543 nW·s, which is one order of magnitude better than previous reported results [6].
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Fig. 2. (a) False-color SEM image of the slow-light-enhanced graphene heater. (b) Measured resonance shifts for the interference dips at
1525.12 nm (blue) and 1533.71 nm (red) as functions of the applied heating power. (c) Driving electrical signal and (d) corresponding
temporal response signal.

In summary, we demonstrate an ultra-high efficiency and fast graphene microheater on semi-slow light
silicon photonic crystal waveguide. We achieved ultra-high tuning efficiency of 1.07 nm/mW and power consumption per FSR of 3.99 mW. A fast response times (10% to 90%) of only 750 ns and 525 ns is demonstrated.
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Abstract-We present the structures and performances of silicon-photonics-based optical phased-arrays
(OPAs) to achieve wide beam-forming angles for LiDAR applications. Beam-forming and steering are
experimentally demonstrated with 1x16 OPAs in which power splitters, phase shifters, and radiators are
integrated on a silicon photonics platform. For wide transversal steering over 45°, two radiator types are
examined; the grating- and photonic crystal-based structures. We will compare the detailed
performances and tradeoffs for such structures.

The optical phased-array (OPA) has received considerable attention as a compact laser beam
scanning/steering device for real-time 3D scene acquisition in the LiDAR (light detection and raging) systems.
To attain a wide field of view while maintaining a single-beam characteristic and a high power throughput to the
free space, the radiator element in the OPA needs to be carefully designed. In this paper, we present our ongoing
works on the integrated OPAs based on the silicon photonics platform with a special emphasis on the radiator
structures that can address such issues. Fig. 1(a) shows an example of a 1x16 OPA with 16 tunable phase shifters
and 16 grating-based radiators operating near 1550 nm wavelengths.
For wide transversal beam steering in the azimuthal direction, two types of radiator structures were
examined, namely a grating radiator structure (Fig. 1(a)) based on the Bragg diffraction and a nano-hole array
radiator (Fig. 1(b)) based on the one-dimensional photonic crystal. For longitudinal steering, thermally tunable
grating radiators were employed (Fig. 1(c)). The performances of these radiators were compared through 1x16
OPAs in which multi-mode interferometer-based splitters and electro-optic p-i-n phase shifters were integrated
with the radiators on the silicon-on-insulator wafer. The radiator pitch was varied in a range of 1.5 µm ~ 2.0 µm.
Both the grating and hole-based radiators showed wide beam-steering ranges above 45° in the transverse
direction. Especially, the nano-hole radiators showed a possibility of even wider beam-forming angles with a
narrower pitch due to less interference between the neighboring radiators. The thermo-optic tunable grating
radiator showed a vertical steering of up to 7° with a current injection of 6 mA into the radiator region. For the
examined OPA structures, the overall performances and tradeoffs on the radiation efficiency, beam shapes,
power consumption, and phase control speed as well as the steering range will be compared.
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Figure 1. (a) Optical microscope photographs of a 1x16 optical phased array with grating radiators.
Scanning electron micrographs of (b) a nano-holed radiator and (c) tunable grating radiators.
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Orbital angular momentum (OAM) multiplexing is a promising technology to expand
the transmission capacity of either free space optical communication or fiber
communication. Previously, we have demonstrated a compact silicon photonic OAM
emitter capable of generating single but arbitrary OAM states. The operation principle
of the device is based on the coupling of whispering gallery modes (WGMs) in a
micro-ring resonator to OAM modes through an angular grating embedded within the
micro-resonator. This device is capable of generating any OAM states by simply
changing the input wavelength. However, this wavelength dependent approach made
it difficult to achieve OAM multiplexing, which is of vital importance for the
application of OAM-based optical communications.
Here, we demonstrate a 3D integrated OAM multiplexer, which can be used to
combine or multiplexing up to four OAM modes. As shown in Fig. 1, the device
consists of two layers of silicon microring resonator with angular grating embedded in
the innerwall. The 3D structure is fabricated through a wafer bonding process.

Fig 1 The device layout and the measurement results
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Abstract- We report our recent progress on hybrid silicon photonic devices based on the phase
change of GST. The Si-GST hybrid waveguide loss is extracted from the measurement of straight
waveguides and ring resonators. A MZI switch enabled by the electrically-driven GST is realized.
Experimental results reveal that the GST can undergo repeatable phase change induced by electrical
pulses, giving rise to a switching extinction ratio variation of 5 dB.
To make a large-scale photonic integrated circuit, the individual optical components should be as compact
as possible to reduce the chip footprint and power consumption. Silicon-on-insulator based photonic devices are
extremely attractive due to its compactness and compatibility with microelectronic circuits using the
well-developed CMOS technology [1, 2]. The active tuning in silicon is usually realized by the thermo-optic or
free-carrier plasma dispersion effects. However, the thermal effect is slow in the order of microsecond [2]. The
free-carrier effect, on the other hand, is fast but relatively weak with a refractive index change only in the order
of 0.001[1]. Resonant structures, such as ring resonators, disk resonators, Bragg gratings and photonic crystals,
can be employed to reduce the device size [3, 4]. However, this is achieved with the sacrifice of the optical
bandwidth. The resonant devices are quite sensitive to temperature change, leading to potential stability issue [5].
One solution to overcome the fundamental limitation in today’s silicon photonic devices is to use the exotic
materials with a much larger refractive index modulation. The phase-change material (PCM) is one of the
materials that can serve for this purpose. There exist at least two phases with significantly different optical
properties, which can be repeatedly and rapidly cycled. The Ge2Sb2Te5 (GST) is a widely-used PCM in which
the phase change can be thermally, optically or electrically induced potentially with an ultrahigh speed. The GST
possesses the “self-holding” feature, and consequently there is no static power consumption to maintain the
states.
We first investigated the phase change of a GST thin film by using thermal stimulus. Crystalline GST turns to
amorphous when it is heated beyond the melting point and quenched rapidly. On the contrary, amorphous GST
turns to crystalline when it is heated to above the crystallization temperature (but below the melting temperature).
The change in the real part of the refractive index leads to phase shift, while the change in the imaginary part
leads to attenuation. We measured straight waveguides and micro-ring resonators to extract the relevant
parameters of the GST. The silicon waveguide dimension is 500 nm (width) by 220 nm (height). The GST film
thickness is 10 nm, covering a part of the silicon waveguide. By comparing the transmission spectra before and
after GST phase change, we obtained the loss and phase change of the GST-covered waveguide section. The
GST phase change from the amorphous state to the crystalline change was enabled by heating the devices at 200
°C for 3 min on a hot-plate. For the straight waveguides, we extracted the change in attenuation from the
measured waveguide loss. It revealed that the waveguide loss increases by around 1.4 dB after phase change

from the amorphous to the crystalline state for every micron length of active waveguide. For the micro-ring
resonator, we fitted the measured resonance spectrum with the resonator transfer function. Upon fitting, we
obtained the waveguide losses of 1.38 dB/µm and 0.1 dB/µm for the crystalline and amorphous states,
respectively. The phase change induced resonance wavelength shift per unit length of GST was measured to be
0.375 nm/um.
We next implemented a Mach-Zehnder interferometer (MZI) optical switch based on the phase change of
electrically-driven GST as shown in Fig. 1. One arm waveguide of the MZI is partially covered with a stack of
ITO/GST/ITO film. As the GST has a self-holding characteristic, the two switching states can be maintained
without any electrical supply. Electrical power is only consumed during the dynamic phase change process,
leading to much lower power consumption if the switching frequency is low. We performed the phase change
experiment using electrical pulses as stimuli. Preliminary experimental results reveal that the GST can undergo
repeatable phase change induced by electrical pulses. The phase change has a significant effect on the optical
performance of the MZI switch. The extinction ratio varies by 5 dB. The proof-of-principle experiment proves
the possibility of hybrid integration of GST with silicon waveguides for potential ultra-compact photonic
integration.

Fig. 1. (a) Schematic structure of the optical switch using GST. (b) Simulated electric-field intensity profiles of the active
waveguide when the GST is at the amorphous and the crystalline states. (c) I-V curve measurement before and after GST
phase change. (d) Measured transmission spectra of the MZI in two cycles of GST phase change.
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Abstract- We propose a new scheme for forward mode order conversion in a multimode
waveguide based on cascaded two dimensional Bragg gratings. Usually, the waveguide grating
structure, i.e. long period grating or Bragg grating with small period, is an important way to realize
mode order conversion for its advantages such as bandpass conversion and easy to control
wavelength. But for the long period structure, the device length is very long due to the long period
in nature and the conversion spectrum is hard to realize flat-top shape. While for the Bragg grating
structure, only backward conversion can be realized up to now. In order to overcome these issues,
we employ two Bragg reflections along with twice mode conversions to achieve a flat-top bandpass
and forward convertor. Thinks to the Bragg grating structure, the device size is much more compact
than that based on long period grating. And the wavelength and bandwidth can be easily adjusted
by grating parameters. The simulation results show high mode conversion efficiency (nearly 100%)
and low inter-modal crosstalk (<-20dB). In addition, the improved convertors can be obtained by
carefully designing grating profiles, such as apodizaion structure for rectangle shape conversion
spectrum. Therefore, we believe the proposed scheme may provide a new method for
high-performance mode order converter in on-chip mode-division multiplexing.
Figure 1(a) shows the schematic of the proposed converter from mode TE1 to TE2 as an example. It includes
two BGs, i.e., G02 (front section) and G01 (rear section). Here, G01 and G02 are used for reflection-type mode
conversion between TE0 and TE1, and between TE0 and TE2, respectively. The waveguide is designed to support
the first-three-order transverse electric (TE) modes, which is sandwiched by an upper silicon-dioxide cladding
and a buried oxide (BOX) layer. The whole mode conversion process is described in the following. When the
mode TE1 with a specific wavelength is launched and propagates in the waveguide, it first passes through G02
without any reflection until gets to G01. Then, TE1 is reflected along with mode conversion to TE0. The
resulting mode TE0 backward propagates and gets to G02. Then, the following mode conversion from TE0 to TE2
occurs in G02 and subsequently the mode TE2 pass through the G01. Thus the forward mode conversion from TE1
to TE2 is achieved. Figure 1(b) shows the corresponding phase match condition. This condition for two arbitrary
order mode conversion from mode i to mode j can be expressed as,
(1)
β j = βi + K mj − Kim .
where, βi =2πni/λ, βj =2πnj/λ, βm =2πnm/λ, and Kim=2π/Λim, Kmj=2π/Λmj. ni, nj and nm are the effective refractive
indices of ith, jth and mth order mode, respectively. Λim and Λmj are the grating periods for mode conversion between
the ith and mth order modes, the mth and jth order modes

Fig. 1. Schematic of (a) the proposed device structure for conversion from mode TE1 to TE2. The detailed figure shows the
cross section of the waveguide.

Fig. 2.

(b) The corresponding phase matching condition.

Transmission spectra for the forward conversions (a) from mode TE0 to TE1, (b) from mode TE1 to TE2, and (c)

from mode TE2 to TE0, respectively. The inserted figures show the detailed spectra around the Bragg wavelength.

Arbitrary two gratings from G01, G02 and G12 are used to achieve one of the three kinds of forward mode
conversions. As shown in Fig. 2(a), the mode conversion is wavelength-dependent due to the phase match
condition. The designed Bragg wavelengths are both 1550 nm and the bandwidth is ~ 3.7 nm. Within the
bandwidth, the mode TE0 is converted to mode TE1 with a high conversion efficiency (nearly 100%) and the
inter-modal crosstalk is very low (<-20dB). By combining the G02 and the G01, we can also obtain the mode
conversion from mode TE1 to TE2. Simulation results show that the bandwidth is also about 3.7 nm. High
conversion efficiency and low inter-modal crosstalk are obtained as shown in Fig. 2(b). Figure 2(c) shows the
conversion spectra from mode TE2 to mode TE0 with the similar performances. Here, G01 and G12 are used.
Acknowledgements, National Natural Science Foundation of China (61306068), Jiangsu Province Natural
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Metasurfaces and 2D Metamaterials in microwave region
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Abstract-The microwave beam whose polarization is radially polarized is called vector beam.
Because of its unique properties and potential applications, there has been a rapid increase of the
number of publications on vector beams. Different approaches have been proposed to generate
vector beams through these studies. Here, for the first time, we use one field transformation(FT)[1]
approach to design a metasurface which can generate vector beams. Such vector beam generation
metasurface can be easily realized with 3D printer.
Vector beam has great potentialities in various scientific and engineering realms, and it has been extensively
explored in helicon inspection and microwave devices. Recently, many types of vector beams have been
proposed, such as cylindrical vector beam[2], double-ring-shaped vector beams[3], tractor beams[4] etc.
However, most of these vector beam generation methods have limitations that the generation devices are not
easy to fabricate. Our previous studies have shown a remarkable degree of fundamental and conceptual advances
by applying the FT technique in the design of wave-plates utilizing artificial anisotropic dielectrics[5]. Thus, we
utilize the FT theory into designing metasurfaces which can generate vector beam. As Fig 1 shown, the
permittivity of the red material is 10, its height d1 is 1mm and the permittivity of the blue material is 1, its height
d2 is 1.5mm. We arranged the two materials intersecting along one direction periodically, and gradually rotate 8
different angles, which are -78.75 ,-56.25 ,-33.75 ,-11.25 ,11.25 ,33.75 ,56.25 ,78.75 , respectively.
Then we can get 8 different portions that can produce different outgoing polarization directions. The whole
metasurface is shown in Fig. 2, whose thickness is 12.5mm, and simulation result at 11.5GHz is shown in Fig 3.
We can see that as the whole effect of the combination of the 8 portions, one radially polarized outgoing beam is
generated. Besides such metasurface can be easily fabricated through 3D printer. The effective permittivity of
each metasurface portion can be achieved based on effective media theory.

Fig 1. Schematic diagram

Fig 2. The metasurface to generate vector beam

Fig 3. Simulated result
Conclusion

In this paper we propose a new method that utilizing combined metasurfaces through FT theory to generate
vector beam, and the metasurface can be easily fabricated by 3D printer.
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Abstract— Omega-bianisotropic metasurfaces (O-BMSs) have been shown to be able to implement any locally power-conserving field transformation via passive lossless meta-atoms. In
previous work, we have utilized this theorem to design O-BMSs realizing reflectionless refraction
and beam splitting, and perfect reflection. In this talk, we propose a novel O-BMS waveguide,
whose eigenmodes are quadruples of surface waves, allowing manipulation of near-field features.

Metasurfaces, ultrathin planar arrangements of subwavelength polarizable particles (meta-atoms),
have been intensively investigated in recent years for a myriad of beam manipulation applications [1]. Examining the fundamnetal problem of engineered refraction, early reports have pointed
out that to reduce undesirable reflections, it is required, as per the equivalence principle, to use Huygens’ metasurfaces (HMSs), allowing induction of both electric and magnetic surface currents [2–4].
Nonetheless, subsequent investigations revealed that to guarantee realistic (passive and lossless)
design specifications, the field transformation supported by the HMS should satisfy the local power
conservation and local impedance equalization conditions [5]. The latter implies that certain reflections are required to compensate the impedance mismatch between the fields on the HMS facets [4].
More recently, we have shown that this restriction can be alleviated by breaking the HMS
meta-atom symmetry, introducing omega-type magnetoelectric coupling [6]. The resultant omegabianisotropic metasurfaces (O-BMSs) are characterized by their electric surface impedance, magnetic surface admittance, and magnetoelectric coupling coefficient, indicating that applied electric
fields excite both electric and magnetic surface currents, and analogously for magnetic fields [1].
Harnessing this additional (magnetoelectric) degree of freedom, we have proven that any (given)
field transformation {Ex< (y, z) , Hy< (y, z)} $ {Ex> (y, z) , Hy> (y, z)} which locally conserves the real
power, i.e., for which <{Ex< (y, z) Hy<⇤ (y, z)}z!0 = <{Ex> (y, z) Hy>⇤ (y, z)}z!0+ , 8y 2 R, can be
implemented via a passive lossless O-BMS situated at z = 0, whose constituents are given in [6].
While the theorem can be straightforwardly invoked to design reflectionless refracting O-BMS [6]
(independently derived in [7]), achieving accurate designs becomes less trivial when reflectionless
beam splitting or ”perfect” engineered reflection are considered [7,8]. In these cases, the interference
between the incident and (desirable) scattered modes yields non-trivial power profiles on the OBMS facets, generally difficult to match. In [9] we have proposed an unconventional approach to
tackle this problem, requiring auxiliary surface waves (SWs) to be induced by the O-BMS. While
the SWs do not a↵ect the functionality in the far field, they can be used to manipulate the flow of
real power via interference with the incident and scattered modes. Indeed, by judicious stipulation
of the SW properties, we were able to achieve the required local power conservation, leading to
accurate optimal analytical designs of passive lossless O-BMSs for these two functionalities [9].
Specifically, to implement engineered plane-wave reflection, we have utilized two SWs propagating on the top facet, the interference between which requires power to be drawn from the lower
half-space in the first half of the interference period, and pushes it back downwards at the other
half-period; this power profile exactly matches the one exhibited by the interfering incident and
anomalously reflected plane waves on the bottom facet [9]. This solution highlighted the possibility
to sustain power circulation across the O-BMS facets, supported by interfering SWs.
Inspired by this result, we propose herein a novel penetrable O-BMS SW waveguide (SWG),
designed to guide a pair of SWs on each of its facets [four SWs overall, Fig. 1(a)]. The SWs below
and above the metasurface can have, in general, di↵erent amplitudes, propagation constants, and
decay coefficients, and they exchange power via the O-BMS while propagating along it. Interestingly, the eigenmodes of this SWG are quadruples of SWs, the properties of which are tailored by
the O-BMS design. To synthesize it, we stipulate the fields above and below the O-BMS to follow
Ex> (y, z) = E1+ e
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Figure 1: (a) O-BMS SWG configuration. (b) Simulated and (c) analytical field distribution |<{Ex (y, z)}|
of the SWG designed in the text (zoomed in around y 2 [ 3 , 3 ]).
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where the phase shifts ⇠ ± are defined as E1± E2±⇤ , E1± E2± ej⇠ . Finally, the SW quadruple of (1),
with parameters adhering (2), is substituted into the formulas in [6] to evaluate the O-BMS design.
To verify this new waveguiding concept, we have followed the outlined procedure and designed
an O-BMS SWG that simultaneously guides SWs with long (↵1+ = ↵2 = 16.78[ 1 ]) and short
(↵2+ = ↵1 = 4.00[ 1 ]) evanescent tails, with di↵erent balance on each facet (E1+ /E2+ = 46.3,
E2 /E1 = 0.463). A 25 -long O-BMS SWG was defined in ANSYS HFSS, using abstract three-layer
impedance sheet structures to implement the O-BMS meta-atoms (cf. [6, 9]), excited by an electric
line source at y = 12.5 . Comparison between full-wave simulated [Fig. 1(b)] and analyticallypredicted [Fig. 1(c)] field distributions reveals good agreement, validating our theoretical concept.
Although extensive research has been conducted on metasurface-based SWGs in the past decade,
it was restricted to impenetrable structures, and focused on controlling the trajectories of the SWs,
or their coupling to leaky-wave radiation [10]. In contrast, the ability to support propagation
of ”surface wave packets” on the penetrable O-BMS holds great potential for generating exotic
near-field features by controlling the interference between the guided evanescent waves.
±
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Abstract-We report on the optical properties of metal-less diamond-based planar metamaterials in
terahertz (THz) frequency range. A conductive 200 nm-thick graphitized layer was formed on a
surface of CVD polycrystalline diamond by excimer KrF-laser. Optical properties of a diamond
plate with a graphitized layer were measured and simulated according to the Drude model. A
polarizer with a graphitized subwavelength grating as a prototype of metamaterial device was tested
in THz range and had shown different loss for orthogonal polarizations.
Recently, significant progress has been achieved in technologies of generation and detection of terahertz
(THz) radiation. As the result a new class of high power sources has been appeared – free electron lasers [1].
These high power coherent sources need new elements with high damage threshold to manipulate radiation.
Composite materials, consisted of conductive areas on the surface of dielectric, called metamaterials, are the best
candidate for this purpose. Among the methods of fabrication of planar metamaterials may be pointed out
following: lithography [2], laser printing [3] and laser-induced forward transfer [4]. However all known for
today methods propose to cover conductive layer (metal film) on the dielectric substrate, that induce number of
limitations on produced composites (adhesion, damage threshold) and on fabrication techniques in turn. In this
work another solution for the formation of conductive planar structures on the dielectric substrate is proposed. It
is based on laser-induced graphitization of the diamond surface. In this case fabricated metamaterials will be
completely carbon, and conductive graphitized structures will be strong bonded with diamond substrate, that will
provide high adhesion and thermal contact –so valuable for the use in high power beam. And the diamond plate
will serve as cooler and withdraw heat from working metasurface. The aim of this work was to fabricate
graphitized structures on the transparent CVD diamond substrates by means of excimer KrF-laser and to
investigate their optical properties in THz frequency range.
In the first step the surface area with size of 4200x4000 µm2 was irradiated with excimer laser at the fluence
of 35 J/cm2, which was significant larger than the threshold of graphitization of polycrystalline diamond. As the
result a graphitized layer with thickness of 200 nm was formed on diamond. Transmittance spectra of the pure
diamond with thickness of 574µm and formed graphitized layer on a diamond surface were analyzed in the range
of 10-1000 cm-1 by Fourier spectrometer BRUKER IFS113v. Modeling of transmittance spectra was carried out
according to the formulas for transmission coefficient T as a function of conductivity σ for single – or bilayer
medium and plane electromagnetic waves [5]. The dielectric properties of the graphitic layer were simulated
according to the Drude model. Fitting the values of scattering rate γ and plasma frequency νp has provided to
minimize the deviation of the calculated transmittance spectrum from the experimental values for a graphitized
layer on the diamond substrate. The best result was achieved for following values: γ=5000 cm-1 and νp=16340
cm-1. Obtained value of the optical conductivity σDC=890 Ohm-1cm-1 of the graphitized layer in THz frequency

range is in good agreement with the value, measured by the four-probe method.
To demonstrate the possibilities of proposed laser method for the fabrication of metamaterials, the periodic
grid, consisting of graphitized lines of a width of 15 µm, a length of 4400 µm and a period of 30 µm, was made
by the same laser technique on the surface of the diamond. The obtained sample should act as a polarizer for
radiation in the THz frequency range. Transmittance spectra of the structured sample were measured on the
spectrometer "Epsilon" [6] in the range of 31 – 39 cm-1 for parallel (s-) and perpendicular (p-) orientation of
polarization of the radiation relative to the graphitized lines on the diamond surface and are presented in figure 1.
It is seen from the obtained spectra that the grid is transparent for waves with p-polarization, and is reflective for
waves with s-polarization. Thus, the periodic subwavelength grid created by the laser irradiation acts as a
metamaterial polarizer for the THz radiation.

Figure 1. Transmittance of the periodic graphitized grid on the diamond surface for different polarizations
of probe beam in THz range.
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Inductively reconfigurable periodic structures for synchronous
and wideband tuning
Yih-Dar Chen and Chien-Hao Liu
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Abstract— In this research, we propose a planar reconfigurable periodic structure that its
frequency response can be tuned continuously over a wide frequency range. Each element is
composed of three metallic strips pinned as a deformable triangle acting as an equivalent series
LC resonator illuminated by vertically-polarized normal incident electromagnetic waves. By
manipulating the induced surface current path on each element, the resulting variations of the
equivalent inductance can shift the resonant frequency. In addition, a linkage mechanism is
exploited in this research to synchronously alter each element for large area applications. Two
prototypes with the dimension of 15 by 18 unit cells was designed, fabricated, and examined with
field tests. It was demonstrated that the resonant frequency of the fabricated structure was shift
from 5.6 GHz to 7.5 GHz with a wide range of 1.9 GHz (29 % in terms of fractional bandwidth).
The research results are expected to be beneficial for wideband reconfigurable periodic structures
and large-area applications.

1. INTRODUCTION

In recent years, various techniques have been exploited for developing reconfigurable periodic
structures that their frequency responses can be tuned continuously or switched on/o↵ by manipulating each element. Most periodic structures are composed of equivalent LC resonators for
providing band-pass or band-stop responses. Since the resonant frequency is inversely proportional
to the square root of inductance and capacitance, the resonant frequency can be shifted by altering
the equivalent capacitance such as varactors [1] and liquids. However, these methods have some
disadvantages including bulky, complicated manufacturing, and parasite harmonics.
In this research, we propose a planar inductively reconfigurable periodic structure that its frequency response can be tuned continuously by varying the equivalent inductances. Each element
of the proposed periodic structure is composed of three metallic strips pinned as a triangle with a
gap at one edge shown in Fig. 1. The vertically strips are fixed in free space and the two side strips
deformable due to the combinations of the slots and pins. For normal incident electromagnetic
(EM) waves with vertically polarizations, the induced capacitive gaps and the surface currents on
the strips represent the capacitors and inductors of each unit forming a series LC resonator with
a band-stop response. The resonant frequency can be shifted by shrinking (short current pathes)
and enlarging (long current pathes) the triangles shown in Fig. 1(a) and (b). For synchronously
adjusting each unit cell, all the elements are connected via the mechanical linkages for large-area
tuning applications.
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Figure 1: Schematic diagram of the proposed periodic structure under vertically-polarized normal incident
EM waves (a) before and (b) after deformations. (c) The equivalent circuit model.

2. DESIGN

Fig. 1(c) shows the equivalent circuit model of the propose triangular element which is composed
of a capacitive gap and variable inductor due to the induced surface current on the metallic strips
under vertically-polarized EM waves. The resonant frequency was designed at 5.6 GHz before
deformations via full-wave EM simulations and circuit simulation tools. As the triangle shrinks,
the decrease of the induced current path on the metallic strips results in decrease of the inductance
and increase of the resonant frequency shown in Fig. 2(c).
3. FABRICATIONS AND MEASUREMENTS

The proposed triangular periodic structure and the linkage were fabricated via chemical etching
and laser cutting shown in Fig. 2(a). However, the linkage did not function correctly due to
fabrication errors and tolerance which needed a second fabrication. In stead, three triangles with
di↵erent sizes corresponding to the three tuning stages of the aforementioned periodic structure
with the linkage was fabricated via PCB boards shown in Fig. 2(b). They were examined with
the experimental setup reported in [2]. Fig. 2(c) shows the simulated and measured transmission
coefficients before and after deformations. As can be seen, the resonant frequency was shifted from
5.6 GHz to 7.5 GHz with a wide range of 1.9 GHz (29 % in terms of fractional bandwidth).
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Figure 2: (a) The fabricated periodic structure with a linkage. (b) Three di↵erent triangular periodic
structures fabricated on PCB corresponding to the three tuning stages of (a). (c) The simulated and
measured transmission coefficients for the three triangles shown in (b).
4. CONCLUSION

In this research, we proposed a relatively large-area reconfigurable periodic structure. By
altering the inductive surface current path of each unit cell, its resonant frequency could be shifted
from 5.6 GHz to 7.5 GHz with a wide range. The research results are expected to be beneficial for
wide-band tunable applications.
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Exploiting Linkage Mechanisms for Synchronously Tunable
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Abstract— In this research, we propose a double-rocker linkage mechanism for synchronously
tuning the frequency responses of the dual-band FSSs with large areas. Each unit cell is composed
of a patch and a loop forming a combination of a series and parallel resonators. Since the patches
and loops are connected separately with two rocker linkages, their frequency responses can be
synchronously tuned by two linear driving actuators. A prototype of the dual-band FSS with
the dimensions of 16 by 16 unit cells was design, fabricated, and examined with field tests. By
rotating the patches (loops) via the driving linkages, the pass-band (stop-band) was shifted 7.8%
(11.4%). The research results are expected to be beneficial for large-area tuning and high-power
microwave applications.

1. INTRODUCTION

Tunable frequency selective surfaces (FSSs) have long been used in modern communications
and military applications for providing switching or continuous tuning of the frequency responses.
Various tuning approaches have been proposed including electronics, liquid, plasma, memory alloy,
and optics. However, the main challenge is to synchronously alter the frequency response of each
unit cell for creating desired frequency deviations. For large-area FSSs, it may need millions of bias
circuits or actuators to change the frequency response of each unit which is impractical. Take the
commonly-used electronic approach as an example, an FSS operating at 10 GHz with a dimension of
1 m ⇥ 1 m and 1 period of 5 mm (i.e. 40,000 unit cells), it needs more than thousands of components
for actuation. Therefore, in this research, we propose a dual-rocker linkages for mechanically tuning
the frequency responses of the dual-band FSS shown in Fig. 1. Each unit cell is compose of a patch
and a loop. For normal incident electromagnetic waves, the patch and loop correspond to the
pass- and stop- bands of the FSS. In Fig. 1(a), all the patches and loops are connected separately
via two linkage and controlled by two linear driving actuators. By rotating the patches via the
driving linkage shown in Fig. 1(b), the corresponding pass-band can be tuned synchronously and
continuously. In the other hand, the stop-band responses of the FSS can be tuned synchronously
by rotating the the loops via the driving linkage shown in Fig. 1(c).
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Figure 1: (a) The dual-band FSS composed of patches corresponding to the stop-band and loops corresponding to the pass band for normal incident electromagnetic waves. (b) The pass-band was tuned synchronously
by rotating the patches based on the displacement of the driving linkage. (c) The stop-band was tuned
synchronously by rotating the loops based on the displacement of the driving linkage.

2. DESIGNS AND FABRICATIONS

The propose dual-band FSS is composed of patches and loops forming a combination of series and
parallel resonators illuminated by a normal incident electromagnetic waves shown in Fig. 3(a). The
gap between the patch and the loop (loops) acts as an variable capacitor, C2 (C1 ), corresponding
to the frequency shift of the pass-band (stop-band). A prototype was fabricated via standard PCB
photolithography shown in Fig. 3(b).
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Figure 2: (a)The equivalent circuit model. (b) The photo of the prototype. The patches, loops, collar, and
the connecting link were made of stainless metals. The rest components were made of acrylic.
3. MEASUREMENTS

The fabricated prototype was examined with an experiment setup reported in [1]. By synchronously rotating the patches, the pass-band shifted with a 7.8%. Similarly, by rotating the
loops, the stop-band shifted with a 11.4%. It was demonstrated that by controlling the driving
links separatively, the pass- and stop- bands of the dual-band FSS could be adjusted individually. The measured results (solid lines) deviated from the simulated results (dashed lines) due to
fabrication errors.
0

0

-10

-10

S21 [dB]

Measurement
θ = 0°
θ = 7°
θ = 14°

-30

δ = 7.8%

-40

δ = 6.9%

-50

passband
center-frequency

-60
-70
4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

CST simulation
θ = 0°
θ = 7°
θ = 14°

8.5

S21 [dB]

-20

-20

Measurement

δ = 11.4%

-30

θ = 0°
θ = 7°
θ = 14°

-40
-50
-60

CST simulation

δ = 12%

passband
center-frequency

-70
4.5

5.0

5.5

6.0

6.5

7.0

7.5

Frequency [GHz]

Frequency [GHz]

(a)

(b)

8.0

θ = 0°
θ = 7°
θ = 14°

8.5

Figure 3: (a) Rotating the patches resulting in shifting of pass-band. (b)Rotating the loops resulting in
shifting of stop-band.
4. CONCLUSION

In this research, we proposed a linkage-mechanism based tunable dual-band frequency selective
surface with a large area of 16 by 16 unit cells (total: 256 unit cells). By individually recreating the
displacements of the two driving linkages, the pass- and stop- bands could be continuously tuned
with 7.8% and 11.4%, respectively. The research results are expected to be helpful for large scale
tuning applications.
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Abstract-A planar active metasurface composed of meta-atoms incorporating voltage-controlled
varactor diodes, is used as reflector for microwave antenna applications. The dispersion responses
of the cells are individually tailored for reconfigurability mechanisms. The phase characteristics of
a several reflectors is engineered by judiciously controlling the bias voltage of the varactor diodes
on the planar metasurface.
Metasurfaces have been proposed to manipulate light propagation [1]. They present the main advantage of
having reduced profile and therefore reduced losses. By controlling the reflection and/or transmission
characteristics of metasurfaces, they have been successfully implemented in planar lens antennas [2-4], cavity
antennas [5-6], and leaky-wave antennas [7] to achieve high directivity.
In this study, we propose a planar reflecting metasurface as an interesting alternative to classical reflectors.
Passive metasurfaces in most cases operate for a single functionality and at a single frequency or on a very
narrow frequency band and therefore present limitations in terms of bandwidth due to the intrinsic characteristics
of resonant cells. An active metasurface allows integrating multiple functionalities into a single metasurface, and
paves the way to new possibilities in controlling the path of electromagnetic waves. In this context, a
reconfigurable metasurface composed of resonant meta-atoms is designed, fabricated and tested. Each individual
meta-atom incorporates a varactor diode that can be controlled by an external direct current (DC) voltage. Such
an active metasurface allows to tailor individual properties from the resonant cells and particularly to control the
reflectivity so as to overcome the unique response limitations of passive ones. As such, we show that the
proposed metasurface is able to mimic both a corner reflector and a parabolic reflector. The corresponding phase
profile can be engineered and can be electronically modified to mimic the corner and parabolic reflector designs,
as illustrated by the schematic in Fig. 1.
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Fig. 1: (a) Schematic of the active metasurface and measured phase responses. (c) Parabolic phase profile and
measured antenna performances. (c) Corner reflector phase profile and measured antenna performances.

Design of lumped resistor based broadband metamaterial structure
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Abstract-A wideband metamaterial structure (MMS) using frequency selective surface (FSS)
loaded with lumped resistor has been designed in the range of 2 to 18 GHz. The MMS consists
of a resistor loaded FSS, a dielectric sheet and a metallic ground. The results show that the MMA
covers the wide frequency range of 5.5 GHz with reflection loss of -31.7 dB at normal incidence.
The broadband absorption is mainly resulted from the strong electromagnetic (EM) resonance. The
obtained result reflects the potential of lumped resistor based MMSs for distinct EM applications.
MMSs are getting significant interest of researchers in the field of electromagnetics due to their diverse
practical applications [1]-[5]. But it is still a very challenging task to obtain good absorption with wide
bandwidth. However, the requirement of broadband frequency response can be fulfilled by adopting advanced
electromagnetic (EM) structures like FSSs [6]. It is well known that the FSS geometry, its dimensions,
inter-element spacing, and substrate greatly affects the EM performance of MMSs. A very good pioneer work on
MMSs has been reported by the researchers, but still there is a need to introduce the strategies which can further
improve the absorption characteristics of the MMSs. Therefore, in this study an effort has been made to critically
analyze the effect of the patch and aperture FSS geometries over the performance of MMSs. Further, the
bandwidth of MMS has been enhanced by incorporating lumped resistive circuit elements.
The proposed MMS unit cell of size 10 × 10 mm consists of a square patch and square aperture geometries
impacted dielectric layer of FR4 material (with thickness- 3.0 mm, dielectric constant 4.3 and loss tangent tan
𝛿=0.025) backed with a perfect electric conductor designed using the CST microwave studio as depicted in the
Fig. 1 (a). The Floquet theorem has been utilized in order to develop periodic structures followed by periodic
boundary conditions (PBCs). Figs. 1(b) and 1 (c) sketches the square patch and square aperture geometries and
corresponding design variables, where grey region represents the conductive surface of the copper.

(a)
(b)
(c)
Figure 1. MMS design (a) 3D view, (b) & (c). Corresponding square patch and square aperture FSS geometries.

(a)
(b)
Figure 2. RL characteristics of MMSs (a) square patch and square aperture
geometries based MMSs and (b). Resistive element loaded FSS based MMS.
The RL values for square patch and square aperture geometries based MMSs is shown in the Figure 2 (a). It
has been observed that the peak RL value of the square patch (a=b= 4.0 mm) is -11.543 dB at 12.3 GHz. While,
the square aperture (a =8.0 mm, b=1.0 mm) based MMS possess a peak RL value of -6.1 dB at 17.3 GHz. The
RL characteristics of patch geometry are comparatively better than aperture geometries, however the results are
not as per the expectations as far as the wide bandwidth is considered. The resistive lumped circuit elements play
an active role in order to provide good absorption [3]. Based on analysis reported by Ghosh et al. [3], the lumped
resistive elements have been incorporated with FSSs to improve the bandwidth of aperture square based MMS.
Figure 2 (b) depicts a square aperture FSS geometry loaded with resistive circuit elements and corresponding RL
characteristics. The optimal design variables are p=12.5 mm, d= 8.0 mm, w= 1.25 mm, Rc =100 Ω, g= 1.2 mm.
A critical analysis has been carried out to examine the effect of dielectric thickness and resistance value over
absorption properties of MMS. An optimal MMS has been found to provide a peak RL value of -31.7 dB at 9.4
GHz in the range of 2.0 to 18 GHz. Most importantly, the MMS has been found to possess a wide absorption
bandwidth of 5.5 GHz in the range of 10.6 GHz to 5.1 GHz. The obtained results clearly reflect the effectiveness
of designed MMS for distinct commercial applications.
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Abstract
A new tri-band perfect meta-surface absorber based on
square shaped metallic resonator, where the circular rings
are in the middle of the resonator is investigated in this
paper. The proposed absorber structure shows a wide
bandwidth and applicable for C-, X- and Ku-band
application. Due to the effective medium ratio 6.48 absorber
structure compact in size and shows three absorption peaks
are 82%, 67%, and 93% respectively in 6.22, 8.76, and
13.05 GHz. In addition, the lumped element model based
equivalent circuit has been designed, where for calculation
the resonance point, total inductance and capacitance
formulas are also developed. In the circuit model the
inductance is formed by the metal strips and gaps or splits
are induced the capacitance. Besides, the proposed metasurface absorber structure also exhibits left handed
characteristics from 9.10 to 11.34 GHz and the surface
impedance is -443.14-158.06j.

1. Introduction
Electromagnetic meta-surfaces are composed of artificial
atoms, whose electric and magnetic response could be
flexibly tailored to meet desired macroscopic properties.
Benefiting from these novel properties, meta-surface
absorbers have produced many exotic effects, such as
negative refraction, negative permeability, sub-wavelength
imaging super-lens, antenna performance enhancing, SAR
reduction, and invisible cloaking. The development of the
perfect meta-surface absorber utilizes the intrinsic loss of
the system, with the help of structural design, to obtain near
unity or perfect absorption at a certain frequency. Because
of many advantages over the conventional ones, such as
ultra-thin dielectric layer thickness, high absorption
coefficient, and simple unit design, the research on metasurface absorbers is in full swing. Perfect meta-surface
absorbers have been broad applications in the fields of
microwave, terahertz, infrared, and optical frequencies. In
spite of high absorption of meta-surface absorbers, the
absorption bandwidth of meta-surface absorber is often
narrow, i.e., typically no larger than 10% with respect to the
central frequency. Few reviewed on the meta-surface and
meta-surface absorber have been reported in this paper. In
1996, Pendry et al. anticipated the negative permittivity
from thin wire configuration and in 1999 negative
permeability from split ring resonator [1]. In 2000, Smith et
al. introduced a material that shown simultaneously

negative permittivity and permeability with some
exceptional properties at microwave frequency [2]. In 2008,
N. I. Landy and a group of scientists from Boston College
first demonstrated a microwave metamaterial absorber by
using a classic sandwiched structure composed of a split
ring resonator, a dielectric substrate, and a metallic cut wire.
They generate electric and magnetic resonances that were
independently manipulated for effective permittivity and
permeability, respectively and the absorption of 88% at
11.50 GHz [3]. In 2016, Hasan et al. proposed a z-shaped
double negative metamaterial for wide band applications.
The 10×10 mm2 structure metamaterial unit cell was
applicable for C- and X-band operations [4]. In 2016, a
compact square split z-shape metamaterial with left handed
meta-atom for S-, C-, X- and Ku-band application and had
5.67 GHz wide bandwidth. The compact meta-atom had
effective medium ratio of 9.10 and exhibited left handed
characteristics in 8.50 GHz [5]. A wearable metamaterial
microwave absorber (WMMA) for indoor radar clear
applications was proposed for dual resonances in 9.0 and
9.8 GHz. The proposed WMMA was composed of two
square ring resonators with different sizes, a backing ground
plane, and a felt substrate with a 1.0 mm thickness. The grid
array of different square ring resonators provided two broad
absorptivity peaks greater than 90% due to the polarization
angle of the electromagnetic waves and deformation effect
as well as a full width at half maximum (FWHM) of 18.9%
in 9.48 GHz [6]. In [7] a multi band split S-shape
metamaterial was suggested for absorption analyses, which
shown resonances in S-, X- and Ku-band in microwave
frequency. The absorption spectra for the proposed absorber
was 45% achieved at S-band. Moreover, after reducing the
coupling capacitance in the z-axis absorption was reached
up to 55% but in the y-axis absorption was extended up to
47%. Besides the absorption the proposed metamaterial
could be used for various applications like, near zero
refractive index, epsilon negative, mu negative, and double
negative application. An ultra-thin polarisation-insensitive
metamaterial structure has variable absorption bandwidth,
which composed of three different cross-dipole-shaped
metallic patches and each of which is printed on a very thin
dielectric substrate where the ground was metal plane. The
designed absorber displayed high absorptions (<80%) up to
45° incident angle for both TE and TM polarisation [8]. A
microwave metamaterial absorber was designed that
resonance at C-, X- and Ku-band with double negative
characteristics as well as the absorption peaks were
respectively, 82%, 67%, and 93% at 6.22, 8.76, and 13.05

GHz in [9]. An infrared dual-band metamaterial absorber
consisted of a cross resonator ringed by four split-ring
resonators spaced a distance above a gold ground plane with
a dielectric layer of SiO2 and exhibited two absorption
peaks of 90.3% and 88.4% respectively at 4.17 μm and 4.86
μm [10]. An octave bandwidth metamaterial absorber
structure consisted of geometrical patches placed diagonally
on the top surface of the structure. The structure had a large
bandwidth from 6.86 to 15.16 GHz, covering the entire Xband with absorptivity <90%. In addition, the peak
absorptivity of 97.4%, 99.9%, and 97.8% had been
observed respectively in 7.24, 10.18, and 14.32 GHz.
Moreover, the structure was sensitive to polarisation of the
incident field exhibiting maximum absorption at 0° and 90°
with no absorption taking place at 45° angle of polarisation
[11]. A graphene based terahertz absorber consisted of a
single layer periodically arranged grapheme electric
resonant and the ground plane was spaced out by SiO2
dielectric layer. The designed graphene based structure
displayed absorption of 99% at 35 μm and 97% at 59 μm
[12]. In [13] frequency selective surface metamaterial
absorber structures based on resonators like, omega, plus,
cross shapes with and without a rectangular frame printed
on the dielectric materials were presented and investigated
for both microwave and terahertz frequency. In case of
structure 1, in 4.0 and 5.60 GHz the simulated and
measured absorptions were respectively 99%, 84% and
99%, 79%. Structure 2 displayed simulation absorption of
99.69% around 10 GHz in microwave frequency range. In
addition, structure 3 exhibited maximum absorption of
99.78% and 98.80% respectively at 10.66 and 11.23 GHz
for the simulation. Further, three different resonances occur
at around 8.82, 9.95, and 10.91 GHz and the absorption in
those resonance peaks were respectively 74.86%, 99.34%,
and 88.86% for the structure 4. Moreover, for terahertz
range lowest absorption was around 0.83 THz as 97.14%
for 120° and the highest absorption almost 0.88 THz as
99.98% for 60° for structure 5. Besides, structure 6 shown
lowest absorption in 1.05 THz as 46.95% for 60° and
highest absorption in 0.99 THz as 99.98% for 90°. Besides,
it had seen that the structure 6 provided good absorption for
0°, 120°, and 150° with the absorptions of 88.11%, 98.07%,
and 87.22% respectively.

handed characteristics are shown from 9.10 to 11.34 GHz
for any frequency points in that frequency range.

2. Meta-surface Absorber Design
Meta-surface structure operates like a lumped resonant
circuit, which can be formed by incorporating inductive and
capacitive effect by using the magnetic structures. This
inductive and capacitive effect can be produced by adopting
printed metallic stripe and gap between the stripes. The
length of the metal strip is responsible for creating inductive
effect and the spilt between the stripes is responsible for
capacitive effect. By increasing the length of the metal line,
inductance can be increased and by varying the gap,
capacitance can be controlled. Consequently, by increasing
the inductance, the effective medium ratio can be improved
and this can be achieved as well by lowering the gap
between the stripes. These lumped resonant elements has
various advantages compared to the traditional microwave
absorbers such as supplementary miniaturization, wider
adaptability and increased effectiveness. The proposed
absorber structure is consisting of a square shaped metallic
resonator, where the circular rings are in the middle of the
resonator. Meta-surface is usually designed on dielectric
substrate material. The thickness and dielectric constant has
effects on the properties of meta-surface. Thickness is more
important when resonators are etched at the both side of the
dielectric slab. Substrate material with high thickness cause
low dielectric constant. Similarly, Substrate materials with
low dielectric constant produce low bandwidth at higher
frequency region. The metallic structure of the proposed
meta-surface is designed on a FR-4 dielectric material,
which has dielectric constant of 4.50, tangent loss of 0.002
and the thickness of 1.60 mm shown in figure 1(a) and the
fabricated array structure in figure 1(b). Copper is used as a
resonator on the dielectric substrate with an electrical
conductivity of σ=5×8 s/m. Moreover, the optimized
geometry dimension parameters of the proposed absorber
single unit cell are given in table 1 with the detail
specifications.
Table 1: Specification of the tri-band meta-surface absorber.
Design
parameters
Length of the
substrate, A
Width of the
substrate, B
Length of the
outer RR, L1
Width of the
outer RR, W1
Length of the
inner RR, L2
Width of the
inner RR, W2

A left handed meta-surface absorber is presented in this
paper, which consists of square ring resonator with the inner
circular ring. The finite integration technique based CST
microwave studio electromagnetic simulator has been used
for achieving the reflection and transmission parameters.
The measured and simulated results are well compiled
together, where the measured transmittance resonance are
in5.14 GHz (C-band), 7.29 GHz (C-band), 11.83 GHz (Xband), and 16.34 GHz (Ku-band) and the simulated
resonance are in 5.35 GHz (C-band), 7.29 GHz (C-band),
11.85 GHz (X-band), and 16.45 GHz (Ku-band). The
designed meta-surface compact in size, where the effective
medium ratio is 6.48 and the absorption in 6.22 GHz is 82%,
8.76 GHz is 67%, and 13.05 GHz is 93%. Besides, left
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Size
(mm)
9.0
9.0
8.5
8.5
7.5
7.5

Design
parameters
Radius of outer
circle, r1
Radius of inner
circle, r2
Length of inner
metal line, P
Length of inner
metal line, q
Width of the
metal strip, d
Gap between
the rings, g

Size
(mm)
3.0
2.25
3.0
3.0
0.5
0.25

e j 2 nk0d

2 f
and , Z
c

k0

Refractive index,
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3. Methodology and Measurement Set-up
Electromagnetic simulation helps evaluating the
fundamental field quantities from Maxwell's equation
adopting some numerical technique. In this research, finite
integration technique is adopted for numerical analysis.
This is a spatial discretization method to solve
electromagnetic field problems numerically in frequency
domain. The technique provides high flexibility in complex
geometric structure modelling as well as boundary
handling. Periodic boundary conditions are applied for
simulation. Moreover, two converse boundaries are
connected here with a perceptible phase shift in such a way
that the simulation process is forwarded periodically in the
relevant direction. The PEMC boundary condition is the
generalization of perfect electric and perfect magnetic
boundary. Perfect electrical boundary condition is applied
along the x-axis, and a perfect magnetic boundary is applied
along y-axis as well as electromagnetic waves are excited
the absorber along the z-axis. However, the permittivity,
permeability and refractive index are retrieval by the
following procedure [14],
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In the equivalent lumped circuit based on the combination
of inductors and capacitors both in parallel is shown in
figure 2. In the circuit model inductors are included for the
metal strips and a capacitor for the strip gaps or splits. The
capacitors located in the circuit maintained the raise of total
inductance, similarly inductors are minimized the raise of
total capacitance in the circuit for fixing the resonance
peaks. However, with the change of geometric structure of
the proposed structure the inductance and capacitance will
be varied and change the resonance peaks but the resonance
band will be similar like before changing structure [5, 15].
So, the total inductance and capacitance of the designed
structure can be figure out by the developed equation (7-9),

(b)
Figure 1. Proposed absorber: (a) Design single unit cell
structure, (b) Fabricated array structure.
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where ‘d’ is the thickness of the substrate, ‘Z’ is the
normalize impedance, ‘k0’ is the wave vector, ‘c’ is the
velocity of light. In addition, the free-space permeability is
4π×10−7 H/m and the permittivity is 8.85×10−12 F/m The
EM-waves incident on the meta-surface absorber and the
absorption response of the meta-surface structure described
by transmittance T(ω) and reflectance R(ω) which are
frequency dependent quantities can be calculated from,

1

Absorption, A( )

3

1 R( ) T ( )

11

Reflectance and transmittance rate on the other hand depend
on the scattering parameters, R(ω)= S112 and T(ω)= S212
which are given at bottom,

the flow of current at opposite direction causes the stop
band and the colour and arrows indicates the intensity and
direction of current flow.

and
In order to optimize the absorptivity of the proposed
structure reflection and transmission coefficients must be
minimized to obtain minimum feasible values. However,
the absorption of the designed mwta0surface absorber is
obtained by,

Absorption, A( )

1 S11

2

S21

2

(a)
(b)
(c)
Figure 3. (a) Surface current distribution, (b) Electric field,
(c) Magnetic field, of the proposed meta-surface absorber
single unit cell in 5.14 GHz.
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The absorber shows tri-band resonance, where the measured
exhibited good arrangement with the simulated results in
figure 4(a). The figure shows the simulated resonance in
5.35 GHz (C-band), 7.29 GHz (C-band), 11.85 GHz (Xband), and 16.45 GHz (Ku-band), whereas the measured
resonances in 5.14 GHz (C-band), 7.29 GHz (C-band),
11.83 GHz (X-band), and 16.34 GHz (Ku-band). The
measured resonance peaks in 5.14 GHz, 7.29 GHz, 11.83
GHz, and 16.34 GHz are slightly shifted from the simulated
results due to the fabrication tolerance and environmental
inferences. In figure 4(b), the effective medium parameters
represent the left handed characteristics. The permittivity
shows the real value of negative portion from 3.39 to 5.97
GHz, 6.37 to 7.76 GHz, and 8.75 to 11.34 GHz, which
covers the bandwidth of 2.58 GHz, 1.39 GHz, and 2.59
GHz. In addition, in case of permeability negative curve
from 9.10 to 18.0 GHz. Moreover, it shows that there is
variation between the curves of permittivity and
permeability due to the polarization effect of the interior
construction of the materials. However, the refractive index
shows negative real regime from 2.94 to 5.04 GHz, 9.20 to
13.91 GHz, and 16.30 to 18.0 GHz. As we know, when the
both real part of permeability and permittivity go to the
frequency area with negative value, which indicates the
properties of left handed or double negative. From figure
4(b), the negative regime from 9.10 to 11.34 GHz, the
effective medium parameters, i.e. permittivity, permeability
and refractive index all are negative. As a result, the
proposed perfect meta-surface absorber structure can be
characterised as left handed for any frequency point from
9.10 to 11.34 GHz frequency range. Such as, in 9.26 GHz
the real values of the permittivity, permeability and
refractive index are respectively, -10.70, -194.79, and 45.65. From figurer 4(c) the reactance or surface impedance
is -443.14-158.06j in 9.15 GHz. The absorption of the
designed absorber is figure out from the equation (11). The
absorption the proposed absorber at reflection (S11)
resonance point are 82% at 6.22 GHz, 67%8.76 GHz, and
93% at 13.05 GHz shown in figure 4(d). The absorption
value is obtained from the reflection value by using the
absorption equation. It should also be stated that the
frequency range is high enough to be affected by small
quality. Therefore, the proposed meta-surface absorber
based having a high absorption level and a wide bandwidth

Figure 2. Equvalent lumped circuit model of the proposed
meta-surface absorber.
In order to check the accuracy of the simulations,
experimental study is also performed. The free space
measurements are obtained by using two horn antennas.
Antennas are placed far enough from each other to provide
far-field conditions. Since the backward side of the structure
is covered by a metal, there will be no transmission.
Therefore, only the reflection measurements are carried out
to evaluate the absorption coefficient. To verify the results,
the simulation and measurement results of the absorption
coefficient are plotted on the same graph as shown in figure
4(d) to compare them with each other. The measurements
are carried out without connecting resistive loads by using
an Agilent N5227A vector network analyser and two
linearly polarized microwave horn antennas. The VNA
supplies frequency range from 2.0 to 18.0 GHz and used to
obtain the reflection (S11) and transmission (S21)
coefficients to calculate the effective medium parameters.

4. Result Analysis of the Meta-Surface Absorber
The design absorber shows left handed characteristics with
high absorption peak due to the electric and magnetic
resonance by the inductive and capacitive element. This
phenomenon can be explained with the help of surface
current density, electric field and magnetic field pattern
shown in the figure 3 (a-c). Electric field distribution shows
charge accumulation on the oppositely facing strips and
indicates capacitive effect. When external magnetic field is
applied along the axis of the ring under the effect of the
magnetic induction the current to flow in each half of the
ring. This current lags with respect to the external magnetic
field thereby giving a strong magnetic response. Besides,

4

nature can be a good candidate for absorbing and future
energy harvesting applications in communication bands.

Reflection and transmission coefficient, (b) Effective
medium parameters, (c) Reactance impedance, (d)
Absorption.

5. Conclusion
In summary, the absorption characteristics of a novel
multi band meta-surface absorber based harvester has been
designed, investigated, fabricated, and experimentally
verified in this paper. Both numerically and experimentally
results are well complied. Measured results show three
absorption peaks and the absorption is greater than 93%.
Distributions of the electric and magnetic fields are
investigated to gain a better understanding of the resonance
mechanism. Moreover, the lumped circuit model has been
designed to calculate the resonance peaks by the developed
total inductance and capacitance formulas. However,
compared with the previous studies, the proposed metasurface absorber has some significant advantages: such as
compact unit size, resonance mechanism, and high
absorption. Finally, due to the above advantages the
proposed absorber structure makes it a good candidate in
absorption, detection, sensing, imaging, and so on.
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Singularity Points in Acoustic Metamaterials: Physics and Applications

Acoustic Energy Harvesting Based on Metamaterials and
Metasurfaces
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Abstract-Acoustic energy harvesting based on acoustic metamaterials and metasurfaces are
proposed and investigated. The proposed concepts are based on the idea of using plate-type
metamaterial and multilateral metasurface to confine the acoustic energy, and subsequently convert
it into the electrical one by a structured piezoelectric material connecting with optimized circuits.
The properties of proposed acoustic energy harvesters will be presented and discussed.

As a kind of clean, ubiquitous and renewable form of energy, sound/noise may act as a promising
sustainable power source for energy production and micro autonomous devices, such as wireless sensors, mobile
electronics and so forth. Due to low power densities in ordinary surroundings, sound/noise generally needs to be
focused or confined through effective conversion media for better acoustic energy harvesting (AEH). Intuitively,
classical Helmholtz and other chamber resonators could be used to enhance the acoustic confinement and
subsequently realize AEH. In general, the strategy based on the resonators suffers from defect of the bulky
structures and uncontrolled wave field, thus hampering the applicable energy harvesting. In a different context,
the recent emergence of the artificially engineered acoustic metamaterials and metasurfaces has significantly
broadened the horizon of acoustic wave and wavefront manipulations. They possess a variety of advantageous
and anomalous properties and capabilities.
In this research, we theoretically and numerically report on innovative and practical acoustic energy
harvesters based on acoustic metamaterials and metasurfaces [1, 2]. The ideas of AEH and acoustic confinement
with the acoustic metamaterials metasurfaces will be demonstrated and analyzed. More specifically, we will
present here some recent works and advances on acoustic energy harvesting making use of a defected plate-type
metamaterial and a multilateral metasurface based on the coiling up space geometry. Different concepts and
designs of the AEH will be presented and discussed as well as and their physical and electrical properties.
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Topological transition in soft acoustic metamaterials
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Abstract-Here, we report a novel soft acoustic metamaterial with tunable topological phase by
applied mechanical deformation. Harnessing deformation Dirac point in our acoustic system can be
switched on and off, resulting in energy band inversion. Our finding offers a new approach to
generate an interface state at topological domain wall. Besides, the frequency of interface state can
also be tuned continuously. Importantly, we provide a general topological phase diagram to design
desired tunable topological state by deforming soft acoustic metamaterials.
Acoustic metamaterials are useful in controlling sound waves in the way that does not exhibit in nature, with
practical applications in noise reduction and wave guiding technologies. Particularly, recent study on phononic
periodic system in view of topological order has drawn increased attention such as phononic analogue of
quantum spin Hall effect(QSHE)1. Elastic wave, also known as small elastic oscillation in solid, is that motion
occurs in a deformed body. It has special advantages in information carrying, seismic detection and geologic
prospecting3. Due to the nature of low frequency elastic waves, which attenuate more slowly and propagate more
stable than high frequency ones, long-wavelength elastic waves play a significant role in information processing.
Thanks to the development of advanced fabrication technique, elastically anisotropic and isotropic materials,
elastic properties varying from direction, can be fabricated successfully. Nonetheless, a common feature of most
such materials is having a fixed geometry, resulting in fixed properties of a system. Thus, soft materials and
structures associated with mechanics capable of configuring its global and partial geometry are introduced to
tune the functionality of a system2. Here, we achieve a dynamically tunable topological elastic metamaterial
realized by soft materials. By harnessing deformation, the topological property of our elastic system can be
switched. And the interface state can be generated at the boundary separating two elastic metamaterials that are
placed at different geometry states respectively, corresponding to opposite style of symmetry in reciprocal space.
Finally, we offer a general topological phase diagram to design desired interface state. This strategy gives us
possibility to realize and then control topological interface state both statically and dynamically. Note that in our
study we only focus on unit cell of millimeter scale, the proposed design can be more complex and has various
scales depending on the phonon frequency. The ability to dynamically control interface state in soft materials
may be used in other smaller or larger phononic system such as thermal management and help to develop
flexible acoustic devices. The interesting phenomenon of robust topological sound wave propagation in soft

materials, which is tuned by mechanical deformation, may have potential applications in military and
communication field.
Acknowledgements. We are grateful to Yugui Peng and Yaxi Shen from Huazhong University of Science
and Technology for theoretical and experimental discussion.
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Abstract. Acoustic metamaterial is extremely attractive due to its unprecedented manipulating properties
of acoustic wave. Here we proposed a fiber-beads metamembrane that can cause π phase shift and
maintain a 0.9 transmittance with 1/250 lambda thickness at low frequency range. Based on this, we
construct a binary metalens with different arrangement modes, which can manipulate the diversity of
sound and realize focusing. Meanwhile, our work lay the foundation for the following research about
transformation acoustics and so on.
Advanced materials with deep-subwavelength thickness as well as unprecedented controls of
propagation of acoustic wave have been vigorously pursued for broad applications such as negative
refraction1. Popular approach is to manipulate the characteristics of the materials and further adjust the
reflection or transmission phase. In this context, emerging acoustic metamaterials are fabricated
artificially to achieve some novel properties that don't exist in natural constitutive materials2. Common
acoustic metamaterial has been designed based on local resonance theory3. However, most LC resonant
devices even like DMR4 are not thin enough so as to limiting their application in more scenarios. Here,
we report an ultrathin fiber-beads membrane that causes a π phase shift with 90% transmittance at low
frequency range. It’s worth mentioning that the thickness of membrane reaches to a deep subwavelength
scale, as thin as 1/250 λ of the feature size, which is a significant advance compared with previous work4,5.
Our fiber-beads membrane is inspired by a conventional spring-mass resonator principle: soft polymer
fiber embedded with hard beads forms 3-dimensional network membrane. On this basis, unprecedented
controls of acoustic wave can be achieved just by manipulating the amplitude and phase of acoustic
wavelets at every point in the plane that is perpendicular to incident direction. Moreover, we build a
metalens with our membranes to manipulate the directivity of sound and then shift the energy of incident
wave to the surrounding, which can be used to reduce far-filed sound intensity or applied to other field
requiring specific diversity of sound.
Acknowledgement. This work was supported by the National Natural Science Foundation of China (51572096)
and the National 1000 Talents Program, China. We are grateful to Yaxi Shen and Yugui Peng from HUST for
useful discussion, and Analytic Testing Center as well as Flexible Electronics Research Center of HUST for
measurement support.
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Abstract-We report novel strategies to study topologically protected states in nanophononic
systems working at frequencies around 300 GHz. We theoretically predict the existence of such
modes in multilayer GaAs/AlAs structures. High resolution Raman scattering unveils features
related to the maxima in the phononic local density of states associated to topologically protected
states.
A nanophononic cavity shapes the local phononic density of states and can dramatically modify the
interactions between mechanical vibrations and other excitations in solids.1,2 It usually consists of two distributed
Bragg reflectors (DBR) enclosing an acoustic spacer. A DBR inherits the topological properties of the associated
infinite periodic structure -symmetries and characteristic energies- determining the confinement properties of an
acoustic cavity. Despite the obvious relation between the acoustic bandgap structure and the performance of the
DBRs, the study of topological states in nanophononic systems remained unexplored.
In this work, we report two novel design strategies for the study of topological states of longitudinal acoustic
phonons with frequencies around 300 GHz. In the first approach we concatenate two GaAs/AlAs DBRs
presenting inverted band structures for a given gap to create an interface state.3,4 We study the influence of the
choice of unit cell and different interface configurations on the confinement characteristics of these states. In the
second approach we mimic the SSH model of polyacetylene5 by means of a nanophononic multilayered system.
We demonstrate the existence of topologically protected nanophononic states. We also discuss the potential
application of these novel design strategies into 3D structures.
We have fabricated nanocavities allowing the confinement of phonons based on the aforementioned ideas.
We performed high resolution Raman scattering measurements at room temperature.6 Clear features related to
the maxima of the acoustic density of states were measured and reproduced by photoelastic model calculations.
The presented results open a new playground in the control of acoustic vibrations in solids, providing new tools
not only to confine and control the dynamics of ultra-high frequency phonons but also a new platform to study
topological and general localization effects.
Acknowledgements. This project has received funding from the European Research Council (ERC) under
the European Union's Horizon 2020 research and innovation programme (grant agreement n° 715939).
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Topological insulators are new class of states, which are insulating in the bulk but
conducting on their surface, protected from the disorder. Similar effects are extended to
photonic/micro-wave systems, and so on. In this work, we use a simple circuit model
unifies all the different physics of different systems, beyond electronics, ranging from
phononics to acoustics, even to microwave photonics. We confirm from the topological
band theory and further from continuous Dirac equation method that the single negative
metamaterials are topologically distinct, eg., the ENG is topologically different from the
MNG. We also analytically study and experimentally measure the reflection phase that is
related to the Zak phase through bulk-boundary relation. We observe the field distribution
of the interface state, the same as the relativistic Jackiw-Rebby topological solution. The
analytical result of the circuit model has a good agreement with the experimental results
based on microwave photonics, which however is universal to phononics and acoustics.
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Abstract-Single singularity point in water has been yielded by integer-order acoustic vortices,
which can be used to trap, move and rotate a single particle or particle cluster. Multiple singularity
points in water have been created by generating fractional-order acoustic vortices or superposing
two or more first-order acoustic vortices, which can be used to manipulate two or more particles at
the same time. Moreover, singularity points of acoustic vortices in air are able to levitate and rotate
diverse objects.
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Experimental observation of optical Weyl points
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Abstract— We demonstrate a laser-written photonic lattice exhibiting topologically-protected
Weyl point degeneracies in its three-dimensional band structure. Probing the lattice at various
wavelengths, we observe topological surface modes and conical diﬀraction characteristic of an
anisotropic “type-II” Weyl point. This constitutes the first realization of a photonic Weyl point
at optical frequencies, allowing further study of their novel properties in a wide class of linear
and nonlinear photonic systems.

In three dimensional band structures Weyl points are degeneracies that form monopoles of Berry
curvature protected by a quantized topological charge. This charge results in novel properties such
as arcs of robust surface modes and chiral anomalies [1, 2]. Two diﬀerent types of Weyl points
can occur, depending on the anisotropy of the system. At a “type-I” Weyl point the density of
states vanishes, whereas the “type-II” Weyl point illustrated in Fig. 1(a) has a strongly anisotropic
conical dispersion with a nonzero density of states at all frequencies [3, 4]. The former has been
observed in photonics in microwave photonic crystals [5], however scaling to the important optical
wavelength regime is a challenging task requiring the fabrication of complicated 3D structures with
high refractive index contrast.
Here we report the observation of “type-II” Weyl points using the three-dimensional photonic
lattice of evanescently coupled helical optical waveguides shown in Fig. 1(b). The waveguides are
written in borosilicate glass using a femtosecond laser. Monochromatic light propagation along the
waveguide axis z is governed by the paraxial equation
i∂z ψ = −

1 2
k0 δn(x, y, z)
∇⊥ ψ −
ψ,
2k0
n0

(1)

where ψ is the beam envelope slowly varying in z, k0 = 2πn0 /λ is the wavenumber, n0 is the
ambient refractive index, λ is the input wavelength, and δn is the refractive index modulation of
the waveguides. The three dimensional photonic band structure associated with our periodic index
modulation δn(x, y, z) hosts a type-II Weyl point at a critical wavelength [6].
We probe the lattice at various wavelengths (1450–1650nm) and observe that the protected
surface modes only exist above the Weyl point wavelength, i.e. they form arcs terminating at
the Weyl point. Meanwhile, bulk propagation at the Weyl point generates a conical diﬀraction
pattern characteristic of a type-II Weyl point’s conical isofrequency surface, see Fig. 1(c). These
experimental observations are the first demonstration of a Weyl point at optical wavelengths, and
the first realization of a type-II Weyl point in photonics. In future it would be interesting to explore
other linear, nonlinear, and quantum propagation dynamics in this class of lattices [7].
ACKNOWLEDGMENT

M.C.R. acknowledges the National Science Foundation under award number ECCS-1509546, the
Penn State MRSEC, Center for Nanoscale Science, under award number NSF DMR-1420620, and
the Alfred P. Sloan Foundation under fellowship number FG-2016-6418. D.L. and C.Y.D. acknowledge support by the Singapore National Research Foundation under grant No. NRFF2012-02, by
the Singapore MOE Academic Research Fund Tier 2 Grant No. MOE2015-T2-2-008, and by the
Singapore MOE Academic Research Fund Tier 3 grant MOE2011-T3-1-005. K.C. acknowledges
the National Science Foundation under award number ECCS-159199.

Figure 1: (a) Dispersion of a type-II Weyl point in the (kx , kz ) plane. δω is the shift of the modal frequency
ω with respect to the Weyl point frequency. (b) Schematic of conical diﬀraction through the helical waveguide array at the Weyl point frequency. (c) Observed intensity at the output facet, displaying the conical
diﬀraction. Green circles indicate the pair of input waveguides.
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Topological phase transition in acoustic systems
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Abstract-Topological insulators have inspired analogues in acoustics, in which one-way gapless
edge/surface states, featured with absence of scatterings, have been widely achieved via synthetic
magnetic field or pseudo-spins. Varied mechanisms to realize topologically protected sound
transportation have been realized, as characterized by Chern number, Z2 number as well as winding
number. We present that topological phases can be tuned into trivial phases by distorting the geometry
of 1D Helmholtz resonator chain or breaking the inherent symmetry of 2D resonator/cylinder array.
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Experiment Realization of Synthetic Weyl Points In Optical Regime
1
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Abstract- We demonstrate that generalized Weyl points can exist in a parameter space and we
report the first observation of such nodal points in one-dimensional photonic crystals in the optical
range. The reflection phase inside the band gap of a truncated photonic crystal exhibits vortexes in
the parameter space where the Weyl points are defined and they share the same topological charges
as the Weyl points.

Great efforts have been devoted to investigating the intriguing phenomena associated with Weyl points[1-3],
such as the Fermi arc surface states[4,5] and the chiral anomaly[2] associated with electronic systems. Besides
electronic systems, Weyl points have also been found in photonic [6-9], and plasmonic[10] systems. Up to now,
Weyl points have mostly been identified as momentum space magnetic monopoles, i.e. sources or sinks of Berry
curvature defined in the momentum space. As such, Weyl points are usually perceived as topological nodal
points in the 3D momentum space defined by Bloch momentum coordinates. We show that topological nodal
points can in fact also be meaningfully defined in a generalized phase space in which some of the dimensions are
not Bloch momentum, and yet their topological characteristics make them analogues of Fermi-arc-like interface
states in much the same way that ordinary Weyl points are defined in the 3D k-space. We use photonic crystals
(PCs) to realize the idea of generalized Weyl points experimentally in the optical frequency regime.
To illustrate the idea of synthetic Weyl points in a generalized parameter space, we consider a 1D PC
consisting of four layers per unit cell, as shown in the inset in Fig. 1a. In our experiments, the first and third
layers (blue) are made of HfO2 with refractive index na =2.00, and the second and fourth layers (red) are made of
SiO2 with refractive index

nb =1.45.

the unit cell is a constant

where

2 ( na d a + nb db )

p

and

q

both fall within [-1,1]. The total optical length

for the whole

p−q

L

inside

space. As illustrated in Fig. 1a, the structural

parameters p and q , together with one Bloch wave vector k , form a 3D parameter space in which Weyl
physics can be studied. The band dispersion is plotted in Fig. 1b in red. Fig. 1c shows the band dispersions in the
p − q space with k = 0.5k0 , where k0 = π ( d a + db ) . To characterize this degenerate point, we derive an effective
Hamiltonian for parameters around it:
(1)
H = pv pzσ z + qvqyσ y + ξk vkxσ x
where

ξ k = ( k − 0.5k0 ) / k0

,

v pz = 0.1073 , vqy = −0.0946

and

vkx = −1.985

for our system. This Hamiltonian possesses a

standard Weyl Hamiltonian form and with the Weyl node located at ( p, q, k ) = ( 0, 0, 0.5k0 ) carrying a “charge” of -1
according to the usual definition. If we consider the Weyl points on the fourth and fifth bands. There are a total
of eight Weyl points: six with charge -1 and the remaining two with charge +1. We then set the working
frequency to the frequency of the Weyl point with a positive charge (303THz) and truncate the PCs at the center
of the first layer. In Fig. 4a, we show the reflection phase in the parameter space, where gray areas within black
dashed lines mark the regions of the bulk band. The reflection phase of the silver film coated is measured to be
(−0.95 ± 0.0471)π at 303THz. White dashed lines in Fig. 2a show the trajectories of interface states. In addition to

interface states connecting Weyl points with different charges, there are also trajectories of interface states
terminating at the boundary of our parameter space. We emphasize here that the existence of interface states is
“robust” to the property of the reflecting substrates: we can always find trajectories of interface states that link
the two Weyl points with opposite charges no matter what the reflecting substrate is.

Fig. 1 (a) Photonic crystals (PCs) with
different p , q values. (b) The band
dispersion of PCs with different unit
cells. (c) The dispersion of PCs in the
p − q space with k = 0.5k0 . Here two
bands form a conical intersection. (d)
Berry phases defined on the spherical
surface with a fixed θ (see the inset).

Fig. 2 (a) The band dispersions of band 4 and band 5 in the parameter space; (b) The reflection phase of
the PCs at the frequency of Weyl points with charge +1. These interface state trajectories are analogues of
Fermi arc states. The triangles mark the
and
values of the four samples in the experiment. (c) The
cyan line indicates the working frequency used in a, and the red crosses label the experimental results.
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Crystalline metamaterials for topological properties at
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Abstract-The intriguing concept of topological insulators has been transposed from condensed
matter to optics/acoustics. However, these photonic/phononic topological insulators are inherently
physically wavelength scaled. Here, we explain how structural modifications of locally resonant
metamaterials, although deep-subwavelength scaled, also induce a topological phase transition.
This experimental and numerical demonstration allows to envision applications benefiting the
compactness of metamaterials and the amazing potential of topological insulators.

In this talk, we will show how going beyond the usual description of locally resonant metamaterials in terms of
effective parameters allows to induce topological properties on a subwavelength scale1. Without any loss of
generality, we take the particular case of quarter-wavelength-resonators in the microwave domain. First we show
numerically that, thanks to multiple scattering2, it is possible to engineer the band structure of a subwavelength
scaled lattice of such resonators in order to obtain Dirac cones.
Then, following the previous work of Wu and Hu3, we operate adiabatic subwavelength structural changes within
the metamaterial. We show that these modifications lead to a phenomenon of band inversion which, added to the
computation of the topological invariant, is a proof of the topological nature of the metamaterial crystals we
designed. This band inversion is demonstrated both numerically and experimentally comparing the symmetries
of the measured modes within the samples. This phenomenon is completely explained from a polaritonic point of
view.
Moreover, the interface between media which present different topological behavior supports topological edge
modes. Therefore we will show that this phenomenon occurs in the case of our subwavelength microwave
topological insulator. We measure experimentally, and corroborate numerically, the propagation of
subwavelength topological edge modes along the interface between two topologically different samples. This
demonstrate the guiding of microwave on a subwavelength scale. We finally show that this work can be directly
transposed to the acoustic domain4.

Fig. 1. Tailoring the deep-subwavelength structure of a honeycomb lattice of wires (b), we demonstrate that
we can induce a topologically trivial (a) or non-trivial (c) bandgap.
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Abstract-Photonic band topology in a dimerized chain is defined with the winding of

pseudo spin along the Brillouin zone. However, no experiment has measured the winding
process in any photonic system so far. Here we present the direct measurement of
pseudo-spin winding in a dimerized designer-surface-plasmon chain.
Recently, many efforts are devoted to the measurement of photonic band topology in one-dimensional (1D)
dimerized chain which relates to the winding of pseudo spin in the Brillouin zone [1, 2]. However, photonic
pseudo spins, which can be represented by the in-phase and out-of-phase hybridized wavefunctions in a unit cell,
are not easy to characterize in photonic structures [2]. Furthermore, sweeping the pseudo spin across the whole
Brillouin zone, which requires physical realizations of tuning wavevectors k, is also difficult to implement in
photonic structures. Therefore, it is very challenging to measure the winding of pseudo spins.
Designer-surface-plasmon structures, in which field patterns with phase information can be easily captured,
shows promising potentiality to demonstrate the winding of photonic pseudo spins [3, 4, 5]. Based on this
platform, tuning k is also feasible. Here, we present the direct measurement of windings of pseudo spins in a 1D
designer-surface-plasmon dimer chain.
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Abstract- The introduction of topology unravels a new chapter of physics, where photonic systems
can also benefit from. Engineering locally in real space a honeycomb photonic crystal (PC) with
double Dirac cone in its photonic dispersion, topology transition in photonic band structure is
induced and a pseudospin unidirectional photonic channel is created and demonstrated by the
backscattering immune electromagnetic transportation.
In electronic system, the intrinsically Kramers pair associated with electronic spin states is crucial for the
helical edge states in quantum spin Hall effect with time-reversal symmetry (TRS). In order to realize topology
protected electromagnetic propagations, a direction mapping of Kramers pair in photonic system is needed.
In this paper, the experimental demonstration of a unidirectional electromagnetic waveguide is conducted
using dielectric PCs as previously theoretically schemed.1 Hexagonal clusters of six neighboring dielectric rods
are arranged in a triangular lattice (Fig. 1a). Two competing lengths exist in such a composite lattice (Fig. 1c &
d): the intra couple distance h1 defined as the distance between neighboring rods within the same cluster and the
inter couple distance h2 defined as the distance between the nearest rods in neighboring clusters. By tuning the
ratio between h1 and h2, the original double Dirac cone photonic dispersion (Fig. 1b) can be engineered and PCs
with inversed bulk band properties can be created.
Unidirectional backscattering immune photonic pathway forms at the interface between two PCs with
inversed bulk bands and its wave propagation properties is characterized with proof-of-principle microwave
experiments using dielectric materials. An antenna array is designed as the source of electromagnetic wave to
mimic Kramers pairs in this photonic system with TRS. Direct experimental visualization of the unidirectional
waveguide is achieved even in the frequency bands where the topological edge state is buried in bulk photonic
band edges. As only dielectric materials with reasonable permittivity are adopted, the structure can be readily
available at near-infrared or even optical wavelengths and the present design of topological PC will contribute to
future optical communication technology.

Fig. 1: (a) Experimental setup of dielectric PCs to realize unidirectional microwave propagation. (b) Double
degenerate Dirac cone appears at the Brillion zone center of a honeycomb PC. (c) and (d): By tuning the ratio
between intra couple distance h1 and inter couple distance h2, PCs with topological/trivial band diagrams can be
created and unidirectional electromagnetic waveguide can thus be created at the interface between a topological
PC and a trivial one.
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Abstract-The concept of multiple post re-entrant metastructures scaling from a double post cavity
to a lattice with nontrivial topological properties is considered. We demonstrate reconfigurable
photonic analogues of topological insulators on a regular lattice of tunable posts in a re-entrant 3D
lumped element type system. High post tunability allows dynamical in-situ change of media
chirality and other properties via alteration of the same parameter for all posts. This provides great
flexibility in choice of bulk/edge configurations. Also, one way photon transport without an
external magnetic field is demonstrated.Applications in quantum hybrid systems and fundamental
physics tests are be discussed.
Being a universal probe of the electromagnetic field, microwave cavities are important tools used in many
areas of physics and engineering. In particular, they are employed in many experiments of Quantum
Electrodynamics (QED) enhancing field-matter interaction and searches for fundamental particles, forces and
symmetries such as Lorentz violating interactions and dark matter particles. The success in many of these areas
is related to the ability to produce cavity-like structures with the given field geometries at given frequencies and
possibility of in-situ reconfigurability. An interesting method to approach the cavity design problem comes from
the field of photonic metamaterials. In particular, we will consider photonic meta-cavities built of multiple reentrant posts.
A single post re-entrant resonator is a well known closed electromagnetic cavity that is widely used in
accelerators and some other areas. It may be understood as a 3D version of a split-ring resonator with the
rotation symmetry around the post centre. The post is characterized inductance around itself and capacitance in
the gap underneath. Due to the high concentration of the electric field in the gap, the resonant frequency of the
structure is highly turnable. A natural generalisation of the concept is introduction of several posts in the same
closed cavity[1]. In such a case, a number of resonances equals a number of posts, and mutual orientation of post
currents for every resonances gives a full control over the distribution of magnetic field inside the cavity. This
idea was used to achieve strong and superstrong coupling with spins in solids for QED applications [2-4]. For
system with a relatively large number of posts in such a meat-cavity, one can speak of mode bands of different
polarisation with possible bandgaps between them that have been demonstrated both in one and two
dimensions[1,5]. Moreover, it is possible to control these bands and having control over the gaps under the
structure posts. Thus, it makes possible to introduce a concept of programable cavity arrays similar in spirit to
the widely used programable gate arrays (FPGAs), where one my control frequencies and mode shapes over a
large number of regular posts[5].
The post gaps and thus electromagnetic properties of re-entrant post meta-cavities can be controlled either
mechanically or electronically. In the first case, the gap is changed by a piezoelectric actuator that is attached to
the post or the opposite cavity wall. In the second case, a varactor diode is introduced between the post and the
opposite wall and the equivalent electrical distance in the gap is controlled via the DC between them.
After demonstrating the band properties in closed multiple post meta-cavities, the further important step is to
achieve topologically nontrivial phenomena. Unfortunately, each straight re-entrant post is a trivial object that os
lumped in the cavity plane. On the other hand, instead of having a lattice of single posts, one may introduce an
array of a group of closely positioned posts. Such a group may be understood as a ‘meta-molecule’ constituting
the lattice and have non-trivial shapes in the cavity plane[6]. In particular, it is possible to introduce chirality for
such an object, for example, through varying the post gaps in the clockwise or counter-clockwise direction
across the molecule. Such method has an advantage of being reconfigurable in-situ through gap modification.
Thus, it is possible to design a meta-cavity with reconfigurable chiral post objects that may compose a lattice
with nontrivial topological properties.
To demonstrate nontrivial topological properties of multiple-post arrays, we consider a lattice of four post
square molecules where the gap size changes clock-wise or counter-clockwise. Moreover, in order to make the

entire lattice as regular as possible, the inter-molecule spacing is set equal to the square size. This constitutes a
regular array of posts where the molecules are distinguished only by gap variations. The system is modelled
using both Hamiltonian eigenmode approach and full 3D electromagnetic modelling. We show that the system
exhibits band gaps and edge modes in both 2D and 1D arrays. These modes arise on the boundary between
lattices with different chirality. Additionally, one way photon transport without an external magnetic field is
demonstrated. The ability to change configuration of the system in any spot gives an advantage of changing the
system topology ‘on the fly’. High localisation of edge modes together with its reconfigurability may be
exploited to address certain areas of the system coupling to some small objects ‘on-demand’. This is a vital
property in the scope of QED where magnetic crystals or qubits should be strongly coupled to condition to some
other signals. In other words, the concept implements multi-purpose random access systems, e.g. memories. The
other possible applications inspired by the reconfigurability property is topological signal processing and
sensing.
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Towards copolymer self-assembly of photonic Weyl metamaterials
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Abstract— Block copolymers are soft materials made of diﬀerent types of monomers glued

together by covalent bonds. They self-assemble into highly structured phases which can replicate
at the mesoscopic scale the symmetry of atomic crystals. Here, we present a bottom-up approach
based on copolymer-self assembly to engineer photonic crystals with topologically protected Weyl
points. These photonic metamaterials exhibit a frequency and angle selective optical response,
lack of Anderson localization and chiral edge states, even in the absence of time-reversal symmetry
breaking.

Dynamic long-range couplings in low-symmetry topological
photonic systems
Kin Hung Fung∗
The Hong Kong Polytechnic University, China
khfung@polyu.edu.hk

Abstract— Non-Hermitian and Lorentz non-reciprocal photonic resonators have attracted intense attention due to their complexities which are strongly dependent on their spatial and
temporal structures. Recently, it has been found that arrays of these resonators could also form
interesting topological bands and edge modes, which has provided alternatives for realizations of
new topological states. Classical photonic systems are diﬀerent from electronic systems in that
the fields near photonic resonators are usually not very localized. However, many traditional
theories for the topological bands and edge modes were based on oscillator models with nearest
neighbor couplings, ignoring many interesting eﬀects. We try to understand the roles of radiative
long range couplings on topological bands and edge modes. In this talk, we will discuss the
dynamic radiative eﬀects on the bands and edge modes in these low-symmetry topological photonic systems. Arrays of plasmonic nanoparticles and gyromagnetic resonators will be used as
examples to illustrate the eﬀects. The roles of various symmetries including Lorentz reciprocity,
time-reversal symmetries, and other spatial-temporal symmetries will also be discussed.
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Topological and noreciprocal sound and light
in quantum well structures
A. V. Poshakinskiy1 , and A. N. Poddubny1,2⇤
1

Io↵e Institute, 194021 St. Petersburg, Russia
ITMO University, 199034 St. Petersburg, Russia
corresponding author: poddubny@coherent.io↵e.ru
2

Abstract— We study optomechanical e↵ects in the laser-pumped periodic multiple-quantumwell structures. The light-sound interaction is strongly enhanced at the exciton resonance of
the quantum wells and the hybrid exciton-light-phonon quasiparticles, termed as phonoritons,
are formed. The phonoritons exhibit pumping-induced synthetic magnetic field in the artificial
”coordinate-energy” space that makes transmission of left- and right- going waves di↵erent. The
transmission nonreciprocity allows to use such phonoritonic crystals with realistic parameters as
optically controlled nanoscale acoustic diodes and one-way lasers.

In layered multiple quantum well structures the photoelastic interaction is enhanced by several orders of magnitude at the exciton resonance [1], boosting the optomechanical e↵ects. So far the
optomechanics of such structures has been analyzed only in the
weak exciton-light coupling regime [2]. Here, we study the laserpumped quantum well structures depending on the relative strength
of exciton-photon and exciton-sound interaction. We consider the
strong exciton-light coupling and add a new dimension to the phase
diagram of coupled light and matter [3], see Fig. 1. In the regime,
when both these interactions are strong the eigenmodes are phonoritons, i.e., a hybrid of phonons, photons, and excitons.
We demonstrate that the propagation of phonoritons through
the 1D structure is equivalent to the quantum walk on a stripe
of a 2D lattice in the virtual “coordinate–energy” space. Finite
pump laser wave vector induces synthetic magnetic field on the Figure 1: E↵ects in laserlattice, making the wave transport nonreciprocal. The structure pumped quantum wells, dependcan controllably amplify phonons transmitted in one direction while ing on the exciton-photon and
attenuating those transmitted in the opposite direction, enabling exciton-phonon interactions.
construction of an acoustic diode and and unidirectional laser. The
proposed devices are can be realized using the mature planar growth technology, are easily integrable
with existing optoelectronic platforms and might be promising for phononic computing.
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The effect of topology on quantum photonic states in silicon
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Abstract – We study the effect of topology on quantum walks using on-chip generated correlated
photon pairs in an array of silicon waveguides. By using single-photon measurements and
simulations we demonstrate the transition between the characteristic path entanglement in random
quantum walks and topological localization of the quantum states. Further, we show the robustness
of that topological localization to disorder.
Quantum walks are one of many fascinating aspects in quantum information, which are receiving increasing
interest since it was shown that they can efficiently perform tasks that are computationally hard in a classical
computer [1]. The intrinsically low decoherence of photons, combined with the capability of easily engineered
optical platforms, make photonic systems ideal to study different phenomena in quantum walks [2]. In particular,
the study of topological phenomena in quantum walks is interesting since it provides a route to robust transport
of multiphoton states [3].
We recently demonstrated topological localization of light in an array of silicon waveguides [4], in close
analogy with the SSH model [5]. Here, by single-photon measurements and simulations, we demonstrate that a
similar platform can be used to study the effect of topology in quantum walks. In particular, we take advantage
of the high nonlinearity of silicon waveguides that leads to the generation of correlated photon pairs via
four-wave mixing (FWM). In a purely random quantum walk scenario, with equidistant waveguides, the
correlated photon pairs spread across the lattice (Fig. 1a). This yields the path entanglement shown in the
correlation map at the output of the lattice (Fig. 1b) and the measured correlation counts in the nine center
waveguides shown in Fig. 1c.
Next we introduce non-trivial topology in the array by alternating the distances between waveguides and
creating long-long defects [4,6]. When exciting the center waveguide of the long-long defect we observe
topological localization of the photon pairs (Fig. 1c) giving rise to an output correlation map (Fig 1d) in which
the initially spread path entanglement collapses into the center waveguide waveguides. This is further evidenced
by the correlation counts measured at the output, shown in Fig. 1f.
The most striking effects of topology in quantum walks are observed when the system is subject to disorder.
In this particular implementation, we introduce disorder in the position of the waveguides (the width of the
waveguides remains unchanged). Introducing disorder in the purely random quantum walk leads to strong
disturbances of the propagation of the photon pairs, which lead to a correlation map strongly affected by disorder
(Fig. 1g). When the same level of disorder is introduced in the array with nontrivial topology the propagation of
the photon pairs and the correlation map at the output (Fig. 1h) remain unaffected. This robustness is due to the
existence of a topological phase that is preserved as long as the chiral symmetry of the structure is conserved.
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Abstract-We demonstrate that a symmetry protected topological (SPT) state can be engineered
in a three-dimensional (3D) all-dielectric metacrystal where the electromagnetic duality between
electric and magnetic fields is ensured by the meta-atoms design. Magneto-electric coupling
results in a complete topological photonic bandgap and an emergence of spin-polarized surface
states with conical Dirac dispersion on 2D topological domain walls.
Following the footsteps of condensed matter topological systems, a significant progress has been recently
made in understanding and realizing topological states of light [1]. Here demonstrate that that topological state
protected by the electromagnetic duality can be engineered in a 3D metacrystal. The duality, which is reflected
in the symmetry of the Maxwell equations with respect to electric and magnetic field components, responsible
for the SPT phase of the electromagnetic eigenmodes, otherwise broken by materials response [2,3], is restored
by careful design of building blocks of the 3D photonic lattice – meta-atoms. We demonstrate a 3D photonic
metacrystal based on the all-dielectric metamaterial platform, which is thus free of very restrictive requirement
earlier concepts, including time-reversal violating systems, where magnets or temporal modulation are required,
and SPT approaches utilizing lossy metallic/metamaterial components [2,3]. The suggested design can therefore
be readily implemented across entire electromagnetic spectrum from microwave to visible.
The topological photonic metacrystal introduced here is schematically shown in Fig. 1a. It represents a 3D
hexagonal lattice of dielectric disks with the permittivity ϵd=81 embedded into a matrix of permittivity ϵb=3. The
dielectric disks - meta-atoms - and their 3D periodic arrangement are designed in a way that the photonic band
structure exhibits two overlaid 3D Dirac points near the K-point in the Brillouin zone as in Fig. 1b. Each of the
observed Dirac bands originates from the electric and magnetic dipolar modes of the disks with their dipole
moments aligned in the xy plane, perpendicular to their axes. It is important that the very possibility to emulate a
true 3D Dirac point found for relativistic massless spin-½ fermions described by the Dirac equation, i.e. the four
linear bands which are overlaid in a pairwise manner, is enabled by the duality symmetry. The presence of these
two independent sets of modes, the magnetic-dipole and electric-dipole degrees can also be understood as the
result of inversion symmetry in the z-direction, present in the case of gapes structure Fig.1b, as the electric
(magnetic) modes are odd (even) with respect to the σz (z→ -z) transformation. Any reduction of the σz
symmetry results in the coupling of the in-plane electric and magnetic orbitals and opening of a band gap in the
place of Dirac points. This magneto-electric coupling, also referred to as bianisotropy, has an effect equivalent to
the spin-orbital interaction in condensed matter [2,3].
An example of the metacrystal with σz symmetry broken by removing part of the dielectric cylinder is shown
in Fig. 1a, right panel, with its band structure in Fig. 1(c), which reveals a full 3D bandgap. The modes of such
gapped structure no longer represent pure electric and magnetic modes, but are mixed states with the phases
between their electric and magnetic components being locked. The dipolar electric and magnetic moments of
these modes always appear to be tilted by 90 deg and -90 deg with respect to each other, thus constituting two
sets of eigenmodes ψ↑ and ψ↓, where the superscript indicates up (↑) or down (↓) pseudo-spin value, both for
lower and upper bands.

Fig 1. (a) Schematics of the metacrystal with 3D hexagonal lattice. Brillouin zone is shown as an inset. (b,c)
Photonic band structures calculated along the high symmetry directions for crystals without and with
bianisotropy.
One of the most important consequences of topological order is the emergence of gapless surface states,
which may occur either on the external interfaces with topologically trivial system or at the domain walls
separating topological systems of distinct classification. Here we consider the topological domain wall along the
yz-cut which represents an interface between two topological crystals inverted with respect to each other along
the z-direction, which results in the reversal of bianisotropy. The corresponding structure is shown in Fig. 2a
with the photonic band structure in Fig. 2(b,c). The left and central panels in Fig. 2(b) show two cuts of twodimensional band structure ω(ky,kz) and reveal two pairs of surface states. The surface states appear within the
band gap region interconnecting lower and upper bulk bands. The 3D band diagram shown in Fig. 2(c) exposes
one of the Dirac cones corresponding to the surface states near K-point. As in the case of 3D electronic
topological insulators, the surface states in our system also have a property of spin-locking which endows them
with topological robustness.

Fig 1. (a) The schematics of the domain wall formed by the reversal of the mass term induced by the
bianisotropy in the middle of the metacrystal. (b) Band diagrams of topological surface states supported by the
domain wall. (c) The conical Dirac-like dispersion of the surface states.
In summary, we propose an all-dielectric photonic platform which can be used for implementation of
topologically robust 3D photonic circuitry in entire electromagnetic spectrum from microwave frequencies to
optical domain. The proposed all-dielectric metacrystals may allow avoiding undesirable effects of Ohmic loss
unavoidable in metallic structures, and, in addition, facilitates topological order in photonics-compatible
dielectric and semiconductor materials, thus avoiding technical difficulties associated with the use of magnetic
materials and external magnets required to induce topological order in systems with broken TR symmetry.
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Abstract- Photonic topological insulators are an interesting class of materials whose photonic band structure can
have a band gap in the bulk while supporting topologically protected unidirectional edge modes. Recent studies on
bianisotropic metamaterials that emulate the electronic quantum spin Hall effect using its electromagnetic analog are
examples of such systems with a relatively simple and elegant design. In this presentation, we present a rotating
magnetic dipole antenna, composed of two perpendicularly oriented coils, that can efficiently excite the unidirectional
topologically protected surface waves in the bianisotropic metawaveguide (BMW) structure recently realized by T.
Ma et al. [Phys. Rev. Lett. 114, 127401 (2015)] despite the fact that the BMW medium does not break time-reversal
invariance. In addition to achieving a high directivity, the antenna can be tuned continuously to excite reflectionless
edge modes in the two opposite directions at various amplitude ratios. We demonstrate its performance through
experiments and compare to simulation results. For details, see Phys. Rev. B 94, 195427 (2016).
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Detecting the spatial chirp signals by fractional Fourier lens with
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Abstract- Detecting the rate of frequency change or chirp rate (CR) of a spatial chirp signal is
important in some optical applications. With the help of transformation optics, the improved
fractional Fourier lens can be designed to adjust the CR as well as the focusing location of the given
input chirp signals. In consequence the CR detection precision can be improved and the range of the
input signals can be extended. The numerical simulations verified the design.
Transformation optics (TO) provides an intuitive and direct way to control electromagnetic wave
propagation by designing appropriate materials [1]. Lu et al. [2] utilized TO to widen the input spatial frequency
bandwidth of the graded index (GRIN) lens by isotropic transformation media and pointed out its potential in
fractional Fourier transform (FrFT). In this study, we explore the application of the FrFT lens proposed by Lu et
al. [2] in detecting the CR of a spatial chirp signal with enhanced precision and range. Detecting the CR of a
spatial chirp signal is important in some optical application. For example, the Newton’s rings are two
dimensional (2D) chirps and their CRs are important in optical measurements.
It is known that if f(x) is a chirp signal and the FrFT has proper order corresponding to the CR, the FrFT
result of f(x) is an impulse [3]. In view of this, the FrFT lens can be used to detect the CR of an input chirp. The
chirp will focus at the location within the lens where the corresponding FrFT order can be found [4], in turn the
CR can be calculated [3]. The higher the CR is, the smaller the FrFT order will be, and the closer the impulse
will locate to the input facet. As the traditional GRIN lens is work under the paraxial approximation, the short
propagate distance of high CR signal will lead to considerable error. The proposed lens compress the input facet
and maintain the output facet length [2], as a result, although the input signal is the same, it can be viewed as a
compressed chirp and is equivalent to a uncompressed chirp in the original space according to TO principle. That
is, the proposed lens can reduce the input CR. Compared to the signal with higher CR, the one with lower CR
can focus farther in the lens and makes the paraxial approximation satisfied better, thus the detection precision
can be improved, which also means the range of the input chirp signals can be extended for the given error.
The 2D numerical simulations results are shown in Fig. 1 and Tab. 1. The compression factor of the input
facet is 2.3819 and the input test chirps are transverse electric (TE) waves, with wavelength= 0.09m. One should
note that the proposed lens has different method from the traditional GRIN lens in obtaining the FrFT order [2].
It is clear that with the help of the proposed FrFT lens, the detection precision of the CR can be greatly improved.
The proposed device may boost the applications of optical FrFT, and the idea proposed here also implies that TO
has broad prospects in the field of spatial signal processing.
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Figure 1. The electric fields |Ez| distributions in the devices and the corresponding amplitude spectrums along
the optical axis. (a),(b),(c) and (d): traditional and proposed lens for input CR=50, respectively; (e),(f),(g) and
(h): traditional and proposed lens for input CR=60, respectively.
Lens
Traditional
Proposed
Traditional
Proposed

Input test
CR

Theoretical
FrFT order

50

0.3159

60

0.2698

Focusing
location
0.8189
1.4527
0.6578
1.3578

Obtained
FrFT order
0.2696
0.3055
0.2165
0.2603

Obtained
CR
60.0678
52.0110
76.5005
62.4880

FrFT Order
error (%)
14.66
3.28
19.74
3.53

CR error
(%)
20.14
4.02
27.5
4.15

Table 1. The comparison of the CR detection precisions between the two kinds of lenses in Fig. 1.
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Abstract— The devices designed using a transformation optics approach are mainly accomplishing their functionality by inducing specific manipulations of the wave paths through coordinate transformations. In this study we analyze how the wave vectors can be manipulated as the
waves propagate in transformation media derived from a specific class of coordinate transformations. We provide a powerful method for designing electromagnetic devices able to accomplish
di↵erent functions by inducing proper manipulations of the wave vectors generated by appropriate
coordinate transformations.

An electromagnetic device alters the wave path and/or the wave vector of an incident wave according to the desired functionality. So far, the concept of transformation optics was used to design
di↵erent devices, mainly by focusing on the manipulation of the wave path of the electromagnetic
waves [1]-[3].
In this study we present the design of a flat device consisting of a medium delimited by two
parallel planes. The required functionality of the device is a proper manipulation of the wave vector
in order to provide a specific wave vector distribution at the output plane of the device. The wave
vector distribution at the output plane will determine the propagation path of the wave into the
homogeneous medium which surrounds the device. This theoretical study shows a general method to
retrieve the proper coordinate transformation, and consequently the corresponding permittivity and
permeability of the transformed medium, which will generate the desired wave vector distribution
at the output plane of the device [4].
Figure 1 shows the main geometrical characteristics of the designed device, the trajectories of
the wave paths inside the device and after leaving the device, and the components of the wave
vectors of the incident and emergent waves. The device consists in a medium delimited by two
planes perpendicular on z axis. The wave path of a normally incident wave is constrained to a
parallel line to z axis. In order to manipulate the wave vector inside the device the following
coordinate transformation of the original space was used:
( 0
)
x =x
y0 = y
(1)
z 0 = zf (x, y)
where f (x, y) is a function of two variables which transforms the z coordinate with respect to x
and y coordinates.
Considering that the original space is the free space the relative electric permittivity " and
magnetic permeability µ of the anisotropic medium, having an identical electromagnetic behavior
as the transformed space described by equations (1), are given by the same symmetric tensor,
denoted by n:
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where @x f and @y f denote the partial derivatives of the f function with respect to x and y variables,respectively. Note that, tensor n described by equation (2) is expressed in terms of x0 , y 0 , and
z 0 coordinates of the transformed space where, for simplicity, the primes have been dropped.
After performing some mathematical computations we proved that at normal incidence (i.e. the
wave vector of the incident wave has the form kTi = (0, 0, kzi ), where the superscript (·)T denotes

Figure 1: (a) 3D view and (b) yz plane view, of a reduce area of the device. The device is delimited by
the input (P 0) and output (P 1) planes perpendicular on z axis and displaced by zD . The wave paths are
depicted inside and outside the device by blue and green lines, respectively. The incident and emergent wave
vector components are depicted by red arrows. F denotes an arbitrary point of convergence for the emergent
wave vectors (i.e. a focal point) in the particular case of a converging flat lens design.

the transpose operator) the transverse components of the wave vector kx and ky are changing
linearly with respect to z coordinate so that the x and y axis components of the emergent wave
vector kTe = (kxe , kye , kze ) are described by the following equations:
kxe =

@h
zD ,
@x

kye =

@h
zD
@y

(3)

where zD is the thickness of the device and h(x, y) = 1/f (x, y) (see Fig. 1 and ref. [4]). Since the
emergent wave propagates in the free space the components of the wave vector are satisfying also
the relation:
2
2
2
kxe
+ kye
+ kze
= 1.
(4)
Equations (3) are the most important result of our theoretical study. In completion with equation
(4) these equations allow us to retrieve the function f (x, y) which describes the transformation
media able to produce at the output interface of the device the wave vector distribution required
by the functionality of the device. Once this function is found the material parameters of the device
are easily found from equation (2).
In our presentation we will show through numerical simulations using Finite-Di↵erence TimeDomain (FDTD) algorithms how this theoretical result, which enables a flexible manipulation of
the wave vectors, can be applied to design optical devices for the following fields:
•
•
•
•

generation of Bessel and angular momentum beams;
optical information processing;
super-resolution imaging;
optical cloaking.
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Abstract-We apply transformation optics to the field of thermal radiation where
fluctuational electrodynamics is shown to be invariant under transformation optics. We
show that thermal camouflage/cloaking can be possibly realized using the proposed theory.
In this paper, we extend transformation optics theory [1-2] to thermal radiation physics [3] in order to
control thermally radiated signatures emitted from an arbitrary object. Applications concern
countermeasure effects in a way similar to other thermal camouflage techniques [4-8].
Starting with fluctuation dissipation theorem [4-6] where thermally fluctuating current sources are
related to radiative losses, we show that it is possible for objects residing in virtual and physical space to
have the same spectral thermal signature. To reach this goal the complex permittivities and permeabilities
should be related by the typical transformation optics such that the fluctuation electrodynamics problem
[7] is invariant under transformation. Furthermore the thermal current sources are transformed in a way
similar to that of coherent sources according to source transformation [14]. These two properties are the
basis for the invariance of fluctuation electrodynamics and allow the illusion procedure in thermal
radiation.
We illustrate the concept using the cloaking/illusion paradigm in the two dimensional space [15],
where an object is coated with a transformation optics designed cylindrical coat in order to mimic [16] the
emitted thermal signature of two other different objects, one for its Transverse Electric polarization and
the other for its Transverse Magnetic polarization. Finally we discuss possible extensions to other
transformations and physical limitations of their realizations.
Acknowledgements, This work was supported by the French National Research Agency (ANR- INPACT
project).
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Abstract- Transformation Optics (TO) based superstrates allow modifying radiation patterns of
antennas but generally required anisotropic magnetic and dielectric materials or metamaterials.
Previously, we presented a TO-based all dielectric solution which allows achieving in-plane
radiation from planar antennas. In this paper, we will present the approach to design the superstrate
prototype using 3D printing process and the performances achieved.
First introduced in seminal work of Pendry [1], Transformation Optics (TO) is a great tool for
electromagnetic design that offers new perspective to long studied electromagnetic problems. One such problem
is achieving in plane radiation from planar antennas. Traditionally such radiation can be achieved with leaky
wave antennas or end-fire arrays. In [2], design of a dielectric superstrate was proposed that allows reorienting
the broadside radiation pattern of a patch antenna in its azimuthal plane. Using TO and optimization techniques,
permittivity values are found to interpret the transformation of a rectangular Cartesian space according to a
virtual space comprised of 2 opposed quarter ellipses (Figure 1). When placed over a patch antenna, superstrate
allows achieving an antipodal radiation pattern with two opposite radiation lobes in the azimuth, and a null in the
broadside. Furthermore, a 3D solution is also discussed with a profile comprised of 48 pixels arranged in 3 layers
with 16 pixels each, and with permittivity values ranging between 1 and 14. Such a superstrate is shown to
provide the desired reorientation behavior for a patch antenna designed to function at 1.25 GHz. The profile is
shown in Figure 2.

a)

b)

Figure 1 (a) Physical space, (b) Virtual Space

Figure 2 Dielectric TO profile with 48 pixels

While permittivity gradients can be designed by drilling holes of variable radii in a single dielectric medium,
implementing the dielectric profile of [2], presented in Figure 2, is very complex using only one material due to
the wide-varying permittivity profile. Indeed, materials with high-ɛr values are difficult to find and particularly to

machine. Alternatively, multiple materials can be used. For example, a three material dielectric magnifying lens
has been presented in [3], where the high permittivity regions are interpreted using a single high permittivity
material (F4B).
In the present work, we adopt a similar approach to address the concern of high permittivity values. Alumina
(ɛr-high = 9.9) is used to interpret high permittivity region i.e. all pixels with permittivity value higher than that of
alumina. Remaining values are interpreted by a single permittivity value (ɛr-low), corresponding to the
permittivity of a 3D printer material. For ɛr-low realization, two different materials were considered:
Objet-FullCure photo curable resin (ɛr = 2.8) and PLA Thermoplastic (ɛr = 2.56, tanδ = 0.031). In practice, this
leads to a two materials design, as shown in Figure 3. Plexiglas sheet is screwed on top face of the receptacle to
secure alumina slabs.

Figure 3 Representative image of the fabricated prototype

The performance achieved with these two different configurations of the superstrate placed over a classical
patch antenna will be presented during the conference.
Acknowledgements: This work is supported by the NanoDesign project funded by IDEX Paris-Saclay,
ANR-11-IDEX-0003-02.
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Abstract-As an effective approach for manipulating propagation of waves, transformation optics
has inspired many novel applications in past decades. In this paper, our recent efforts in
metamaterial devices for manipulation of waves in microwave region are reviewed with emphasis
on (1) multifunctional device with three different kinds of electromagnetic properties, (2)
homogeneous illusion device exhibiting transformed and shifted scattering effect and (3) wave
bending devices with homogeneous complementary material.
Transformation optics has attracted great attentions of scientists in optics and magnetic since proposed [1].
Based on theory of optical transformation, novel applications in manipulation of waves were proposed and
analyzed in theory, including cloaks, illusion device, to name a few [2-4]. In this paper, we briefly review our
recent work on metamaterial device for manipulation of waves based on transformation optics. Multifunctional
device with three electromagnetic properties, homogeneous illusion device exhibiting transformed and shifted
scattering effect and wave bending device with homogeneous complementary material will be introduced.
First, a multifunctional device with invisible, transparent and illusion electromagnetic properties is proposed.
This device can be used as complementary cloak, as shown in Fig.1a and 1b. Scattering fields of the circular
object in Fig. 1a is cancelled by corresponding anti-object, as shown in Fig.1b. Meanwhile, this device can be
used as transparent device, as shown in Fig.1c and 1d. It can be seen that the field distributions of the device of
horn antenna in free space are is same as with that of a horn antenna in proposed device free space. Second, a
kind of homogenous illusion device exhibiting shifted and transformed scattering effect is proposed. Fig. 2a, 2c
and 2e show the electrical field distributions of different PECs in shifting device with linearly minified,
magnified and reshaped properties, respectively. Compared electrical field distributions of practical PEC with
that of equivalent PEC (shown in Fig. 2b, 2d and 2f), we can see that the field distributions of two PECs are
same although they have different size and locate in different location. Third, we adopt homogeneous
complementary material to manipulate the propagation property of waves. Fig. 3a and 3b show the wave deflects
with a given angle moving through the refractor and splitter. Fig. 3c and 3d show electric field distributions and
the time average power outflow of waveguide bend respectively. It is clear that the guiding mode pattern is not
distorted and the nearly all the energies are transmitted.

Fig. 1 Electrical field distributions of (a) circular object in free space, (b) circular object in the device, (c) horn
antenna in free space and (d) horn antenna in the device.

Fig. 2 Electrical field distributions of (a) small PEC, (b) equivalent big PEC, (c) big PEC, (d) equivalent small
PEC, (e) rectangle PEC and (f) equivalent square PEC.

Fig. 3 Electrical field distributions of (a) wave refractor, (b) wave splitter, (c) waveguide bend and (d) time
average power outflow of waveguide bend
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Abstract-A 3D lens calculated by spatial light transformation method for electromagnetic field
shaping is proposed. The lens is capable of transforming cylindrical wavefronts into planar ones,
and therefore generating a directive emission. Such manipulation is simulated and analyzed by
solving the Laplace’s equation. A potential 3D realization with all-dielectric gradient refractive
index metamaterials is presented.
Transformation Optics (TO) concept [1,2], known as a powerful and effective method to simultaneously
control electromagnetic (EM) fields, has been widely used to design new classes of optical and electromagnetic
devices. The best known design by TO approach is the invisibility cloak [3]. Moreover, quasi-conformal
transformation optics (QCTO) provides the possibility to design arbitrary shapes and avoid singularities in
material parameter value. Thus it has been widely applied to design arbitrary broadband devices such as the
carpet cloak [4] and functional lenses [5] with all-dielectric materials. In this study, we propose the design of a
3D lens with a mushroom shape that can significantly enhance the directivity of a conical horn antenna. Such a
3D lens is based on a former 2D one that is capable of restoring in-phase emissions from a conformal array of
antennas so as to obtain performances similar to a linear one [6].
The designed model is based on quasi-conformal transformation optics (QCTO) and achieved by solving
Laplace’s equation. For fields’ equivalence at the outer boundaries with the virtual space, Neumann and
Dirichlet sliding boundary conditions are set at the edges of the cap lens:
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The range of zz is related to the deformation between the physical space and the virtual space. We consider
the initial parameters as t = 4 cm, r = 14.5 cm and = 0.761 rad (Fig. 1). In this case, the permittivity
distribution ranges from 0 to 2.8. To refrain from using resonant metamaterials and to support a potential
all-dielectric realization process, we have to consider zz values below 1 as unity. The discrete lens is designed
from dielectric-hole structures for broadband performances, as illustrated in Fig. 2.
This work was supported in part by the National Natural Science Foundation of China under grant No.

61601345 and Educational Commission of Fujian Province, China (JZ160449). J.Yi acknowledges the partial
support from the Fundamental Research Funds for the Central Universities (XJS16046, JB160109) and 111
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Fig. 1: Illustration showing the space mapping from the virtual space to the physical space.

Fig. 2: Simulated electric near field distributions of 3D discrete lens in the x-y plane.
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Abrupt modifications of the fields across an interface can be engineered by depositing an array of subwavelength resonators specifically tailored to address local amplitude, phase and polarization changes [1].
Physically, ultrathin nanostructure arrays (δ≪λ), also called ‘‘optical metasurfaces’’, control light by engineering
artificial boundary conditions of Maxwell’s equations. Metasurfaces have been implemented to obtain various
sorts of optical functionalities, ranging from the basic control of the transmission and reflection of light[1-2], to
the control of the radiation patterns for comprehensive wavefront engineering and holography[3]. In the
introduction, we will review the recent works in this field and we will explain the physical mechanisms required
for the design of efficient planar optical components.
In this presentation, we will discuss recent works on free standing visible (GaN based) and mid-infrared (Sibased) metasurfaces [4]. We will explain which physical mechanisms are utilized for the design of efficient
ultrathin planar optical components and show that these conditions are connected with the well-known Kerker
conditions already proposed for isolated scatterers.

Figure 1 : (a) Phase introduce by the gratings as a function of the fill factor and the period (right) Contour of the
transmission versus the fill factor and the period of the grating (b) Schematic diagram of the grating.
Beam deflectors are designed and optimised through sequential particle swarm and gradient descent
optimisation in order to maximise transmission efficiency and reduce unwanted grating lobes. We have designed
and optimised freestanding silicon nanohole array beam deflector for the visible and the mid-IR. Our
metasurfaces, made of GaN for visible and Si for mid-infrared, are fabrication friendly and have high
transmission due to the lack of substrate and the fulfillment of Kerker’s conditions (fig1 and 2).

Figure 2. (a) Electric and magnetic dipolar contributions at several selected hole radii. (b) Crosses mark the chosen
hole radii for the metasurface beam deflector, showing the constant phase shift difference Df and corresponding
high transmission. (c) Field amplitudes before and after incidence on nanohole arrays with different radii, showing
the linear phase gradient.
Similar principles can be used to design various other optical metasurfaces, e.g. flat lenses, phase plates,
waveplates, helical wavefront generators, and holograms. Rectangular, elliptical, or other asymmetrical hole
shapes can be used to impart birefringence to different light polarisations, as required in waveplates or
polarisation beam splitters. We will conclude our presentation with a discussion on the concept of conformal
boundary optics: an analytical method based on novel, first-principle derivations that allows us to engineer
transmission and reflection at will for any interface geometry and any given incident wave[5].

Fig. 1: 2D planar metasurface of subwavelength thickness. For planar interfaces, generalized sheet boundary
conditions readily apply, and the surface susceptibility tensors can be calculated. (b) The local coordinate system of
the surface follows its local curvature, changing with the position along the interface. Boundary conditions of the
fields are obtained in the coordinate system of the interface and are therefore position dependent. To produce an
effect equivalent to that in (a), the surface susceptibilities of the optical interface have to be engineered to
account for the effect of the physical distortion. The dashed blue lines denote the equiphase fronts of the
electromagnetic fields.
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Abstract- Metasurfaces can be designed to exhibit extraordinarily strong chiral responses,
commonly described in terms of the circular dichroism and polarization rotation. Here we present a
set of photonic metasurfaces that possess pronounced chiroptical features in both the linear and the
nonlinear regimes. These structures are further exploited for chiral-selective two-photon
luminescence from quantum emitters and a photon-drag effect with helicity-sensitive generation of
photocurrent. Finally, we report a noticeable shift in the chiroptical responses under a modest level
of excitation power.
The past few years have witnessed an explosive development of chiral photonic nanostructures 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 set of photonic metasurfaces that possess
pronounced chiroptical features in both the linear and the nonlinear regimes.
In addition to gigantic linear chiroptical responses, including the circular dichroism and optical activity that
are many times stronger than those found in naturally occurring media, the metasurfaces 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 metasurface pattern consisting of
opposite meta-enantiomers.
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. The giant chiral response in the metasurface 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.
In the end, we report a chiral metasurface based on topologically continuous metallic layers, which supports
a photon-drag effect with helicity-sensitive generation of photocurrent. The structure is further exploited under
varying illumination intensity, with which we observe an intensity-dependent modulation of optically active
signals, including the circular dichroism and polarization rotation, under a modest level of excitation power..
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Abstract- For practical applications of orbital angular momentum (OAM) states, a simple approach
is highly desirable for the generation of OAM beams and the manipulation of their superpositions in
multiple channels. We propose and experimentally demonstrate a facile metasurface approach to
realize polarization-controllable multichannel superpositions of OAM states at will. Four OAM
beams in separate channels are observed for an incident Gaussian beam with circular polarization.
By manipulating the polarization state of the incident light, arbitrary control of the superpositions of
various OAM states in multiple channels is realized using a single plasmonic metasurface.
Light possessing OAM (namely optical vortex) has a helical phase structure described by exp(il θ ) ,
where θ is the azimuthal angle, l is the topological charge of optical vortex corresponding to an orbital angular
momentum of l h per photon. Recently, the OAM of light has attracted considerable attention due to its
promising applications, including optical tweezers, quantum memories, and metrology. Specially, a
superposition of OAM states is of importance in classical physics and quantum sciences. Despite the diverse
applications of OAM ranging from metrology to quantum entanglements, there are fundamental or technical
challenges for current techniques to efficiently generate and manipulate multi-OAM-state of light.
Metasurfaces, the two-dimensional analog of conventional metamaterials, have drawn considerable
attention in the scientific community due to their exotic electromagnetic properties and potential breakthroughs
for light manipulation [1, 2]. In this paper, we propose and experimentally demonstrate an efficient approach to
generate multiple OAM states and arbitrarily control their superpositions [3]. Figure 1 shows the superposition
of OAM states with topological charges of same absolute values but opposite signs in four output channels.
Under the illumination of RCP light, two pairs of off-axis OAM beams are generated, i.e., R, l i (denoted
by black dots along the horizontal direction) and R, l j (yellow dots along the vertical direction),
respectively (see Fig. 1a (i)). Here l i , l j are the topological charges. By changing the helicity of the incident light
from RCP to LCP, the signs of all the topological charges of output OAM states are flipped (see Fig. 1a (ii)), and
the positions of the beams are changed to the corresponding centrosymmetric positions with respect to the center,
accordingly. A linearly polarized (LP) incident light can be decomposed into two equal-weighted RCP and LCP
components with a phase difference, the states of the output beams generated by the metasurface
iϑ
−iϑ
are e R, l i + e
L, −l i and eiϑ R, l j + e−iϑ L, −l j , respectively. Consequently, the
superpositions of OAM states are realized. The combination of multichannel OAM generation,
polarization-controlled OAM superposition, subwavelength resolution, broad spectral band, and compactness

renders this technology very attractive for diverse applications in both classical physics and quantum sciences.

Figure 1 Schematic of the four-channel OAM superpositions, SEM images of metasurfaces, and numerically
calculated and experimentally observed superpositions of OAM states. a, The generation of two kinds of OAM
modes and their superpositions in four channels. (i) Upon the illumination of RCP input light, two pairs of
off-axis OAM beams are generated, i.e., R, l i (denoted by black dots) and R, l j (denoted by yellow dots),
respectively. (ii) The positions of OAM states and their signs are changed for LCP input light. (iii)
Equal-weighted OAM states superpositions occur under the illumination of linearly polarized (LP) input light. b,
SEM image and numerically calculated and experimentally observed superpositions of OAM states. This
metasurface produces two kinds of superpositions, one for OAM states with l = 1 and l = −1 , and another one for
OAM states with l = 3 and l = −3 . The polarization angle of incident linearly polarized light and the direction of
the polarizer’s transmission axis in front of the CCD camera are respectively denoted by the red double-headed
arrows and the white double-headed arrows.
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Abstract- Recently, Pancharatnam–Berry (PB) metasurfaces exhibit strong abilities to control
spin-polarized light. However, low frequency issue becomes a great challenge in their realistic
applications. Here, we propose theoretical criterions of high-efficiency PB devices, that guide us
realizing several novel effects in microwave regime. These findings can inspire the high efficiency
spin-dependent wave-front manipulations in other frequency domains
Pancharatnam–Berry (PB) metasurfaces exhibit strong abilities to control spin-polarized light, leading to
fascinating effects such as photonic spin-Hall effect (PSHE), optic-vortex generation and spin-dependent surface
plasmon excitations. However, many previous works related to PB devices suffered from the low frequency
issues [1-3]. To solve these issues, we have proposed the theoretical criterions for the design of high-efficiency
PB devices and performed two different effects to demonstrate our idea.
First, we propose a new scheme to design high efficiency chirality-modulated surface plasmon meta-coupler.
It solve the two key issues limiting the performances of previous related devices, that are direct reflections at the
coupler surface and the mode mismatch between the coupler and the guiding-out plasmonic structure. We
designed and fabricated a realistic device working in the microwave regime, and demonstrate experimentally
that it can achieve an spoof SPP conversion efficiency ~78%. Full-wave simulations are in good agreement with
experiments, showing that the efficiency can be further pushed to 92% with optimized designs [4]. Second, we
demonstrate theoretically that 100%-efficiency PSHE can be realized in PB metasurfaces exhibiting both electric
and magnetic responses satisfying certain criterions. Such criterions help us design a microwave transmissive PB
metasurface with ultra-thin thickness, yet exhibiting a maximum PSHE efficiency ~91% experimentally. These
findings can stimulate many high-performance PB meta-devices with diversified functionalities. As an example,
we fabricate several vortex-beam generators with ultra-high working efficiencies [5].
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Abstract: It is fundamental to achieve negative refraction of highly squeezed polaritons, such as
plasmon polaritons in graphene and phonon polaritons in BN with their wavelengths squeezed by a
factor over 100, because this could enable many unique nanoscale applications. However, this still
remains challenging. We reveal that graphene-BN heterostructures provide a versatile platform to
flexibly tune the sign of the group velocity of hybrid plasmon-phonon-polaritons, enabling negative
refraction between graphene plasmons, BN’s phonon polaritons and their hybrid polaritons.
Polaritons with extreme spatial confinement [1] are crucial for the control over the propagation of light at the
nanoscale. A fundamental building block in nano-photonics and plasmonics is the ability to achieve negative
refraction of polaritons, because it can offer a novel way of controlling the flow of light and can enable the
demonstration of many exotic phenomena and unique applications such as deep-subwavelength imaging,
superlens, and novel guiding. However, to do this for highly squeezed polaritons, such as plasmon polaritons in
graphene and phonon polaritons in boron nitride (BN) with their wavelengths being able to be squeezed by a
factor over 100, requires an ability to flip the sign of their group velocities, which has not been observed nor
predicted so far. Therefore, demonstrating negative refraction of highly squeezed polaritons remains an open
challenge that is highly sought after due to its importance for the manipulation of light at the extreme nanoscale.
In this work, we predict that utilizing the strong coupling between graphene plasmons and BN’s phonon
polaritons in graphene-BN heterostructures can flip both signs of their group velocities. This enables us to
predict the all-angle negative refraction phenomena between graphene’s plasmons and BN’s phonon polaritons,
and even more surprisingly, between two kinds of graphene plasmons, or between two kinds of BN’s phonon
polaritons, where the polaritonic wavelengths are all squeezed by a factor over 100. Moreover, unlike

conventional all-angle negative refraction of metal plasmons that are restricted to work at a given fixed
frequency, the working frequency of all-angle polaritonic negative refraction demonstrated here can be flexibly
tunable within BN’s first reststrahlen band, thanks to the tunability of the chemical potential in graphene.
Due to the combined advantages of tunability, low loss, and ultra-confinement provided by these polaritons
on the platform of graphene-BN heterostructures, we believe that the negative polaritonic refraction presented in
this work will have fundamental and far-reaching impacts. Even more important is the ability to flip the sign of
group velocities of highly squeezed graphene plasmons and BN’s phonon polaritons. Graphene-BN
heterostructures thus provide new fundamental tools to explore other novel actively-tunable polaritonic effects
and to design advanced polaritonic devices such as metasurfaces and superlens.
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Abstract-We present flat metasurfaces and metamaterials that enable broadband spectrum splitting
and anomalous light reflection and transmission. We will also describe a phase-transition material
based dynamic metasurface for beam steering.

Spectrum-splitting, directing different wavelength components of a broadband light source to different directions, has wide
range of applications including imaging, spectroscopy, astronomy and solar energy. Conventional optical devices such as
lenses, prisms and gratings offer limited control of photon flow due to design constraints and material dispersion. Recently,
metasurfaces have emerged as potential and reliable candidates for replacing conventional optical devices. Metasurfaces
with desired optical properties can be designed at will by controlling the size, shape, position, and arrangement of metallic
and/or dielectric nanostructures enabling extreme manipulation of light-matter interactions at the subwavelength scale1.
We will present the design and realization of spectrum-splitting ultrathin, flat metasurfaces with unparalleled optical
properties that cannot be offered by conventional optical devices. One metasurface design is composed of trapezoid
nanoresonator arrays operating in the reflection mode and enabling broadband, highly efficient anomalous reflection at the
visible frequency range. We will also demonstrate a novel spectrum splitter capable of directing different wavelengths of
light to opposite directions resulting in an ultra-wide ( > 90°) angular splitting3. Utilizing two different size of silver
nano-trapezoid resonators as a building block, we engineer the phase gradients imparted by the metasurface beyond the
monotonic trend to exhibit frequency-selective characteristics. Spectrum splitting for different visible-frequency component
light (blue, green and red light) to completely different or even contrary directions have been demonstrated theoretically and
experimentally. When white light is incident normally on a flat metasurface, the red light is reflected at an off-normal,
positive angle while green light is reflected at a negative angle. To the best of our knowledge, such counterintuitive,
directional wide-angle spectrum splitting and asymmetric light steering cannot be realized by any existing conventional
optical devices with a single light-matter interaction.
Such unconventional metasurface building blocks when arranged using a mirror-symmetry at the center, enable the
design of a multi-functional optical meta-devices that can behave as a convex, a concave or a planar mirror for different
colors of visible light3. We believe the first theoretical and experimental demonstration of wide-angle, directional spectrum
splitting, asymmetric light steering and multi-functional mirror functionalities based on versatility of the metasurfaces is of
significant interest to the broad optics and photonics field4.
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Abstract-We propose new kinds of tunable metasurfaces based on multilayers of gold quantum
well. By changing the laser intensity, the tunability is implemented through the ultrahigh Kerr
nonlinearity of gold quantum well that we experimentally demonstrated recently.

Metasurface uses the fact that the phase of light can be changed by interaction with sub-wavelength
optical scatters, such as metallic or dielectric nanoparticles [1]. Unlike the bulky conventional optical
devices that modify the properties of light through the propagation phase which requires device sizes of
wavelength scale, metasurface can accomplish the same functionalities within a much shorter length
scale. Therefore, metasurface is promising for integrated on-chip optics. Over the past few years,
metasurfaces with specific functionalities have been demonstrated using ultrathin layered structures.
Examples of such planar devices include optical lens [2], beam redirector [3], wave plate [4], and optical
filter [5]. Most of these metasurfaces are designed on linear optics and can only function passively. It is
highly desirable to have active metasurfaces to enable tunable functionality, such as through optical
nonlinearity. However, since the strength of the nonlinearity of the existing optical scatters is limited, it
is extremely challenging to generate strong nonlinear interaction within ultrathin metasurface.
Recently, we found that the optical properties of ultrathin gold films (thickness <3nm) are
drastically different from the bulk values due to the quantum size effect [6-7]. More importantly,
findings of the optical Kerr nonlinearity of such quantum-sized gold film show a 4 order enhancement as
compared to that of bulk gold [7]. Such giant Kerr response indicates that these ultrathin gold film can
be used to achieve strong nonlinear interaction over much shorter length than conventional nonlinear
materials. Based on this, we propose a new kind of quantum metasurface made of multilayer structures
of quantum sized gold film. In the low power region where the nonlinearity is negligibly small, the
quantum metasurface is similar to the existing metasurfaces. In the high power region, material
properties can be modified considerably by light through optical Kerr effect. More specifically, the
phase of the reemitted light of each scatter depends on the light intensity and functionality of the
quantum metasurface can be tuned through light intensity. In the presentation, we will talk about our
recent work on such tunable quantum metasurface.
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Abstract-We investigate the systems consisting of a pair of PT-symmetric metasurfaces
sandwiching a slab made of metamaterials. We observe two types of exceptional points in such
unique systems, at which unidirectional impedance matching is established. By using an
epsilon-near-zero slab, a robust one-way cloaking phenomenon is established.

We consider wave incident from dielectric medium with relative permittivity of ε1 into dielectric medium
with relative permittivity of ε 2 . An ultrathin metasurface can function as an anti-reflection coating (ARC) for
the two dielectric media. Under normal incidence, we find that the relative permittivity of the metasurface ( µ = 1 )
is required to be,
ε =i

ε1 − ε 2
k0 d

.

(1)

Equation (1) indicates that the required permittivity is pure imaginary. Both lossy and gain media can operate as
the antireflection coatings [1, 2].
For a slab of dielectric or metamaterial, we can sandwich it by a pair of PT-symmetric metasurfaces. In such
a system, two types of exceptional points are observed at which unidirectional propagation is established, where
the PT-symmetric metasurfaces function as either a CPA-Laser pair [3], or an ARC-ARC pair. Here CPA
indicates coherent perfect absorber. By changing the slab to be an epsilon-near-zero slab, an interesting robust
one-way cloaking phenomenon can be established, where the cloaking effect is unidirectional.
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Abstract – We discuss a number of schemes for the enhancement of nonlinear processes such as second and
third harmonic generation, as well as four wave mixing, focusing on plasmonic, dielectric, and hybrid materials
systems. For dielectric systems, anapole modes in Ge disks are shown to allow for maximizing electric field
concentration in the material, leading to highly enhanced conversion efficiencies. GaP nanopillars enable
localization throughout the visible regime under low-loss conditions, and hybrid structures consisting of both Au
and Si elements combine “the best of both worlds” from plasmonics and semiconductor nanophotonics.

Plasmonic nanoantennas with nanoscale gaps act as efficient transducers of electromagnetic energy from the far to
the near field at optical frequencies, creating hot spots of field energy utilized extensively in surface-enhanced
spectroscopy and sensing. We will review applications of such nanoantennas for nonlinear light conversion on the
nanoscale, and then compare with new results obtained on dielectric and hybrid plasmonic/dielectric systems. While
not breaking the diffraction limit, dielectric nanoantennas can sustain Mie resonances under low-loss conditions, and
we will show that this can be beneficially exploited for applications in nanoscale nonlinear optics. In particular, we
will show that anapole modes in germanium disks maximize electric field concentration within the structure itself,
hence leading to record nonlinear conversion efficiencies [1]. Wide-bandgap semiconductors such as GaP further
enable low-loss operation throughout the visible regime [2].

Fig. 1.
A hybrid Au/Si nanoantenna structure examined for its performance as a highly efficient generator of third-harmonic radiation
at the nanoscale.
We will also present as yet unpublished results on hybrid systems (Figure 1), where higher order plasmon modes of a metallic ring
hybridize with modes in a concentric dielectric nanodisk, leading to a boost in conversion efficiencies via both plasmonic light
localization and re-radiation, as well as concentration of energy within the dielectric material itself.
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Abstract- Smith-Purcell emission is far-field radiation of light from swift electrons when electrons
move closely above a periodic structure. Here we show that designer metasurfaces composed of
C-aperture resonators can control the polarization state of Smith-Purcell emission on demand with
high efficiency, which is very difficult to achieve via traditional gratings. These findings open up
new opportunities to manipulate electron-beam-induced emission, and to develop compact, tunable
and efficient light sources and particle detectors.
The sophisticated interactions between electrons and materials lay the foundation for advanced electron
microscopy including electron energy-loss spectroscopy, and cathodoluminescence emission including transition
radiation, Cherenkov radiation and diffraction radiation [1]. The recent advances of artificially engineered
materials provide new approaches to tailoring electron-matter interactions [2]. For instance, reversed Cherenkov
radiation has been theoretically proposed [3] and experimentally observed [4] in left-handed metamaterials.
Swift electrons traveling above a metallic film can excite surface plasmon polaritons, which can be thereafter
transformed into Cherenkov radiation with enhanced intensity [5]. In addition, researchers have reported the
manipulation of Cherenkov emission by photonic crystals [6] and anisotropic metamaterials [7,8].
Here we show that the polarization state of Smith-Purcell emission, a well-known example of diffraction
radiation excited by swift electrons, can be effectively controlled by metasurfaces consisting of C-aperture
resonators [9]. When the speed of electrons is smaller than the speed of light in the surrounding medium, the
fields associated with the electrons are non-radiative. Traditionally we can place a periodic grating close to
electrons to couple the near-field energy to the far-field, leading to Smith-Purcell emission. However, the
resulting wave is transverse magnetic polarized only. To overcome this limitation, we have designed C-aperture
Babinet metasurfaces resonant at terahertz frequencies to control the polarization of the far-field wave, by
coupling the non-radiative energy of moving electrons to the inherent electric dipole and magnetic dipole of the
C-aperture resonator. Numerical simulations demonstrate that the polarization angle of the radiated light is
determined by the orientation of the C-aperture resonators. We have also employed Stokes parameters to
characterize the polarization state of the Smith-Purcell emission. Moreover, the efficiency of the Smith-Purcell
emission from the metasurfaces is remarkably increased by 84% in comparison with the case of conventional
gratings, indicating that the resonant nature of metasurfaces can significantly enhance the radiation efficiency.
These results provide a new strategy to develop a compact, tunable and high power terahertz source based on the
Smith-Purcell emission, polarization-sensitive detectors and other novel photonic devices.
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Abstract In the present work, we demonstrate large angle, optical beam bending using dielectric
metasurfaces based on asymmetric, silicon nano-structures. The largest bending angle exceeds 82
degrees. Based on the bending results we design and demonstrate an ultra-high numerical aperture
(NA) flat lens, which has a NA around 0.99 at the working wavelength of 720 nm.
Dielectric metasurfaces, two dimensional arrays of resonant dielectric nanostructures, attracts increasing
attention and represents a rapidly developing research direction in nanophotonics due to its low intrinsic losses
[1] and fascinating functionalities, stemming from their capability to control the amplitude, polarization and
phase of light in subwavelength scales. A gradient metasurface, inducing a linear phase shift in the wavefront, is
one of these devices, with applications in beam bending [2]. However, in the gradient metasurface one needs
several (> 2) elements for a correct phase mapping, which typically means that the so called super-cell (mapping
the 0-2π linear phase) will be relatively large if the metasurface inclusions are not deeply sub-wavelength. When
the super-cell is larger than the working wavelength, the bending angle cannot be close to 90 degree because of
the generalized Snell’s law [3]. The limited bending angle will directly connect to the maximum acceptance
angle of a dielectric metasurface based flat lens, thus limiting its numerical aperture.
Here, we propose a new dielectric nanoantenna based metasurfaces to cover the large angle bending region.
In these metasurfaces, each nanoantenna is tailored to scatter the incoming light into a certain desired diffraction
order and to suppress energy channeling into all the other orders, thus causing light bending. The design rule
here is to realize asymmetric, directional scattering into the right direction through interference of the different
Mie-resonances supported by the antennas. This, in turn, can be achieved by manipulation of their geometrical
parameters. Numerical results show that a carefully designed asymmetric silicon dimer can serve this purpose.
Based on this new concept, in combination with the standard gradient metasurfaces [2], we design a flat lens
with sub-wavelength thickness and a NA around 0.99 at the operating wavelength (~720 nm). The maximum
acceptance angle of the designed lens exceeds 82 degrees and the size of focus spot approaches the diffraction
limit.
In the experimental demonstration, the silicon flat lens has a diameter of 599 μm and a focal length around
44 μm (i.e. NA ~ 0.989) at operating wavelength of 720 nm and the measured focal spot size is around 400 nm.
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Abstract-We propose a novel method for energy redistribution between diffraction orders in
diffractive arrays of dielectric nanoantennas and demonstrate its application for visible light beam
bending using subwavelength-size TiO2 nanoantenna elements. We prove this concept numerically
and experimentally for medium (~45°) and extra-high-angle (~80°) beam bending. The designed
systems show highly efficient, broadband operation for green and blue frequencies, significantly
surpassing the commonly used discrete phase mapping approach.
Phase control in metasurfaces is commonly realized via discrete mapping of the desired phase with a finite
number of nanoantenna elements. In particular, beam bending functionality requires a linear phase profile [1].
However, in the case of a low number of elements, corresponding to high bending angles, the efficiency
dramatically drops, imposing limitations to the applicability of this method. In this work, we suggest a novel
approach for large angle beam bending, exploiting a combination of nanoantenna and grating concepts. By
engineering the radiation pattern of the elements/nanoantennas constituting the grating, the energy between the
supported diffraction orders is redistributed; hence, the different orders can be enhanced or suppressed at will.
By suppression of all reflection and undesired transmission orders all the energy can be channeled into a single
transmission order, with an angle defined by the grating period and corresponding to the desired bending angle.
For the experimental demonstration, we choose dielectric nanoantenna arrays due to their lower losses,
compared to plasmonics, and broader design flexibility, resulting from the interaction between the electric and
magnetic multipole resonances [2]. We design TiO2 nanostructures and experimentally confirmed high
efficiency at different bending angles, spanning from medium (~45°) to very large (>80°) angles. All proposed
designs show broadband operation in the green and blue regions of the visible spectrum. Moreover, the proposed
concept is general and the structures can be redesigned to work at any desired wavelength, polarization and angle
(with a suitable choice of materials) both in transmission and reflection configurations. Possible applications
include polarization beam splitters and high numerical aperture (NA) lenses. The largest efficient bending angle
obtained in our experiments is 75.5°, with around 50% transmission efficiency into the designed order, which
corresponds to the numerical aperture NA~0.97 exceeding most of the commercially available objective lenses
and previously reported flat lenses [3,4].
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Abstract- In this talk I will give an overview of our progress towards design and fabrication of flat
or conformal dielectric metasurface devices with multiple functionalities
Flat optical devices based on lithographically patterned sub-wavelength dielectric nano-structures provide
precise control over optical wavefronts, and thus promise to revolutionize the field of free-space optics. I
discuss our work on high contrast transmitarrays and reflectarrays composed of silicon nano-posts located on
top of low index substrates like silica glass or transparent polymers. Complete control of both phase and
polarization is achieved at the level of single nano-post, which enables control of the optical wavefront with
sub-wavelength spatial resolution. Using this nano-post platform, we demonstrate lenses, waveplates,
polarizers, arbitrary beam splitters and holograms. Devices that provide multiple functionalities, like
simultaneous polarization beam splitting and focusing are implemented. By embedding the metasurfaces in
flexible substrates, conformal optical devices that decouple the geometrical shape and optical function are
shown. Multiple flat optical elements are integrated in optical systems such as planar retro-reflectors and
Fourier lens systems with applications in ultra-compact imaging systems. Applications in microscopy and
the prospects for tunable devices are discussed.
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Abstract- This work reports on the development of low-loss (>90% efficient), dynamically tunable
(e.g. >85% modulation of transmission) Huygens-source optical metasurfaces composed of arrays
of elliptical nanoantennas patterned into dielectric and phase-change materials.
Fundamental new materials insights are required to manipulate the phase and amplitude of light at the
nanoscale through optical metasurfaces that are both low-loss and easily tunable. Successful platforms may serve
as a key building block for a range of applications, such as high speed encoding of orbital angular momentum for
optical communications. In this work, we report on advances towards low loss and dynamically tunable optical
metasurfaces. These metasurfaces are composed of elliptical nanoscale antennas that are highly resonant with
both the electric and magnetic field of incident light. Numerical analysis shows that these antennas can produce
anomalous refraction from the UV (e.g. 378 nm) into the infrared (e.g. 1340 nm) with ~80-90% of incident light
deflected into the desired direction [1]. We show bandwidth of 6% and incident angle tolerance of 30°.
Experimental verification of our designs is performed using amorphous silicon antennas embedded in a
SiO2/PDMS matrix.
Due to the highly resonant nature of these metasurfaces, their optical response is easily tuned by changes in
either metasurface geometry or constituent material properties. We analyze the potential of metasurfaces
composed of a wide range of tunable materials, with a particular focus on vanadium dioxide, a material with a
strong metal-insulator transition at relatively low temperature (~70°C). Models show that VO2 metasurfaces may
be tuned to provide >85% modulation of transmission (or reflection) and >180° modulation in phase shift within
the first 10% of the VO2 metal-insulator transition. We synthesize VO2 via pulsed laser deposition and
characterize its electronic and optical properties vs. external stimuli (e.g. temperature tuning). A clear
metal-insulator transition is attained, providing a large change in the optical properties of the material. The VO2
is then patterned into Huygens-source optical metasurfaces. The tunability of performance is experimentally
measured in several ways, including direct measurement of the phase shift in the material and mapping of the
metasurface’s ability to guide and redirect incident light vs. external stimuli.
Future directions for this effort include the fabrication of multi-layer metasurfaces, and initial designs will be
reported, including 4-way spectrum splitters. Spatially addressable, pixelated tunable metasurfaces and
applications of these materials will also be discussed.
Acknowledgements: This work is supported in part by The Louisiana Board of Regents Support Fund
(Contract #: LEQSF(2014-17)-RD-A-08).
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Nonlinear Scattering and Time Resolved Nonlinear Properties of
Metasurfaces and Plasmonic Materials
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Metamaterials provide the ability to design materials properties to meet the unique needs of applications
beyond what is possible with conventional materials. From spatially tailored dielectrics to tunable, dynamic
material properties and unique nonlinear behavior, these systems offer tremendous flexibility to application
engineers. In this presentation, we focus on studying the nonlinear properties of plasmonic and metamaterial
systems where the careful balance of multipolar components allows for control of linear and nonlinear
scattering cross sections and directionality. Ultimately, this will lead to tailored nonlinear response from
metasurfaces. This work drives detailed studies on characterizing the nonlinearities of component materials to
be used in metasurfaces. Nonlinearity in the component materials can enable controllable nonlinear excitation
of multipoles leading to enhancement, suppression, directional control of
nonlinear generation (as diagramed to the left), and nonreciprocal response.
The overall system response is dictated by the design of the plasmonic
dimer, i.e. the thicknesses and size of metallic and spacer components, and
the design process is enabled by tools we have developed to retrieve dimer
polarizabilities. These effects arise due to the nonlinear response of the
component materials and we are actively pursuing novel materials systems
and growth procedures to produce structures with controlled response. A
significant part of this work focuses on the characterization of time resolved
nonlinear response in plasmonic and dielectric materials. We employ the beam deflection method to measure
the nonlinear refraction and absorption of thin films. Beam deflection is a pump probe technique which offers
extreme sensitivity to nonlinear response in materials. This allows us to measure the response of films at the
dimensions relevant to our dimer designs deposited using the same techniques and reveal thickness and process
dependent changes in the properties of nonlinear materials. An example material is graphene.
Graphene is a challenging
material to measure and is
among the materials of interest
due to its unique properties such
as high thermal conductivity,
damage
threshold,
optical
nonlinearity, and broadband
saturable absorption. These
characteristics are useful in designing nonlinear response from structured materials. The understanding of the
time dynamics of the mechanisms is relevant to the design process and of interest to the community. In this
work we present nonlinear refraction, 𝑛𝑛𝑛𝑛2, and nonlinear absorption, 𝛼𝛼𝛼𝛼2, measurements taken by the Beam
Deflection (BD) technique of several plasmonic and dielectric materials, including Graphene shown above, in
order to determine the response mechanisms and their associated parameters and the impact on their potential
use in nonlinear plasmonics.
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Abstract-Analogous to surface wave formation at the interface of two semi-infinite spaces, we
show a one-dimensional electromagnetic mode at the line interface of two semi-infinite planes that
are characterized by complementary surface impedances. The proposed mode possesses singular
field enhancement, tunable spatial confinement, extensive bandwidth, and robust wavevectorlocked propagation, which may advance topological photonics applications. Here, we specify
criteria for the line wave existence and present implementations using metasurfaces and graphene
that are suitable for microwave, terahertz and optical applications.
The ability to manipulate fields and energy flow of electromagnetic (EM) waves, such as light, is
fundamental to modern sensing and communication technologies, as well as quantum information processing
schemes. Due to their peak field property at the planar interfaces of dissimilar media, surface waves have been
researched for over a century and have recently been exploited to realize topological photonic insulators (TPIs)
exhibiting reflection-free unidirectional propagation [1]. However, current designs rely on magnetic field effects
or nonplanar structures, which are not suitable for optical applications, and are limited in bandwidth due to band
gaps and band inversion requirements. Here, we introduce a new EM mode that has intrinsic topological
properties and other unique features, which surpass the limitations of earlier TPI concepts.
The proposed mode is analogous to surface waves, which can propagate without the need for any enclosing
structure but is rather confined to a one-dimensional line at the interface between two planar surfaces. The two
surfaces are characterized by complementary isotropic surface impedances, ZTE and ZTM which support surface
modes of equal phase velocities but opposite polarizations, transverse magnetic (TM) and transverse electric
(TE), respectively as follows [2],
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When interfacing the two surfaces, a new localized hybrid mode appears at the interface, as shown in Fig.
1(a). Due to the open boundary configuration and the fact that neither TM nor TE surface mode could exist at the
opposite side, the line mode has a singular field concentration and decays away from the interface as shown in
Fig. 1(b). In the case where
, a real number, tends to infinity, the TM (TE) surface becomes a perfect electric
(magnetic) conductor. PEC and PMC boundaries, as -negative and
-negative materials, possess different
topological orders as they have opposite effects on the electric and magnetic fields components [3]. Clearly, both
surfaces support evanescent waves but possess opposite signs of imaginary impedance. However, when the two
boundaries are joined, EM duality, which is otherwise broken, is restored; hence new modes emerge that are a
combination of magnetic and electric modes with specific phase relationships, i.e. conserved pseudo-spin values
[4]. Moreover, since the pseudo-spin configuration is uniquely defined by the direction of the mode wavevector
(kz), the interface constitutes a spin-filtered channel as depicted in Fig 1(c).

Figure 1. (a) Surface distribution and vector plot of the electric field across the interface of the line wave, (b) decay curves of the electric
field at different directions around the interface, (c) pseudo-spin states excited by electric and magnetic hertzian dipoles in phase (above)
and out of phase (below), (d) dispersion curves of the line mode at different
values, (e) implementation based on complementary FSS
cells, (f) dispersion curves of TM and TE FSS cells of different sizes, (g) implementation based on graphene as a reconfigurable platform,
and (h) effective impedance of the graphene metasurface at 6 THz at different chemical potentials.

This paradigm applies in general to interfacing complementary impedance surfaces, i.e. inductive/capacitive
surfaces with identical
value. This enables stronger cross coupling between TM and TE modes and control
over the line wave confinement as shown Fig. 1(d). An example of line wave implementation is shown in Fig.
1(e) based on simple frequency-selective surfaces (FSS). Fig. 1(f) shows that the respective surface modes of the
complementary FSSs have dispersion curves (phase velocities) that overlap over a wide frequency band, thus
giving rise to a line wave at their interface. This is clearly advantageous compared to the typical TPIs based on
photonic crystals, which are limited in bandwidth [1]. Furthermore, our effective medium approach based on
surface impedance allows for line waves with reconfigurable pathways through electrostatic biasing in graphene
as shown in Fig. 1(g). Here, while the patch metasurface has a capacitive effect, tuning the inductive impedance
of graphene sheet enables variable net impedance as shown in Fig 1(h).
This is the first demonstration of an entirely planar photonic system with wavevector-locked states that is
suitable for both microwave and optical regimes. This makes the line wave an attractive candidate for robust
integrated photonic circuits while being potentially the smallest waveguide possible. The exhibited strong mode
confinement is a prerequisite for enhanced light-matter interactions, while the field singularity and having an air
channel makes the line wave ideal for sensing applications and vacuum based electronic devices. In addition, the
tuning capability can be exploited for reconfigurable systems as well as switching and modulation applications.
Moreover, our approach provides a flexible and simple platform for investigating and manipulating topological
states with subwavelength resolution.
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Abstract-Recent progresses on metamaterials absorber will be presented. As an application of IR
metamaterial absorbers, high sensitive molecular detection technique using resonant coupling
between metamaterial and molecule is proposed and attomole level sensitivity is demonstrated. As
an application of absorption engineering by metamaterial in the visible range, ink-free full color
printing with controllable color attributes like hue, brightness and saturation is also demonstrated.
Recent advances in plasmonic metamaterials enable us to create unprecedented optical materials, and perfect
absorptive material surfaces within a certain frequency range were demonstrated. Since the metamaterial
absorber offers a unique surface condition with tailored absorption properties, a wide variety of potential
applications have been proposed, such as high-efficiency thermal emitter and high-sensitive bio-chemical
sensing. As an application of metamaterial absorber in IR region, we demonstrate high sensitive
background-suppressed surface enhanced IR absorption (SEIRA) of molecules adsorbed on the metamaterial.
Figure 1(a) shows a unit cell cross-section of a metamaterial IR absorber, consisting of a 50-nm Au
micro-ribbon on a thick Au film separated by a 30-nm MgF2 gap layer [1]. The width (w) and unit cell
dimension (Λ) were 1.5 µm and 3 µm, respectively. The surface structure was designed to exhibit an anomalous
IR absorption at ~ 3000 cm-1, which spectrally overlapped with symmetric/anti-symmetric C-H stretching
vibrational modes. Fig. 1(b) shows a photograph of the fabricated metamaterial absorber and its SEM image.

Figure 1 Metamterial IR absorber
Since the metamaterial absorber offers not only strong plasmonic enhancement but also significant
background suppression, this unique surface environment improves the sensitivity of the conventional SIERA. In
our experiment, 16-Mercaptohexadecanoic acid was used as a target molecule, exhibiting symmetric/
anti-symmetric C-H stretching vibrational modes at ~2855/2920 cm-1. A 21.5-Å thick self-assembled monolayer
(SAM) of the 16-MHDA was formed with their thiol head-group chemisorbed on the Au surface. For the
reference, a bare Au sample was also prepared by the same process.
Figure 2(a) shows the measured reflection spectrum of the 16-MHDA SAM on a bare Au surface at incident
angle of 80º and Fig. 2(b) shows the spectrum from the metamaterial absorber at the incident angle of θ = 40º.

For the bare Au case, the spectrum was suffered from extremely low signal quality, thus the respective
absorption dips are undetectable. Moreover, it is notable that the bias of the spectral signal is more than 98% in
reflectance. The metamaterial, on the other hand, exhibited a broad plasmonic absorption at 2921.9 cm-1. When
the molecules were in the vicinity of the surface structure, their vibrational modes resonantly coupled with the
plasmonic modes of the metamaterial. This in turn produced distinct Fano-like anti-resonant peaks within a
broad absorption of the metamaterial. Using the SAM packing density of 21.4 Å2/molecule, we estimated the
amount of the molecules with the diffraction limited IR beam spot to be ~1.8 attomoles (1.8 × 10-18 mole).

Figure 2 Background suppressed SEIRA for high sensitive molecular detection.
When we make the size of unit cell of metamaterial absorber down to several hundreds nanometers, the
absorption bands move to the visible light region. We present a simple yet efficient approach for ink-free color
printing employing sub-micrometer scale plasmonic pixels of single constituent metal structure that supports
near unity broadband light absorption at two distinct wavelengths, facilitating the creation of saturated colors [2].
The dependence of these resonances on two different parameters of the same pixel enables controllable color
attributes such as hue, brightness and saturation across the visible spectrum. Here we present an up scalable
color printing scheme using plasmonic pixels of single constituent metal structure, enabling the design of full
colors with controllable color attributes. Figure 3 shows the experimental results; Fig. 3(a) is RIKEN's logo
observed by optical microscope and (b) is its structure observed by SEM. Fig. 3(c) shows a full color palette
made by controlling the size of unit cell of the metamaterial.

Figure 3 Full color printing by metamaterial absorber.
Acknowledgements, This work was partially supported by Innovative Science and Technology Initiative for
Security, ATLA, Japan.
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Abstract- We will review recent advances in metamaterials research directed towards the
development of switchable and tunable functional nanostructures. Metamaterials research has
migrated from the study of exclusively metallic plasmonic structures to embraces a large variety of
advanced material platforms, including dielectrics, semiconductors, superconductors, topological
insulators and complex hybrid systems. We will discuss coherent control of metasurfaces, all-optical
and electro-optical switching with reconfigurable nano-opto-mechanical and phase-change
metamaterials and ways in which functional metamaterials can be integrated with optical fiber
platforms.
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In this talk, I introduce two metadevices. Firstly, we design and construct a three-dimensional
(3D) negative index medium (NIM) composed of gold hemispherical shells to supplant an
integration of a split-ring resonator and a discrete plasmonic wire for both negative
permeability and permittivity at THz gap.

[1]

With the proposed highly symmetric gold

hemispherical shells, the negative index is preserved at multiple incident angles ranging from
0° to 85° for both TE and TM waves, which is further evidenced by negative phase flows in
animated field distributions and outweighs conventional fishnet structures with operating
frequency shifts when varying incident angles. Finally, the fabrication of the gold
hemispherical shells is facilitated via standard UV lithographic and isotropic wet etching
processes and characterized by µ-FTIR. The measurement results agree the simulated ones
very well. Next, we present a miniature surface plasmon polariton amplitude modulator
(SPPAM) by directing and interfering surface plasmon polaritons on a nanofabricated chip. [2]
Our results show that this SPPAM enables two kinds of modulations. The first kind of
modulation is controlled by encoding angular-frequency difference from a Zeeman laser, with
a beat frequency of 1.66 MHz; the second of modulation is validated by periodically varying
the polarization states from a polarization generator, with rotation frequencies of 0.5-10k Hz.
In addition, the normalized extinction ratio of our plasmonic structure reaches 100. Such
miniaturized beat-frequency and polarization-controlled amplitude modulators open an avenue
for the exploration of ultrasensitive nanosensors, nanocircuits, and other integrated
nanophotonic devices.
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Abstract- We establish a metric interpretation to generate plasmonic caustic using one-dimensional
chain of metamaterial atoms with variable orientation profile. Such an approach can be straightforwardly applied to generate caustic with arbitrarily given shape. We also explore the relationship
of the metric interpretation of caustic to motion in curved space-time using a Lorentz-like
transformation between equivalent trajectories with experimental realizations.
In 2015, Capasso’s group used a line of metallic nano-holes to generate surface plasmon wakes with circular
polarized light and interpreted it as analogue Cherenkov radiation1. The effect is achieved by the variation of the
orientation of the nano-holes, the generated surface plasmon polariton (SPP) signal carries an additional geometric
phase2 and provides a way to generate the wave-front. In terms of the analog motion of the charged particle, it
corresponds to a constant velocity.
On the other hand, if the orientation profile of metallic nano-holes on the straight trajectory is non-linear or
the trajectory of the nano-holes is curved, a caustic, instead of a planar wavefront, forms3,4. In the current work,
we would like to investigate the analogy of such a scenario to accelerated particle motion, and explore the
transformation between equivalent nano-hole trajectories to generate the same caustic.
For a given caustic to generate, we can write it as a parametric function (𝑋(𝜏), 𝑌(𝜏)). If we instruct a onedimensional chain of nano-slots with variable orientation profile 𝛼(𝑙) along a curved trajectory 𝑙 to generate
such a caustic, we have established the metric of problem as
2 )𝑑𝛼 2 )
𝑑𝜏 2 = |𝛻𝜏|2 (𝑑𝑙 2 − (4/𝑘𝑆𝑃𝑃
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where 𝜏 is the caustic parameter connecting to the trajectory, 𝑙 is the length along trajectory and 𝑘𝑆𝑃𝑃 is the
wave-number of the surface plasmon polariton. With such a metric interpretation, the orientation profile 𝛼(𝑙) can
be straight-forwardly obtained by integrating the metric using
𝛼(𝑙) =
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Fig.1(a), (b) and (c) shows the simulation, experimentally measured SPP profile and SEM (scanning electron
microscopy) picture of the sample for generating a given caustic by shining LCP (left-handed circular polarization)
light to the sample, showing the validity of such a metric interpretation.
Such a metric interpretation also allows us to establish a coordinate transformation between equivalent
trajectories (along 𝑙 and along 𝑙′) to generate the same caustic as
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The coordinate transformation is in analogy to a Lorentz transformation where 𝜁 plays the role of rapidity in
conserving the metric in Eq. (1). The rapidity between the two frames also satisfy an analog velocity subtraction
formula in relativity:
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Fig.1(d), (e) and (f) shows such an equivalence using again simulation, experimentally measured SPP profile and
SEM picture of the sample for generating the same caustic but along a different trajectory (Fig. 1(f)) by shining
LCP (left-handed circular polarization) light to the sample. There is a caustic marked in white dashed line
appearing both in simulation and experiment for the two cases (flat and curved trajectories). In some cases, there
might be another caustic due to the SPP signal without carrying geometric phase.

Figure 1 (a) simulation, (b) experimental results of using LCP to excite metallic nano-holes placed in a
straight line as in (c) SEM picture. (d) simulation, (e) experimental results of using LCP to excite metallic
nano-holes placed in a curved line as in (f) SEM picture.
In summary, we have provided a metric interpretation to generate plasmonic caustic using one-dimensional
chain of metamaterial atoms with variable orientation profile. Such an approach can be straight-forwardly applied
to generate caustic with arbitrarily given shape. We also explore the relationship of the metric interpretation of
caustic to motion in curved space-time.
Acknowledgements, J. L. acknowledges funding from the European Union’s Seven Framework Programme
under Grant Agreement No. 630979. F. Z., H. L. acknowledge funding from the National Natural Science
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Abstract - We experimentally demonstrate gate-tunable metasurfaces that enable electrical control of
the phase of the plane wave reflected from the metasurface. Our design utilizes field-effect modulation
of the complex refractive index of indium tin oxide (ITO) layers incorporated into metasurface antenna
elements which are configured in reflectarray geometry1. We measured a phase shift of 180o by
analyzing the reflection phase from the metasurface elements at their design wavelength of 1550nm
using Michelson Interferometry. We also show possibility of controllable beam steering up to 40o by
applying independent bias on individual antenna elements. This work provides insight towards
reconfigurable beam steering devices, dynamic holograms, and tunable ultrathin lenses based on
electrically tunable metasurfaces.

Novel ultrathin optical components based on metasurfaces were recently proposed such as flat lenses,
wave plates, holographic surfaces and surfaces with angular momentum manipulation and detection.
However, while metasurfaces hold considerable promise for fundamental advances and novel
applications, lack of dynamic tunability and low optical efficiency limits their use in a wide range of
applications. A successful implementation of tunable metasurfaces requires large phase shifts (θ > 270o),
moderately large amplitude response, and robustness to structural variations and surface roughness. To
enable a large phase shift, a substantial change in the permittivity is required to sufficiently shift the
resonances, while a small loss parameter is necessary to enable a resonance bandwidth smaller than the
spectral bandwidth of the phase shift. On the other hand, in any dispersive material system, these
quantities are coupled to each other which imposes a limit on the achievable phase shift. Due to these
limitations, it’s critical to develop effective resonant metasurface designs to achieve large phase
tunability under applied bias.
In this work, I discuss several optical designs that we have critically evaluated for effective beam
steering, exploiting tunable electronic properties of conducting oxide materials. For the phase control, a
gate-tunable metasurface enables dynamic electrical control of the plane wave reflected from the
metasurface (Fig. 1A-B). Tunability arises from field-effect modulation of the complex refractive index of
conducting oxide layers incorporated into metasurface antenna elements of fishbone shape (Fig. 1C-D).
The fishbone structure provides an additional parameter to independently control the resonance
properties through the length of antenna, which is an essential element for realization of 2-dimensional
phase control of the metasurface array.

Reflectance spectra of metasurfaces with different antenna lengths (160 nm to 200 nm) are shown in
Fig. 1E. By choosing an appropriate antenna length, we can ensure that the magnetic dipole plasmon
resonance occurs at a target wavelength in the near-infrared region. We measure a phase shift of 180°
and ∼30% change in the reflectance by applying 2.5 V gate bias at our operation wavelength of 1550nm
with modulation frequencies exceeding 10 MHz (Fig. 1F). Additionally, we demonstrate electrical
switching of ±1 order diffracted beams by electrical control over subgroups of metasurface elements
and show controllable beam steering up to 40o by applying independent bias on individual antenna
elements, a basic requirement for electrically tunable beam-steering phased array metasurfaces (Fig.
1G). This demonstration at NIR frequencies opens the path to applications in ultrathin optical
components for imaging and sensing technologies, such as reconfigurable beam steering devices,
dynamic holograms, tunable ultrathin lenses, nanoprojectors, and nanoscale spatial light modulators.
1. Huang, Y.-W. et al. Gate-Tunable Conducting Oxide Metasurfaces. Nano Letters 16, 5319 (2016).

Figure 1: (A) Schematic of the tunable
metasurface where voltage is applied
between the stripe antenna via the external
gold pads and the bottom gold mirror. (B)
Individual antenna element. (C) Scanning
electron microscopic (SEM) images of the
sample (oblique incidence of 52 degrees)
before the lift-off process. (D) The crosssection of the fabricated metasurface after
the lift-off process. (E) Typical measured
reflectance spectra of the metasurfaces
where the resonance wavelength can be
finely tuned by changing antenna length L.
(F) Measured and simulated phase shift as a
function of applied bias for applied voltage
between 0 and 2.5 V (From Ref 1). Inset: the
interference fringes for applied bias 0 and
2.5 V. (G) Simulated (top) and experimental
(below) far-field intensity profiles of the
diffracted beam versus applied bias. The
color map shows far-field intensity of the
light beam reflected from the metasurface
as a function of diffraction angles and
applied voltages.
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Abstract- We present our recent development on the use of tunable transparent conducting oxides to
demonstrate an electrically tunable metasurfaces that can tune the optical phase and amplitude for
on-chip beam steering devices and perfect absorbers. We find that ultrathin epsilon-near-zero (ENZ)
conducting oxide multilayers absorb >95% of light in 1-1.5 µm wavelength range with field-effect
tunability.
Light harvesting and high-resolution optical technologies demand optical coatings with strong light
absorption. Recent studies suggest that epsilon-near-zero (ENZ) materials can be useful to make perfect ultrathin
film absorbers [1-3]. The ultrathin ENZ layers support radiative Berreman and bound ENZ modes [2, 4].
Excitation of these modes in two different incident light configurations leads to resonant absorption. In this work,
a broadband perfect absorber has been demonstrated by using a stack of ITO nanolayers with gradually varying
electron concentration and hence ENZ frequency. The light absorption dependence on the ENZ layer thickness
in the multilayer stack was optimized so that absorption >95% was achieved at deep subwavelength ENZ
thicknesses. Electronically tunable absorption via formation of electron accumulation/depletion layer in the
field-effect devices was studied.
The ENZ multilayers are composed of 4 ITO nanolayers. The TM-polarized light absorptance as a function
of the wavelength is shown in Fig. 1c. The carrier concentrations of the ITO nanolayers are N1 = 1×1021 cm-3, N2
= 8×1020 cm-3, N3 = 6.1×1020 cm-3, and N4 = 4.9×1020 cm-3. The optical properties of the ITO are modelled using
free electron Drude model. We found that the highest absorption can be achieved with the ITO thickness of ~
10-30 nm in the ENZ multilayers. The absorptance is attributed to the excitation of the radiative Berreman mode.
The ENZ multilayer is supported by a thick gold reflector. The electron concentration decreases, and ENZ
wavelength increases, from the top to the bottom of the multilayer stack. Broadband maximum absorption >95%
and field enhancement are observed at the ENZ wavelengths by exciting Berreman mode. Excitation of the
bound ENZ mode in the Kretschmann-Raether configuration) results in resonant light absorption with much
borader bandwidth than the Berreman mode. The absorptance of >95% for more than 500 nm wavelength range
is observed for the multilayer stack with 8-nm thin ITO layers.
Tunable absorption can be enabled by the field-effect dynamic in metal-oxide-semiconductor (MOS)
configuration. The MOS device consists of a metal substrate, single 8-nm thin ITO layer, and 5-nm-thin HfO2
layer between them. Electron accumulation occurs in ITO at the ITO-HfO2 interface when bias is applied
between metal and ITO, thus modifying the complex dielectric constant of the ITO. Electron accumulation
increases plasma and ENZ frequency and therefore leads to a blue shift of the absorption peak in wavelength [5].

The larger absorptance change (> 300%) is observed at shorter wavelengths due to larger field enhancement in
the accumulation layer. These results open the path to develop ultrathin tunable ENZ absorbers and thin-film
modulators.
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Efficient suppression of reflection is a key requirement for perfect absorption of light.
Recently, it has been shown that reflection can be effectively suppressed utilizing a single
ultra-thin film deposited on metals or polar materials featuring phonon resonances. The
wavelength at which reflection can be fully suppressed is primarily determined by the nature
of these substrates, and is pinned to particular values near plasma or phonon resonances – the
former typically in the ultraviolet or visible, the latter in the infrared. Here, we explicitly
identify the required optical properties of films and substrates for the design of absorbing antireflection coatings based on ultra-thin films. We find that completely suppressed reflection
using films with thicknesses much smaller than the wavelength of light occurs within a
spectral region where the real part of the refractive index of the substrate is n ≲ 1, which is
characteristic of materials with permittivity close to zero. We experimentally verify this
condition by using an ultra-thin vanadium dioxide film with dynamically tunable optical
properties on several epsilon-near-zero materials, including aluminum-doped zinc oxide
(AZO). By tailoring the plasma frequency of the AZO, we were able to tune the epsilon-nearzero point, thus achieving suppressed reflection and near-perfect absorption at wavelengths
that continuously span the near-infrared and long-wave mid-infrared ranges.
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Abstract- We report on our studies of photo-induced charge transport from nanostructured metal
metasurface absorbers. In particular, we outline how the remarkable thermal and optical energy
concentration provided by plasmonic resonances can enable a new thermodynamic power cycle
whereby photo-excited ‘hot’ electrons and resonant photothermal heating provides a dual excitation
mechanism for electron emission. Because this process is closely related to purely thermionic
emission, we label an optical power-converting device based on this mechanism a Hot Electron
Enhanced Thermionic Emission (HEETE) converter. The strong enhancement of both thermal and
optical energy channels, may enable a significantly more efficient strategy for optical power
conversion, and one that can theoretically out-perform traditional semiconductor-based solar cells.
Our study emphasizes theoretical and experimental development of refined models for electronic
distributions in metals, specifically when characteristic structural features are smaller than the mean free path of
excited carriers. In addition, we have developed a mechanistic model of the photo-thermal response of optimized
plasmonic absorbers accounting for factors such as spectral width of absorbance and emissivity, as well the role
of thermal damping pathways such as conduction and convection. When radiative loss is the dominant cooling
mechanism, as can be achieved with thermionic devices in vacuum, we anticipate solar-induced temperature
increases over 1500 K without additional optical concentration, and consequent photo-induced current densities
with 1015 enhancement compared with purely thermionic emission at the equivalent temperature.
The optimal structures to achieve these temperatures have high absorption ( > 90% ) with spectral bandwidth
that spans the visible up to 1100 nm, and emissivity of ~2% throughout the infrared. Importantly, properly
designed surfaces also significantly constrain the angular dependence of thermal emission, enabling absorbers
that can approach the theoretical maximum temperature achievable under direct sunlight (5800 K). We show a
variety of noble metal nanostructures (Au, Ag, Cu), and high melting point metals (W, Ir, Pt), combined with
refractory dielectric cladding that can provide these ideal optoelectronic properties due to their thermal tolerance,
highly absorbing and tunable plasmon resonances in the visible, and naturally low and tunable emissivity in the
infrared. In combination with full-wave optical simulations that guide optimized designs, we have fabricated
HEETE device test structures and measured the spectral and temperature performance in vacuum, outlining
opportunities for optical power conversion.
Acknowledgements This material is based upon work supported by the Air Force Office of Scientific
Research under award number FA9550-16-1-0154. M. S. also acknowledges support from the Welch Foundation
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Abstract

2. Far-field coupling of PV by acelleration on
a smoothed taper

We experimentally demonstrate an anomalous polarization
state emitted by a propagating singular plasmonic field
from an adiabatically tapered nano cone. This phenomenon
is attributed to the specific 3D geometry of the system allowing the increase and the full transfer of the intrinsic
transverse plasmonic spin to the far-field. Our model is numerically tested and experimentally verified in this work..

As was recently shown, PVs can be generated by using spiral grating couplers, which have been sometimes
called plasmonic vortex lenses (PVLs) [9]. We assume an
Archimede’s spiral whose radius are given by Rm (ϕ) =
R0 + m · ϕ/kSP , where R0 is the smallest radius of the
groove, m is the topological order of the spiral and ϕ is the
azimuthal angle. The field distribution of the PV consists of
a helical plasmonic wavefront of the form ESP ∝ e−ilϕ ,
where l - a quantum azimuthal number is commonly called
the topological charge. The AM of the resulting PV is then
given by its topological charge, l = σi + m, where σi is
the circular polarization handedness of the incident light
(σi = +1, −1 for right-handed and left-handed state respectively). In contrast with propagating vortices the PV is
surface-confined and propagates towards the center of the
grating [17, 18, 19] (its z componenmt of the momentum
is a purely imaginary number). Accordingly, this near-field
distribution is not capable of transmitting AM to the farfield. While propagating optical vortices can play a role of
AM transducer for nano-manipulations or an optical communication channel [4, 5, 6] plasmonic structures provide a
compact and convenient solution for field manipulation and
PV generation. In this context there has been a significant
concern as for the far-field coupling of the PVs by means
of a nanostructure. Such a component should bring about
an important functionality of a PV generation and manipulation in the near-field [13, 20, 12].
In this context we have designed a system comprising of a plasmonic spiral grating with a smoothed conical
golden tip placed at its geometrical center [14, 21]. Due
to its high guiding and efficiency directionality this plasmonic 3D design have been recently presented as useful
tool for nanoscale chemical mapping [22] for enhanced IR
plasmonics [23] and intracellular plasmonic sensing [24].
The geometry of the system is presented in Fig. 1 along
with the scanning electron micrograph of the fabricated system. We analyze the electromagnetic field distribution by
R
means of the COMSOL ⃝multiphysics
software considering a λ0 = 780nm circularly polarized beam impinging
on the grating grooves from the bottom. In Fig. 1 it is
clearly seen that by modifying a curvature radius, rc of the
tip base the coupling of the plasmonic vortex to the conical

1. Introduction
Structured light beams have been the subject of an intense
work in the last years [1, 2] due to the numerous potential
applications they may offer in several disparate technological and research fields, ranging from super-resolution imaging [3] to optical tweezing [4] and nanomanipulation [5] to
telecommunications [6].
The possibility to produce and analyze singular optical
beams at the micro and the nanoscale led to focus on the
interaction of light with metallic nanostructures, resulting
in Surface Plasmon Polaritons (SPPs) carrying angular momentum (AM) [7, 8, 9, 10, 11, 12, 13, 14]. We will refer to
these waves as Plasmonic Vortices (PVs). Such modes are
generally surface confined helical electromagnetic distributions with a field singularity. The strength of the singularity,
termed the topological charge of a vortex, is defined by the
phase ramp acquired in one round trip about the singularity
center. This charge is proportional to the AM carried by the
field [15, 2].
Several intriguing phenomena have been already studied in these plasmonic wavefronts, such as particle trapping,
plasmonic focusing, optical switching etc [16]. Here, we
investigate the interaction of these near-field distributions
with the far-field beam. Specifically, we propose a system
capable of coupling the PV to the far-field with the given
AM and at a given polarization state. Moreover, we study
a peculiar phenomenon of the helicity locking due to the
transverse plasmonic spin carried by the PV. This angular
momentum component is shown to significantly affect the
far-field emission in our system. We present a geometric
model predicting the resulting far-field helicity and demonstrate its application in an experiment with nanofabricated
plasmonic system.

effective index, Nef f = β/k0 (here β is the mode’s propagation constant derived from the direct boundary condition
solution and k0 = 2π/λ0 is the free space momentum) on
a metallic cylinder versus the cylinder radius ρ (see the inset). Apparently the mode with l = 0 has an increasing
index which is manifested by a strong light localization at
the apex (Fig. 1). Nevertheless, other modes with l > 1
accelerate, and their effective index drops with decreasing
radius. At the point where Nef f = 1 the mode detaches
and propagates to the far-field. The mode with l = 1 is the
only one that survives to the end of the tip, which can be
deduced from the asymptotic behavior of the index.

Figure 1: Coupling of PV to the far-field. (a) SEM image of
the structure with its geometrical parameters. (b) Comparison of the plasmonic mode coupling to the cone with zero
basis curvature versus an optimized one. (c) Plasmonic field
distribution on the tip for different PV topological charges.

3. Helicity locking
We calculate the transverse field distribution slightly above
the detachment points (shown by the yellow dashed line in
the insets). The complex field values are used to calculate
the local polarization ellipse that is graphically presented on
the top of the intensity distribution (Fig. 3). The emerging
polarization handedness, σo = +1 is shown in red while
σo = −1 is in magenta. Note that the emerging modes are
both right-handed and very close to the circular state.

waveguide can be sufficiently increased. In Fig 1b the two
cases are compared - (i) rc = 0 and (ii) the optimized value,
rc = 1.5µm.

Figure 3: Calculated intensity and polarization distribution
at the vortex detachment point for different incident spin
states. The insets show the intensity flow along the tip and
the yellow dashed line represent the height at which the distribution was taken. The scalebar is 1 µm.
Figure 2: Dispersion of the effective index of the PV mode
propagating on a metallic cylinder versus radius.

In other words our system emits σo = 1 independently
on the incident handedness. Apparently, most of the previously discussed axially symmetric scattering architectures,
such as circular or coaxial apertures were shown to couple PVs to radially polarized beam, that naturally consisted
of almost equal amounts of right and left CP [7, 9, 13].
Here we link the emission of a single-handed polarization
to the so-called transverse spin (TS) of the plasmonic mode.
The TS of the surface wave propagating in x direction on a
metal-air interface is given as

While in the first case it is evident from the fringes on
the surface that most of the PV power is reflected back from
the tip, the second case shows a smooth coupling of most of
the energy to the guided mode. We also note that this mode
is then perfectly coupled to the far-field. The best far-field
beaming is obtained for a PV with the topological charge
of l = 1 (See Fig. 1c) in a form of a point-like source.
Higher topological orders produce beams with divergence
proportional to their l. We have recently shown that these
are Laguerre-Gauss distributions carrying an AM of lo ±σo ,
where σo is the emerging light’s spin state. The beam was
shown to detach from the tip surface at a point where the
momentum of the guided mode perfectly matches the one
of the corresponding free-space beam.
In Fig. 2 we show a dispersion of the guided mode’s

s⊥ ∝

Rek × Imk
(Rek)2

(1)

where k = kSP x̂ + iκẑ !
is the the complex valued evanes2 − k 2 , k = 2π/λ is the
cent wave vector, κ =
kSP
0
0
0
vacuum wavenumber and kSP is the in-plane plasmonic
wavenumber [25]. This transverse spin results from the
2

rotation of the resultant of the vectorial plasmonic field,
ESP = Ep (ẑ − iχx̂) in a transverse plane with respect
to the propagation. Remarkably, the TS is independent of
the polarization and solely arises from the amplitude ratio
between the longitudinal and the transverse field components χ, that is directly obtained from Maxwell’s equations,
κ
s⊥ = χ = kSP
. Accordingly, s⊥ is locked to the SPs propagation direction and can appear with a single handedness.
This property has been already utilized for spin-dependent
unidirectional plasmonic excitation [26, 27], for nanoparticle tweezing [28, 29, 30, 31] and for study of quantum
plasmonic effects [32].

impedance) to derive
% the local
& field 2helicity current [33],
P± = ±ϵ0 k0 Im E∗± × E± / |E± | and depict its integrated value in Fig. 3b. At the same Figure we present the
calculated sz (Eq. 2) as a function of the cylinder radius
by using previously derived β values. Finally, we simulate
an SP mode propagating on the metallic cone with realistic
parameters and directly calculate the TSAM in the vicinity
of the cone at different heights. Its integrated values are
shown in Fig. 3b as yellow rhombuses. We note that the
values of sz calculated at the real tip fully correspond to
the ones extracted from the modal analysis of the cylinder.
Moreover, it is clearly visible that for the small radius both,
the far-field ellipticity P+ and the sz become unity, which
indicates the emission of a pure circular polarization with
σo = sgn(l). On the other hand, for large radii the sz tends
to zero. This indicates that if the field was emitted from this
point its polarization would contain equal amounts of right
handed and left handed CP. The latter behavior is expected
from the metal due to its non-duality and was widely discussed elsewhere [34]. Obviously, the described effect of
anomalous spin selectivity can be expected from all helical
plasmonic modes. This can be understood from Eq. 2 with
the real cutoff radius values, where sz rapidly goes to unity
as a function of l.

Figure 4: Geometric model of the helicity locking. (a) A
conceptual scheme of the TS projection in PV. Details are
in the text. (b) Local helicity currents (blue and red lines),
TS projection on z axis (dashed) and simulated values of
the emerging spin (rhombuses) versus the cylinder radius.

4. Experiment
The samples were fabricated using a sophisticated multistep nanofabrication process described elsewhere [35]. The
150 nm gold film was prepared on a Si3 N4 membrane and a
spiral with m = 0 and m = 2 were milled in it. Then the tip
with optimized parameters was formed in the center(rc =
1.5µm, h = 6.3µm and α = 7.5 deg). The SEM picture of
the sample is shown in Fig. 1. We illuminated this structure
from the membrane side with a collimated pigtail CW laser
at λ0 = 780nm and by manipulating circular polarizer and
analyzer the incident and the emerging polarization state
could be controlled. We captured the far-field images by
using CMOS camera.

We investigate this phenomenon using the geometry of
the system as shown in Fig. 3a. A helical phase-front of the
PV (represented as a line spiraling around the cone) propagates on a smoothed cone with a local wave vector kSP .
The transverse and the longitudinal components of the local plasmonic field are denoted in the Figure as Et and El ,
respectively. As can be seen the incidence plane follows the
phase-front and gets tilted as the mode propagates upwards.
Accordingly, the z projection of the local TS (green arrow)
grows.
In a local tangential reference frame (ez , eϕ ) the complex plasmonic wave vector is represented as kl = βez +
l
ρ eϕ + iκl eρ . By substituting the kl in Eq. 1 the TS of the
plasmonic wave can be calculated. The z component of the
plasmonic TS is then given as,
sz = −
where κl =

"

β2 +

# $2
l
ρ

κl l
2 ρ
kSP

(2)
Figure 5: Experimental verification of the helicity locked
emission. (a) Cross polarization measurements of the intensities emerging from the tip with m = 0 spiral, and (b)
with m = 2 spiral.

2
− (2π/λ0 )2 and kSP
= β2 +

(l/ρ)2 . The mode detaches from the tip where the effective
index becomes unity, i.e. where β = k0 . The emerging spin
%
&−1
at that point is then sz = − k02 (ρ/l)2 + 1 .
In Fig. 3b we analyze the mode l = 1 propagating on a cylinder. We use the calculated fields in the
circular basis, E± = |E ± iZ0 H| (Z0 is the vacuum

In Fig. 4 the resulting distributions are presented in a
table according to the polarization states. We note that for
the case of m = 0 the system is axially symmetric and as
3

expected the PV with l = ±1 is obtained for σ0 = ±1. In
the case of m = 2 we obtain a PV with l = 1, 3. In this latter case both vortices have positive helicities which results
in the only emerging light with σo = +1. In both experiments we measured ratios of at least 1:7 in the intensities of
the two emerging polarization components. This high polarization contrast is attributed to the helicity locking of the
plasmonic modes due to its intrinsic TS. Note also, that the
two presented systems generate the l = 1 mode from different incident polarization states. Nevertheless, the emerging
polarization state depends only on the sign of the topological charge of the PV and not on the incident handedness.
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A bottom-up approach towards metamaterials and plasmonics

About Optical Games with Eutectics ZnO/ZnWO4
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Abstract - We report an overview of optical properties of eutectics ZnO/ZnWO4. Filtering
properties and polarization dependent properties, with together nonlinear optical characterizations
in the visible region are presented.
Many different optical interesting and unusual properties of eutectics [1] ZnO/ZnWO4 are presented, ranging from linear up
to nonlinear optical properties.
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. 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 emission 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 polarization, while for the p output the α
dependence is negligible.
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Self-organized ZnO-ZnWO4 eutectic composite doped with Al and
Ga ions, as a NIR nanoplasmonic metamaterial
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Abstract- We report properties of a self-organized eutectic composite made of ZnO (Transparent
conducting oxide - TCO) phase precipitates embedded in ZnWO4 [1] matrix, doped with Al or Ga ions.
The ZnO precipitates, with plasmonic properties, are formed as pseudo-periodically dispersed thin (~200
nm in width) layers separated by crystalline matrix. Optical properties, microstructure, chemical analysis,
XRD, Raman spectra and photoluminescence will be presented.
In recent years the field of metamaterials and nanoplasmonics developed rapidly. The novel field of
metamaterials and nanoplasmonics need new material fabrication techniques, especially bottom-up approaches
such as self-organization. Eutectic composites are very promising candidates due to various structural motifs
(fibrous/rodlike, globular, lamellar with micron or nanosized precipitates and even split-ring-resonators [2, 3, 4]) and
many different component materials. Eutectics can be described as two intersecting crystals in one solid. It means that
the eutectic composite in the same time is a monolith and a multiphase material. Eutectic composites can offer many
interesting optical properties such as strong second harmonic generation, filtering properties, Faraday effect or
nanoplasmonic properties [3], which can be even tunable [4].
Transparent conducting oxides (TCO) such as Al- and Ga- doped zinc oxide (AZO, GZO) are good
candidates as plasmonic materials in the near infrared frequency. Dopants (Al3+ and Ga3+) substitute Zn2+ ions,
which enables increase of the free carriers concentration, and results in higher plasma frequency. In such
materials carrier concentration is higher than 1020 cm-3, so they exhibit metal-like behavior in NIR with low
optical losses comparable to the noble metals at this wavelength range. TCOs as alternative plasmonic materials
could be used in applications like surface-plasmon-polariton waveguides, metamaterials with hyperbolic
dispersion and epsilon-near-zero materials. Plasmonic properties of TCO can be tunable [5, 6].
In this work we present self-organized nanostructure of ZnO-ZnWO4 eutectic doped with different
concentrations (1%, 5%, 10% at.) of Al and Ga grown by the micro-pulling down method. The optical properties
of the eutectic in visible and IR, as well as polarization studies, and chemical studies will be presented.
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Studying the properties of bottom-up meta-atoms based on their
T-matrix.
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Abstract-The T-matrix of a scatterer expresses how it couples an incident mode to a scattered
mode at a given frequency. Here, we outline our recent contributions to develop methods to
compute the T-matrix for arbitrary scatterers; possibly composed of many sub-elements. Based on
the T-matrix, properties of these scatterers are discussed and applications are explored, e.g.
scattering cancelation structures, maximal electromagnetic chiral structures, or bi-anisotropic
scatterers. Emphasis is put on meta-atoms amenable for a fabrication with bottom-up approaches.
Meta-atoms that can be realized by self-assembly techniques based on bottom-up approaches are often made
from a larger number of small metallic nanoparticles in complicated shapes [1]. They usually exist in solution
where they can freely rotate and orient to an external illumination. To study and to quantify their properties,
means are required that allow the investigation of these meta-atoms without explicitly considering a specific
illumination. This means is provided by the T-matrix. The T-matrix of a scatterer expresses how, at a certain
frequency, any incident field expanded in a basis set of orthonormal incident modes is coupled to a basis set of
orthonormal scattered modes. In most cases and for scatterers localized in space, vector spherical harmonics are
used as a basis set but this is not a strict constraint. The T-matrix can be expressed in any different basis set and,
indeed, converting it among different sets can provide complementary insights.
In our contribution, we describe how to compute the T-matrix for an arbitrarily shaped scatterer [2]. This
usually requires the solution of multiple full-wave simulations where the scattering response of the object to a
specific illumination is solved. Projecting the scattered field on the basis sets allows to deduce the T-matrix by
solving a system of linear equations in a least-square sense or exactly, depending on whether a single incident
mode has been used for the illumination. In our work, we use finite-element-simulations based on the program
JCMsuite and rely on a plane wave basis for the illumination.
Once the T-matrix is known, multiple properties can be deduced thereof immediately. This concerns
properties of specific entries such as, e.g. a specific bi-anisotropic response, or properties that can be deduced
from the T-matrix as a whole, e.g. the electromagnetic chirality [3]. Moreover, insights into the properties of the
meta-atoms can be obtained from analyzing the eigenvalues and eigenvectors of the T-matrix or its singular
values [4].
We focus on, but do not wish to restrict our consideration exclusively to, meta-atoms that can be fabricated
with self-assembly techniques. These meta-atoms consist of a larger number of metallic nanoparticles that are
assembled into complicated geometries. As an example of the analysis, Fig. 1 shows some illustrative results of
our approach along with some further explanations.
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Figure 1: a) General configuration to compute the T-matrix of an arbitrarily shaped object. Many individual
plane waves are considered as illumination, the full-wave response is computed and from the scattered field of
each plane wave the T-matrix is constructed. b) Basic example of a silver dimer made from spheres with a radius
of 30 nm and a center-to-center separation of 63 nm. The scattering cross section for a specific illumination as
shown in inset has been solved with Mie theory (solid line) and a finite-element solver (crosses). c) The overall
structure how we present the T-matrix, where the different electric, magnetic, and electric-magnetic entries are
seen. We consider here up to a quadrupolar order. d) Amplitude of the entries of the T-matrix for the dimer at the
frequency indicated by the solid line in b).
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Spatial reconfiguration of plasmonic nanostructures has remained challenging using both top-down and
bottom-up approaches in the field of active plasmonics. In this talk, I will introduce our work on DNA origami1
based reconfigurable plasmonic metamolecules. The spatial configuration, and hence, the optical response of
such metamolecules can be regulated by external stimuli, such as, excess of fuel DNA strands1, light2, change in
pH3. The spatial reconfiguration is transduced into plasmonic circular dichroism change in the visible
wavelength range.
We anticipate that such reconfigurable plasmonic nanostructures with engineered stimuli responses will
advance the development of smart nanomaterials with tailored optical functionalities.

Figure 1. Schematics of reconfigurable plasmonic metamolecules. The metamolecules consist of gold nanorods hosted on
switchable DNA origami templates. The precise spatial arrangement of nanorods can be control with external stimulus, e.g.
excess of fuel DNA strands, light, change in pH.
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Visible-range hyperbolic dispersion and generalised Brewster
extinction in copolymer-nanoparticle self-assembled composites
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Abstract- Lamellar block copolymer nanostructures were self-assembled on a substrate, with one
of the constituent phases including variable amounts of plasmonic nanoparticles. The assembly’s
uniaxial optical properties were measured using spectroscopic ellipsometry. The presence of an
extinction of the TM wave due to a generalised Brewster effet (“topological darkness”) is
demonstrated, opening interesting perspectives for sensing applications. More importantly, due to
high loadings in nanoparticles, we demonstrate that, within a frequency range, the parallel
component of the dielectric permittivity tensor becomes negative, of opposite sign to the
perpendicular component, revealing a regime of so-called hyperbolic dispersion. This is to our
knowledge the first demonstration of hyperbolic behaviour in a bulk, bottom-up, self-assembled
structure.
Diblock copolymer thin film engineering [1] offers a genuine technological platform for the generation of
nanostructured thin films with different morphologies. The lamellar phase presents a high degree of order and
uniaxial symmetry, with layers parallel to the substrate. Here, we use spun-cast lamellar
poly(styrene)-b-poly(2-vinyl pyridine) (PS-P2VP) copolymer films. We spin-cast flat and homogeneous films,
of controlled thickness between 200 and 700 nm and of large lateral dimensions, which spontaneously develop a
multilayered structurally uniaxial thin film of alternate poly(styrene) and poly(2-vinyl pyridine) layers, each of
size do /2=16 nm. We then grow in-situ gold (Au) nanoparticles selectively within the P2VP layers, thus
producing a structure of alternating pure polymer (P) and Au nanoparticles: P2VP nanocomposite (NC) layers.
This is achieved by dipping successively the film-bearing wafer into an Au salt solution and then into a reducing
agent solution. This infiltration procedure is repeated N times, and N controls the final volume fraction of
nanoparticles in the (NC) layers. An example of such a film is shown in Figure 1.
Figure 1. (left) Scanning electron microscopy
side-view image (SEM) of a 370 nm-thick film
of alternating pure polymer (appearing black)
and Au nanoparticles - P2VP nano-composite
(appearing white) layers. (right) Tensorial form
of the anisotropic dielectric permittivity with
ordinary εo and extraordinary εe components.

Variable angle spectroscopic ellipsometry (VASE) was performed in reflection. Figure 2-a shows, on one
example of a sample, that for specific angles of incidence and photon energies, the ellipsometric angle Ψ cancels
while Δ undergoes a near 180° jump [2]. The sensitivity of this phase jump to modifications of the optical index
in the close vicinity of film provides a scheme for high-precision sensing applications.
Next, to evidence hyperbolic dispersion properties of the sample (taken as a whole, effective medium), each
multilayer film was measured as a function of the number (N) of gold loading cycles. The VASE data were
carefully analyzed [3] using several steps and extracted results were cross-checked with two different methods,
so as to finally obtain the uniaxial effective permittivities of the multilayer film. Results (Figure 2-b) show that
the components εo and εe both present a resonance close to 550 nm, with a significantly stronger amplitude for
εo. For high gold loadings (N=25), the values of the real part of εo become negative close to the resonance, and
opposite in sign to εe, thereby demonstrating the hyperbolic nature of the material.

Re(εo)

(b)

Re(εe)

Figure 2. (a) Extinction of Ψ and jump of Δ for two different angles of incidence (trace 1 : 70.35° and trace 2 :
65.71°), while a third angle is shown to be out of extinction (trace 3 : 56.40°). Lines are simulated data for a
perfect (defect-free) sample, circles are experimental values. (b) Real part of the ordinary and extraordinary
components of the dielectric permittivity, showing the strong optical anisotropy of the film, and demonstrating
the hyperbolic nature for N=25.
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Abstract-We describe the optical properties of “interband plasmonic” materials and their potential
for the design of active optical metamaterials for switching and sensing applications.
Research in plasmonics and metamaterials has shown ways to manipulate light down to the nanoscale by
creating artificial media with properties not available in nature. These fields were first developed using noble
metal nanostructures as building blocks, and in the latest years they have been enriched by employing alternative
plasmonic materials, such as transparent conducting oxides or metal nitrides.1 The plasmonic response of most of
these materials is based on the optical excitation of volume free carriers.
However recently plasmonic effects at visible frequencies have been observed in nanostructures made of
semi-metals (bismuth2) and chalcogenides (bismuth telluride3, BSTS4). These materials present no optical
absorption due to volume free carriers in this spectral region. Nevertheless, they share a common feature with
the earlier plasmonic materials: they show a negative bulk dielectric permittivity. In this case, this feature is due
to the excitation of strong interband transitions rather than volume free carriers.4,5,6 Therefore, interband
polaritons and surface conducting states have been proposed to drive the plasmonic effects observed in the
nanostructures. In this presentation, we will describe the optical properties of this new type of so-called
“interband plasmonic” materials in relation with their electronic structure. Their performance will be compared
with that of the earlier plasmonic materials, and their potential for the design of active optical metamaterials for
switching and sensing applications will be presented.
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Abstract-We use the near field of a photonic crystal slab for nanoparticle manipulation. The holes
of the photonic crystals form an array of optical traps. In addition to assembling regular arrays of
dielectric and metallic particles, we have used this system to demonstrate nanoparticle size
selection and optical ratchet motion.
In earlier work, we introduced a technique for creating an array of optical traps in the near field of a
photonic crystal [1]. The photonic crystal is designed to support a guided resonance mode for normally-incident
light. The mode has high field intensity in the holes of the photonic crystal, making the holes act like optical
traps. Previously, we have trapped 2D periodic arrays of dielectric [2] and metallic nanoparticles [3], which can
be assembled and released on demand by turning the laser on and off. This capability suggests the ability to
dynamically and reconfigurably assemble photonic, plasmonic, and/or metamaterial structures “from the bottom
up.” Here we demonstrate two new applications of our optical trapping method: nanoparticle size selection [4]
and on-chip ratcheting motion [5].
We demonstrated nanoparticle size selection using a slot-graphite photonic crystal [4]. This structure
consists of a silicon slab etched with holes and slots in a pattern based on the graphite lattice [6]. The slots
strongly confine light, acting as optical trapping sites. We were able to select one size of particles out of a binary
mixture, creating an “optical sieve.” In this case, the mixture contained equal concentrations of polystyrene
particles with larger (520nm) and smaller (380nm) diameters. 94% of the particles trapped on the photonic
crystal were those of the smaller size. This result provides a new method for sorting nanoparticles by size. It also
suggests that uniform photonic structures and/or metamaterials can be assembled, even from a nanoparticle
solution that is not monodisperse.
Brownian ratchets provide a fundamental mechanism for rectifying random motion, via breaking of
spatiotemporal symmetry. We have implemented the first on-chip, near field optical Brownian ratchet [5]. We
used a template with nearly triangular holes to break spatial symmetry and modulated the trapping laser. By
tracing and analyzing particle trajectories, we conclusively demonstrated ratcheting motion with transport speeds
of approximately 1 µm/s.
Acknowledgements: This work was funded by an Army Research Office PECASE Award under Grant
W911NF-09-1-0473.
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Abstract
Plasmonic nano-structures have been of great interest in bio-sensing, photonic, optoelectronic, and
thermos-plasmonic applications because of their ability to control the light behavior in nanoscale.
Aerogels, composed of silica nano-granules with high porosity, have air-like low refractive index
and allow us exotic plasmonic phenomena. I introduce our recent results about the plasmonic
applications using air-like aerogels such as plasmon resonance, SERS, and so on.
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Abstract-Tailoring optical properties of plasmonic nanoclusters (plasmonic metamolecules) has
gained special interest in the field of nanophotonics. However, the difficulties in arranging
plasmonic nanoparticle in deterministic way have limited the advancement of the relevant field. To
address this challenge, we report a deterministic strategy for assembling 3D cluster using DNA
origami as a molecular pegboard.
Self-assembled plasmonic metamolecule, a properly tailored metallic nanocluster which exhibits unnatural
electromagnetic property (e.g. artificial magnetic resonance and magnetic based Fano scattering resonance), has
been extensively studied as the one of the central idea in the field of metamaterials (1-4). Recently, several
studies have shown that optical magnetism can be finely tuned by controlling geometry, dimensionality, and
number of nanoparticles (NPs) in nanocluster (3-4). However, reliable assembly of the 3D cluster with high
structural integrity and versatility is still lacking, owing to i) difficulties in producing highly uniform metallic
NPs and ii) limited ability to arbitrary control the 3D cluster geometries (i.e. symmetry and asymmetry).

Fig. 1. Extremely uniform AuNPs were arranged into custom geometries by exploiting programmability of

DNA origami. (a) Representative TEM image of synthesized AuNPs. (b-d) Schematic image of Barrel-like DNA
origami structure (b) and TEM image viewed at side (c) and top (d). (e-i) Self-assembled plasmonic
metamolecules: trimer (e), tetramer (f), 3D pentamer (g), 3D hexamer(h), 3D pentamer with broken symmetry(i).
Scale bars are 100nm.
In this work, to tackle these challenges, we first synthesized highly uniform and smooth AuNPs by adopting
iterative reductive growth and oxidative dissolution as presented Fig. 1(a). Then, we utilized DNA origami
method which provide few nanometer precision for 3D positioning NPs, molecules, and quantum dots in
programmable way (6-7). To arrange AuNPs into various geometries (e.g., 3D cluster with broken symmetry)
which have been challenging for other self-assembly methods, we designed 3D cylindrical DNA origami
structure as depicted in Fig. 1(b-d). The surface of DNA cylinder was encoded with single-stranded DNA sticky
ends to host AuNPs in programmable way. As presented in transmission electron microscope (TEM) image, the
individual structures were well synthesized in high structural intactness.
Finally, we assembled 3D clusters by assigning programmable location of AuNPs on the DNA origami
surface. Fig. 1(e-i) illustrates our current progress of this research. As clearly figured out, the structural fidelity
and versatility of spherical AuNPs assemblies were elegantly controlled. Especially, the symmetry breaking was
successfully achieved in 3D cluster by applying exotic programmability of DNA origami.
Our ultimate goal is to show that we can gain supremacy over controlling self-assembled plasmonic
metamolecule by assembling extremely uniform AuNPs into custom geometry. Our results convincingly
demonstrate that programmability of DNA nanotechnology provides an ultimate mean for it. Thus, we believe
that our work will pave one of the ways toward a limit of engineering optical properties in nanophotonics.
Acknowledgements, This work was supported by Samsung Research Funding Center of Samsung
Electronics under Project Number SRFC-MA1402-09.
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Abstract: The talk will focus on high throughput, large area and low cost fabrication of quasi-3D and
3D optical nanostructures based on various printing techniques. Based on these techniques functional
devices like uncooled neural sensors, mid-IR detectors, flexible reflective color displays and others are
realized.
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Abstract- We report on the optical properties of the NBP glass nanocomposite doped with silver
nanoparticles, nAg, and erbium ions, grown by the NanoParticle Direct Doping (NPDD) method.
We observe formation of optically active metastable defects that we interpret as a result of the
interaction of the glass matrix ions with the dangling bonds at the surface of silver particles and
with erbium ions. Optical features of the defects were explained by using coordinational coordinate
model, CC. Additionally we show that the presence of the silver particles leads also to the
decreasing the free-OH absorption in boron-phosphate glass.
Most of current fabrication processes of plasmonic materials and materials with plasmonic-related
functionalities arrange metal nanostructures at the dielectric surfaces but the fabrication of volumetric
nanoplasmonic composites still remains a challenge. Recently we have developed new approach to obtain
volumetric plasmonic nanocomposites through a non-chemical process called NanoParticle Direct Doping
(NPDD) method.[1] The NPDD method is based on the directional solidification of dielectric matrices and
allows to carry out the doping process during the pulling of the glass fiber with any chemical agents and,
plasmonic , semiconductor or anisotropic nanoparticles.
In this work by using NPDD method we obtained nanocomposite NBP (sodium borophosphate glass
30%mol P2O5 50%mol Na2O 17%mol B2O3) doped with erbium ions and Ag nanoparticles (20nm in diameter),
NBP:nAg:Er3+. The absorption and luminescence measurements at temperature range (4K-300K) were used to
study the optical properties of these nanocomposites.
Low temperature luminescence revealed that defect related emissions X2(1.185eV) and X1(1.085eV)
appear in NBP:nAg and NBP:Er3+,nAg, composites, respectively. Both defects responsible for these emissions
have metastable states. Optical features of the defects were explained by using coordinational coordinate model,
CC.
For low (residual) erbium concentration the twofold increase of the emission at 1532nm was observed
when X2 defect was in the metastable state.
Surface atoms of nAg have a very large number of dangling bonds as the coordination is not completed.
These features can give rise to the formation of any localized defect states at the interface formed between nAg
and surrounding environment. Recent studies [2] made by using high-resolution transmission electron
microscopy revealed that Ag nanoparticles even at room temperature can be deformed like liquid droplet
remaining crystalline in their volume. It means that the nanoparticle can be sensitive to the forces of the
crystalline field in the glass.
We have stated that presence of nAg in NBP glass leads to the decreasing of free-OH group as compared

to the pure NBP glass. The fact suggests decreasing the amount of the so called non-bridging oxygens that
instead of forming the hydrogen-like bounding with free-OH groups can form some kind of connections with
silver particle surface.
Acknowledgements, The authors thank the MAESTRO project 'New Generation plasmonic materials'
financed from the National Science Centre of Poland (G.A. 2011/02/A/ST5/00471) for their support of this
work.
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Abstract- Controlling the magnetic permeability m of artificial materials is expected to offer an
unprecedented control of the flow of light in optical devices. Unfortunately, the magnetic response
of natural materials is negligible at optical frequencies. A rational design of nano-composites
SiO2@Agn enables here the operational extension of the concept of magnetic permeability to visible
light. Up to now, artificial optical magnetism has been observed in anisotropic structures thinner
than the wavelength of light as a non-local effect which is too complex to be described by an
effective magnetic permeability tensor, hence precluding the use of the usual laws of reflection and
refraction. In contrast, the reflection of light by the novel magnetic metamaterial described in this
talk obeys the classical laws of optics at variable incidence. This fundamental approach, based on
the precise control of the structural symmetry of the material at all steps of a hierarchical selfassembly process, provides strict guidelines for the design of magnetic materials described by a
valid permeability parameter. This strategy can be readily extended to the future generation of
low-loss, all-dielectric metamaterials, hence renewing the interest for extraordinary applications of
metamaterials based on non natural values of µ.

Self-organized silver-based eutectic metamaterial
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Abstract- We report on the optical properties of the Bi2O3-Ag eutectic nanocomposite with
plasmonic properties, grown by the Micro pulling down method. We will present the optical
response of metamaterials built from silver, bismuth, bismuth oxides and highlight the tunability in
their structure and optical response. The introduction of rare-earth ions to this eutectic material
should promote the enhancement of important optical properties, like photoluminescence or
up-conversion processes.
Bottom-up manufacturing methods, like self-organization and chemical methods are powerful for obtaining
metamaterials with controlled optical properties. One particularly promising approach relies on the growth of
self-organized nano- and micro-structures by directional solidification of eutectics.
This work reports the development of a bulk nanoplasmonic Bi2O3-Ag eutectic-based metamaterial.
Annealing at 600 °C further refined the structure and introduced metallic nanoparticles that exhibited plasmonic
resonance in the optical region of the spectrum [1]. Different atmospheres can affect on the intensity and position
of the plasmonic resonance, so the plasmonic resonance can be tune between orange and green wavelengths [2].
Demonstration of the impact of LSPR exhibited by the Bi2O3-Ag eutectic composite doped with rare earth
ions on its optical properties, such as luminescence and nonlinear properties like upconversion will be presented.
For the annealed Bi2O3-Ag: Er3+ material (which has plasmonic resonance) two-fold enhancement of the
Er3+ ions photoluminescence in the range of 520 nm to 570 nm (excitation wavelength of 488 nm) is observed
with respect to the as-grown material. Also strong 19-fold enhancement of the luminescence up-conversion from
980 nm to visible in the annealed Bi2O3-Ag-doped with Er3+ material is observed. Bi2O3 as high refractive index
material is often added to types of glass to improve their nonlinear properties such as upconversion i.e. the
conversion of luminescence from longer to shorter wavelengths. That is why it was interesting to investigate the
effect of the material’s plasmonic properties on this phenomenon. Measurements of luminescence showed that
the upconversion is strongly enhanced for the Bi2O3-Ag: Er3+ eutectic material exhibiting the LSPR in
comparison to the as-grown Bi2O3-Ag: Er3+ composite (without LSPR) and the Bi2O3: Er3+ crystal. This is thanks
to the fact that the position of the localized surface plasmon resonance in Bi2O3-Ag: Er3+ material (after
annealing) overlaps the up-converting luminescence bands obtained for erbium, which preliminarily confirms
the plasmonic enhancement of the upconversion. Moreover Bi2O3-Ag doped with rare earth ions may be
potentially used as an element in solar cells. Upconverters with properties strengthened by plasmonic resonances
may, when used in a solar cell, enable enhancement of its efficiency.
Acknowledgements, The authors thank the HARMONIA project 'New Generation plasmonic materials'
financed from the National Science Centre of Poland (G.A. 2013/10/M/ST5/00650) for their support of this
work.
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Nonlinear optics of epsilon near zero material using CdO
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Abstract- The banner of strong field confinement using plasmonic material has been waved for quite
some time. In many cases, strong field confinement comes with high loss which has hampered many
potential applications. In this paper we show two remarkable examples of nonlinear effects of
plasmonic material: third harmonic generation and p-polarization reflectance modulation, using high
mobility doped semiconductor of CdO where high absorption and strong field confinement can co-exist.
A quintessential property of surface plasmon polariton mode in metal is the ability to produce nanoscale
field confinement. This mode is normally not accessible from free-space due to momentum mismatch.
However, when the thickness of the material is of the order the Fermi wavelength, surface plasmon polaritons of
the two interfaces couple to a hybridized mode called epsilon-near-zero mode which allows free-space coupling
and produces a large uniform field enhancement inside the material1. When impedance matched to this mode,
100% of the incident field is absorbed (perfect absorption) and large nonlinear polarization field is generated.
Efficient third harmonic generation was shown2 using indium tin oxide. Recently, using defect equilibrium
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Fig. 1: (a) Schematic representation of the third harmonic generation experiment. (b) Third harmonic power versus incident laser
intensity at the fundamental wavelength of 2.1mm. The In:CdO film is 19nm thick and has a carrier density of 2.0x1020 cm-3 and
mobility of 375 cm2/Vs.

engineering3, crystalline high mobility conductive oxide can be grown to enable larger field enhancement and

hence higher third harmonic conversion efficiency.
In this paper, we report more than three orders of magnitude enhancement in conversion efficiency 8.3x10-22
%cm4/W2 for In:CdO compared to 5.7x10-25 %cm4/W2 for indium tin oxide2. The conversion efficiency metric
used here is defined as the ratio of third harmonic to incident power in percent normalized by the square of the
incident intensity. Fig. 1 shows the third harmonic generation behavior with pump intensity.
Another nonlinear effect that utilizes strong absorption is reflectance modulator. Low intensity p-polarized
probe light at frequency near the epsilon-near-zero value (2.08µm) can be completely absorbed when the
impedance matching condition is met as in the case of a 75nm thick In:CdO film with similar properties on an
Au4 substrate. This p-polarized probe beam reflectance can be dramatically increased when a separate high
intensity intraband pump pulse is applied to change the carrier temperatures and effective mass. The new
epsilon-near-zero frequency is shifted to 2.23µm. Fig. 2 shows that the reflectance at 2.08 µm is switched from
1% to 86% within 200fs. Simultaneously, the reflectance at 2.23µm is dramatically reduced from 73% to 10%.

(a)
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Fig. 2: (a) Schematic representation of the pump-probe reflectance modulation experiment. (b) Shows the temporal p-polarized
reflectance response of 2.08 and 2.23 µm at 50 deg angle of incidence after the sample was pumped by another 2.08 µm p-polarized
incident angle of 30 deg.
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Abstract- Circular Dichroism is the differential absorption of left or right circularly polarized light.
In planar artificial structures, like metamaterials, this effect is rather weak. In contrast to that,
second harmonic generation circular dichroism (SHG-CD) in artificial materials is more sensitive,
than its linear counterpart. Here, we report about a near unity nonlinear circular dichroism for
second- (SHG) and third- harmonic generation (THG) from specially designed plasmonic
metasurfaces.
Plasmonic metasurfaces are interesting systems to study nonlinear phenomena, due to their strong lightmatter interaction. Since, their strong light-matter interaction leads to a strong electric nearfield enhancement,
which in turn leads to strong nonlinear response, plasmonic metasurfaces are a perfect tool to investigate
nonlinear phenomena. One of these phenomena is SHG-CD, the differential harmonic generation of left or
right circularly polarized light, if the material is illuminated with light of different handedness. Strong CD
from metamaterials has been demonstrated but the observed CD in most experiments arises from the
chirality of 3D nanostructure or from the extrinsic contribution in 2D structures illuminated under an oblique
angel. [1-10] In this work, we demonstrate a strong CD for SHG and THG from planar chiral plasmonic
metasurfaces.
Experiment
An array of trisceli-type (for SHG) and gammadion-type (for THG) nanostructures were fabricated by
electron beam lithography and a lift-off procedure. The Plasmon resonance of the nanostructures was
determined to respectively 1165 nm (trisceli-type) and 1230 nm (gammadion-type) by Fourier Transform
Infrared Spectroscopy.
The nonlinear experiments were executed by using a femtosecond laser under normal incidence to the
metasurface surface. To characterize the nonlinear CD, the nonlinear response of the Metasurface was
measured for right and left circularly polarized light. Furthermore, the fundamental wavelength of the laser
was tuned between 1100 nm and 1400 nm, to gain information about the wavelength dependents. The
results show that for one polarization state the nonlinear responses have local minima at 1275 nm for SHG
and 1300 nm for THG, which corresponds to the wavelengths of the strongest nonlinear CD (fig. 1), which
was calculated from the nonlinear measurements by using the definition: CD = (ILCP – IRCP)/(ILCP+IRCP).

Figure 1. Nonlinear CD for SHG from the trisceli-type structure (a, b) and the nonlinear CD for THG from the
gammadion structure (c, d). The values of the squares in (a) are obtained from experimentally determined values of
the effective nonlinear susceptibilities of the trisceli-type structure.

Conclusion
In summary, near unity nonlinear circular dichroism for second- and third-harmonic generation with
ultrathin trisceli- and gammadion-type plasmonic nanostructures was shown. Moreover, a symmetry controlled
generation of left or right handed SHG and THG was demonstrated. Strong SHG-CD and THG-CD are
experimentally observed for these planar plasmonic structures with negligible linear optical activity. Especially,
the observed SHG-CD is identified to have an achiral origin. In the future, these results, together with simple
fabrication methods for plasmonic metasurfaces enable a greater freedom in designing nonlinear optoelectronic
devices.
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Non-local absorption in quantum hydrodynamictheory:
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Abstract— The quantum hydrodynamic theory is a promising method for describing microscopic details of macroscopic systems. The hydrodynamic equation is directly obtained from a
single particle Kohn-Sham equation. This derivation allows to straightforwardly incorporate in
the hydrodynamic equation a viscoelastic term, so that broadening of collective excitation can be
taken into account, as well as a correction to the plasmon dispersion. The result is an accurate
and computationally efficient hydrodynamic description of the free electron gas.

A reliable description of optical properties of plasmonic nanostructures with di↵erent length
scalesrequires methods beyond classical electromagnetism. In this context, it becomes very important to develop simulation techniques to take into account quantum microscopic features at the
scale of billions of atoms. Density functional theory (DFT) methods are generally unsuitable because their computational cost grows as fast as O(Ne3 ) such that their reach is limited to systems
with few thousands electrons. Conversely, methods based on e↵ective descriptions have also been
proposed [1, 2], although their applicability depends on a priori calculations usually relying on a
di↵erent method and it is limited to the linear response regime.
A promising alternative is given by orbital-free techniques where electron energy functionals
are expressed in terms of the electron density n rather than the single electronic orbitals. To this
category belongs the hydrodynamic theory (HT), in which the quantum dynamics is solved via
macroscopic observable quantities, such as, n and the current density J or the velocity v. The HT
has a long history [3, 4] and recently, it has vigorously reemerged in the context of nano-photonics
[5, 6], strongly fueled by the proliferation of self-assembling colloidal plasmonic structures [7, 8].
Because of the complexity of the systems involved, however the HT has usually been considered
within the limit of the Thomas-Fermi (TF) approximation with the assumption of a constant
ground density, neglecting essential e↵ects such as electron spill-out and quantum tunneling. The
TF-HT however can be greatly improved by adding a rn-dependent contribution to the TF kinetic
energy of the free-electron gas. In this way, a space dependent ground density can be easily
taken into account. This model usually denominated quantum hydrodynamic theory (QHT). A selfconsistent approach based on the QHT coupled to Maxwell’s equations was recently introduced by
Toscano et al., who applied it to show size-dependent blue shift in small noble metal nanowires
[9]. Systematic comparisons of QHT with DFT results [10, 11] however pointed out that in order
to describe well both near- and far-field features of plasmonic systems, one might need to sacrifice
the self-consistency of the method [11]. A precise prediction of the fields near the surface is in fact
extremely important for tunneling regimes and nonlinear applications. Moreover, in its present
form the QHT does not take into account size-dependent broadening of the plasmonic resonances,
although a recent e↵ort in this direction [12] suggested the use of a density-dependent damping
rate. As for all orbital-free methods, the challenge is to find an appropriate energy functional that
correctly accounts for the electron gas total energy.
In this talk, I first show that the QHT equation can be formally derived form the single particle
Kohn-Sham (KS) equation. This non-trivial derivation clearly shows the degree of approximations
that are made when using the QHT. This derivation allows to straightforwardly incorporate in
the hydrodynamic equation a viscoelastic term, so that broadening of collective excitation can be
taken into account, as well as a correction to the plasmon dispersion. Because the QHT intrinsically
describes both longitudinal and transverse fields, it is then possible to include in the hamiltonian a
current-dependent exchange-correlation (XC) vector potential. Such potential has been developed
by Vignale and Kohn [13] in the context current density functional theory (CDFT). The peculiarity
of this functional is that it has the form of a divergence of a viscoelastic stress tensor, o↵ering an
intuitive and unprecedented way to improve the theory. The results is a theory that can be applied
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Figure 1: Dimer of Na spheres constituted by Ne = 398 electrons each.

to a class of much larger problems compared to DFT techniques, with comparable accuracy. The
theory correctly predicts size-dependent plasmon energies and broadening, as well as near-field
properties. Application tonanoparticle dimers also show good agreement with DFT calculations
previously published, down to the tunneling regime (see Fig. 1).
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Spatio-temporal dynamics of strongly-coupled emitters with
multiple plasmonic modes
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Abstract— Plasmonic nano-cavities provide the ideal conditions to realize light-matter strongcoupling at room temperature. However, they support multiple types of modes that can be
spectrally degenerate, but with diﬀerent radiative behaviour and field profiles. We demonstrate
that quantum emitters simultaneously couple to all modes in plasmonic nano-cavities, a process
dominating the spatio-temporal dynamics of the Rabi-oscillations.
Plasmonic nano-cavities provide the ideal conditions to strongly-couple emitters and plasmons,
due to the high-field enhancement associated with the plasmon excitation and the radiative nature
of higher-order modes that suppresses quenching [1]. This unique combination of properties allows
for a single molecule to strongly-couple with a plasmon mode at room temperature [2], which opens
the route to bring in ambient conditions quantum information systems.
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In this paper, we explore the coupling of emitters with the multiple type of modes that are
present in plasmonic structures. We show that external radiation excites both the even and odd
bonding modes of a plasmonic dimer, which are simultaneously exciting and exchanging energy
with the QEs. For the plasmonic dimer, these two types of modes occur at the same frequency:
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where ωp and γm is the plasma frequency and damping of the metal and R1 , R2 is the radii of the
two cylindrical structures. The two modes have diﬀerent radiative properties with the even-bonding
mode coupling more eﬃciently to the even continuum (i.e. bright mode), while the odd mode is
darker. We model a homogeneous layer of QEs surrounding the dimer structure as a two-level
system, whose dynamics are governed by the decay lifetime of the excited state (τ12 ) and dephasing
rate (γp ). The QEs couple to both modes simultaneously, which leads to spatially asymmetrical
Rabi-oscillations and mode beating characteristics (Figure 1).
To excite either type of modes alone, we need to preserve the parity symmetry of the system. We
achieve this by exciting the plasmonic dimer structure with two plane-wave sources, incident from
opposite directions. The parity symmetry is controlled by the phase diﬀerence of the two sources:
when in-phase only the even modes are excited, and out-of-phase excitation couples only to odd
modes. As expected, odd modes continue to exchange energy with the emitters for much longer
times than even modes [3]. Most importantly though, despite their smaller field enhancement, odd
modes exhibit identical coupling strength to even mode coupling.
In conclusion, we show that parity symmetry in plasmonic nano-cavities dominates the spatiotemporal dynamics of the plasmon-exciton in the cavity. By tailoring the illumination set-up of the
plasmonic structure, we can dynamically control the hybrid states of the strongly-coupled system,
and therefore specifically adapt the dressing of molecules with light.
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Abstract- Vanadium dioxide (VO2) undergoes a metal-insulator transition (MIT) whereby its
electrical resistivity changes by several orders of magnitude. The combination of fast switching times
and response to a broad range of external stimuli make VO2 an ideal material for a variety of novel
devices and sensors. In this talk, we will present details of laser processed VO2 films and their
application for metamaterial devices such as THz emitters and THz modulators.
Vanadium dioxide (VO2) has been investigated as a tunable functional material because it undergoes a
structural phase change between an insulating monoclinic phase and metallic tetragonal phase. This phase change
can be induced thermally, mechanically, electrically, or optically and it can occur at ultrafast timescales (~100fs).
The combination of fast switching times and response to a broad range of external stimuli make VO2 an ideal
material for a variety of novel devices and sensors. While the MIT in VO2 has been exploited for a variety of
microwave/terahertz applications (i.e. tunable filters and modulators), very few devices exploiting the fast
switching time of VO2 have been reported. The electrical properties of thin film VO2 (conductivity, carrier
concentration, switching speed, etc.) are highly dependent on growth and post-processing conditions. For example,
the transition temperature can be tuned via doping or by introducing lattice strain via strain engineering during the
growth process [1, 2] (Figure 1).
Metamaterial devices based on the phase changing properties of VO2 films are very promising as the resonant
frequency can be tuned by adjusting the properties of VO2. For example, hybrid metamaterial devices designed
for THz frequency range have been demonstrated by combining split ring resonators (SRRs) with phase changing
VO2 films. In this configuration, changing the conductivity of VO2 via temperature tunes the behavior of the SRR
gap from capacitive to resistive thus modulating the THz beam transmission at the SRR resonance frequencies [3]
(Figure 2). Furthermore, VO2 based devices can also be used for the generation of electromagnetic radiation in the
millimeter and terahertz region of the electromagnetic spectrum. We have investigated the use of the ultrafast
metal-insulator transition in VO2 thin films to produce broadband THz radiation [4]. This talk will discuss the
effects of various pulsed laser deposition (PLD) growth conditions on the stress/strain state of VO2 films and the
subsequent change in their electrical properties. Finally, results from various VO2 devices such as THz
modulators and THz emitters will be presented.
Acknowledgements, This work was sponsored by The Office of Naval Research (ONR) through the Naval
Research Laboratory Basic Research Program.

Figure 1. Electrical properties of various VO2 thin films grown by PLD showing (a) the effect
of tungsten-doping and (b) the effect of TiO2 buffer layers on the VO2 transition temperature.

Figure 2

(a) Optical image of an array of SRR structures with patterned VO2 pads on the gaps of

the SRR. (b) Transmission modulation efficiency for a hybrid SRR-VO2 device, showing ~60% and
54% tunability at 0.35THz and 0.72THz, respectively.
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Abstract- We present our investigations of asymmetric quantum wells in the THz regime. The
combination with 3D full wave simulations and measurements of modified circular patch resonators
allows us to study efficient nonlinear frequency conversion when the resonators are coupled to
intersubband transitions in asymmetric quantum wells. The flexible tuning of the eigenmodes and
the wide range of the cavity modes’ quality factors (13-40) allow to optimize the internal nonlinear
conversion process as well as the in- and out-coupling of light.
Cavity field enhanced nonlinear frequency conversion processes are already used in many devices, such as
lasers, detectors and parametric amplifiers. However, their applications are limited by the need of high input
power. To maintain the same field strength for reduced pump power, either the photon lifetime in the cavity has
to be increased or the mode volume is reduced. For the latter case plasmonic resonators have the outstanding
ability of extraordinary high field confinement, which reaches effective mode volumes smaller than 10-3 of λ03
for metal-insulator-metal (MIM) designs [1]. Nonlinear frequency conversion processes can be further improved
by using tailored high non-linear susceptibility materials such as semiconductor quantum wells (QW) [2].
Recently, Lee et al. demonstrated experimentally a second harmonic conversion efficiency of 2 x 10-6 W/W2 in
the mid-infrared [3] using a doubly resonant metamaterial (MM) coupled to intersubband transitions (ISBT) in
QWs. Furthermore, theoretical investigations predict a conversion efficiency of 1.3 x 10-2 W/W2 with split ring
resonators strongly coupled to ISBTs [4].
Here, we transfer this concept of enhanced nonlinear susceptibility of MM strongly coupled to
semiconductor heterostructures to the THz regime and investigate the induced parametric frequency conversion
for MIM type resonators. In our study of circular patch resonators, see Figure 1(a), we showed the capability of
selective excitation of their eigenmodes, even if they are degenerated [5]. These selection rules for the excitation
of the eigenmodes are introduced by breaking the rotational symmetry with slits that additionally offer the
control of generating additional eigenmode and eliminating others. Especially the control of the eigenmodes with
a wide range of quality factors from 13 to 40 and the high field confinement of circular patch resonators makes
this system suitable for doubly and triply resonant frequency conversion in cavity quantum electrodynamic
systems, see Figure 2(b). Thus, the generated field mode is out-coupled using a low quality factor, while for the
idler mode a high quality factor is chosen to maximize the conversion efficiency. The pumped eigenmode is
matched to the spectrum of the pump beam.
On the other hand, for an efficient second order conversion process asymmetric QWs are required (e.g. SHG
in [4]) providing a high second order non-linear term of susceptibility χzzz(2)(ω - ωi, ω, ωi) ~ N z31 z23 z12, with
doping concentration N. The matrix elements zij are the QW parameters that can be optimized by the well design
for improving the conversion process. In Figure 1(c) a step QW and its wavefunctions are shown. The QW is

optimized for the highest product of the matrix elements zij for the material system GaAs/AlGaAs in the THz
regime. We used a Schrödinger-Poisson self-consistent solver to optimize the design of a step quantum well for
SHG at terahertz frequencies.

Figures 1: (a) Schematics and SEM micrograph of a MIM disk resonator with broke symmetry. (b)
Illustration of a doubly resonant second harmonic generation process. The cavity mode at the fundamental
frequency (FF) and the one at the second harmonic frequency (SH) result in an effective distribution of the local
electric susceptibility. (c) Step quantum well: E2-E1= 10meV, z12 z23 z31 = 128nm3, χzzz(2) ~ 10-4 m/V.
The authors acknowledge partial financial support by the Austrian Science Fund (FWF) through the DK
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Abstract – We discuss recent advances in magnetic-free non-reciprocal plasmonic devices and
antennas based on spatiotemporally modulated graphene. We first review the exciting properties and
novel functionalities that this technology offers, focusing on achieving large non-reciprocal
responses with fully integrated structures. We then address the main challenges that remain to be
addressed, including limitations associated to plasmon damping and modulation speed. Finally, we
investigate novel routes towards optimal designs. To this purpose, we examine two types of isolators,
based on indirect interband photonic transitions and on asymmetric bandgaps for the plasmonic
modes. We envision that this technology will open new exciting venues in the field of plasmonics.
The myriad of graphene plasmonic devices envisioned by researchers in the past decade successfully exploit
graphene’s field effect to achieve quasi-real-time reconfiguration of devices like waveguides, filters, antennas, and
metasurfaces [1] or to realize modulators [2], [3]. Recently, the ultrafast field effect in graphene has been proposed
as a mechanism to realize magnet-less non-reciprocal plasmons at THz and infrared [4], achieved by modulating
the conductivity of graphene in space and time through multiple gating pads. This imparts linear or angular
momentum to the supported plasmons, creating an effective moving medium able to break time-reversal symmetry.
Judicious design of the bias voltage signals, namely their phase difference, frequency, and amplitude, allows to
create very strong non-reciprocity in compact, fully planar and integrated waveguides [5], antennas [6], or phase
shifters [7] without the need of magneto-optic effects. There have been, however, no comprehensive studies on
the ultimate capabilities of this technology, or how to realize optimal designs for a given set of constraints. This is
particularly important for graphene plasmonics, as loss is arguably the biggest obstacle to practical viability for
most graphene devices.
In this talk, we will first review the use of spatiotemporally modulated graphene to realize magnetic-free fullyintegrated non-reciprocal devices and leaky-wave antennas, as well as the novel functionalities that this exciting
technology enables. Then, will discuss optimal designs in terms of trade-offs between isolation and insertion loss,
using an analytical theoretical framework based on coupled-mode theory and finite-element multi-harmonic
frequency domain numerical simulations. Fig. 1 illustrates this type of compromise for an isolator based on indirect
interband photonic transitions operating at 12 THz. The spatiotemporal modulation imparted to one of the layers
(𝜎2 = 𝜎0 [1 + 𝑀 cos(2𝜋𝑓𝑚 𝑡 − 𝛽𝑧)]) creates perfect phase-matching between the odd and even modes in the
isolated direction, leading to complete mode and frequency conversion, while full transmission ideally occurs in
the opposite one [4]. We note that in this type of isolator maximum isolation requires that both the real and
imaginary parts of the modal wavevectors must be matched, and the latter cannot be fully compensated by the
simple modulation scheme considered here. Figs. 1b and 1c illustrate this response by plotting the maximum
isolation possible and the associated insertion loss for an isolator at 12 THz with M = 0.1, 𝜏 = 1 ps and 𝑓𝑚 = 50
GHz versus layer separation d and chemical potential 𝜇𝑐 . Very large isolation, greater than 30 dBs, can be achieved
for those values of d and 𝜇𝑐 for which the damping of odd and even modes is similar, thus defining a clear design

Figure 1. (a) Plasmonic isolator based on indirect transitions between the fundamental modes of a graphene parallel plate
waveguide with 𝜀1 = 𝜀2 = 𝜀3 = 1, operating at 12 THz, for a relaxation time of 1 ps. The conductivity of the bottom layer 𝜎2 is
modulated simultaneously in space and time as 𝜎2 = 𝜎0 (1 + 𝑀 cos[𝜔𝑚 𝑡 − 𝛽𝑚 𝑧]), inducing non-reciprocal phase matching between
the modes that translates into unidirectional isolation at 𝑓0 . (b) Maximum possible isolation versus chemical potential 𝜇𝑐 and sheet
separation 𝑑 (c) Insertion loss in the transmitting direction for the optimal designs of panel b.

rule to realize quasi-optimal designs. Another key factor is related to the undesired partial mode conversion that
inevitably occurs in the transmitting direction due to the finite line width of the modes [5]. This effect may be
considered a type of loss that depends on the magnitude of the phase mismatch and the modulation amplitude, and
its minimization conflicts with that of dissipation loss due to finite carrier mobility in graphene. We will further
discuss these trade-offs at the conference, also for isolators based on asymmetric bandgaps.
Recent great strides being made in experimental graphene plasmonics [8] are enabling the emergence of
spatiotemporally modulating graphene as novel, multi-functional, and magnetic-free plasmonic platform able to
fulfill many of the currently unmet needs for non-reciprocal devices at terahertz and infrared frequencies.
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Abstract- We have studied the ultrafast conversion of electrons localized in vertical Au-hBN-Au
tunnel junctions to free-space photons, mediated by resonant slot antennas. We achieve polarized,
directional and resonantly enhanced light emission from inelastic electron tunneling and establish a
novel platform for studying the interaction of electrons with strong electromagnetic fields.
Optical antennas are elements that couple free space radiation to nanoscale volumes. To date, optical
antennas have been driven using light, in contrast to their radio frequency counterparts which are driven by
electrical currents. We have realized ultrafast solid-state light-emitting tunnel devices based on arrays of
electrically driven optical antennas that significantly alter this paradigm. To achieve this electro-optical
transduction, we use vertical Au-hBN-Au tunnel junctions. Electrons tunnel from one electrode to the other
A

B

Figure 1. (A) Schematic of the fabricated device comprising two gold electrodes and a thin
flake of hBN between them. (B) A false color scanning electron micrograph of the bottom
electrode before transferring the hBN. The slot antennas in different sectors are different
aspect ratios and hence varying spectral resonances.

The scale bar is 1 micron.

under an applied bias, and generate highly-confined surface plasmons by inelastic tunneling. Because it does not
rely on intermediate excitations such as electron–hole pairs, the response time of such a device is fundamentally
only limited by the tunneling time of electrons through the junction, a process that takes place on a femtosecond
timescale.
We demonstrate ultrafast temporal modulation of light emission from such h-BN tunnel junctions. The
device is driven with an RF signal of frequency f, and a histogram of interphoton arrival times in the resulting
photon stream is recorded by employing time-correlated single-photon counting (TCSPC). Figure 2 shows
histograms recorded for different modulation frequencies of demonstrating that the photon stream is indeed

time-modulated at the same frequency.
The efficiency of photon emission from our vertical tunnel junction is low, ~1e-5 photons per electron. We
show that this can be improved by an order of magnitude by employing Hertzian nanoparticle dimer antennas.
Further increase in efficiency can be expected by engineering the tunnel barrier to slow down the electron as
they traverse across the gap thus increasing their interaction strength with plasmons (photons). With our
tunneling devices we have presented a novel platform to combine electrons and plasmons in nanoscopic volumes.
We expect these devices to be useful for ultrafast optoelectronic applications, and also to explore fundamental
issues such as plasmon lasing.

A

B

C

D

Figure 2: Modulation of light emission from the tunnel junction from 10 MHz up to 1 GHz . (A)-(D)
show the raw interphoton arrival time histograms as well as the averaged data, together with the
Fourier transforms of the raw histograms.
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Strong couplings of many-body quantum emitters in plasmonic
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Abstract We report Rabi splitting in the optical reflection and emission spectra from different types
of quantum emitters interacting with metal nanostructures in periodic arrays. Metal-insulator-metal
(MIM) nanodiscs show two localized surface plasmon (LSP) flat bands as well as surface lattice
resonances (SLRs), which is dipolar particle-particle interactions along the diffraction order. The
strong coupling between the SLR and quantum emitters observed in MIM nanocavities exhibits
both the narrow line-width and enhanced local fields.
Anti-crossing found in energy-momentum dispersion is a characteristic feature of strong couplings between
various quasiparticles excited on semiconductor microcavities or periodic nanostructures. A nanoscale analogy
of the macroscopic two-mirror cavity is two metal nanodiscs separated by an insulator of a thickness less than its
light wavelength. We fabricated metal-insulator (MI) and metal-insulator-metal (MIM) nanodiscs embedded in
various kinds of quantum emitters. We first report strong coupling with MI structure that consists of single metal
nanodisc overcoated with J-aggregate cyanine dye molecules in dielectric matrix.

Figure 1. (a) SEM images of Ag nanodiscs in array of 500 nm periodicity. Normalized reflection spectra from (b)
TDBC J-aggregates on Ag nanodisc array, and (c) Oxazine-1 dye molecules in PMMA on Au nanodisc array.

The spectral locations of localized plasmon resonances can be engineered by the size and dielectric functions
of constituent materials. Figure 1(a) shows silver nanodiscs fabricated by a combination of photolithography and
FIB etching. Figure 1(b) shows the experimental reflection spectra from Ag nanodiscs of 140 nm diameter in a
square array, overcoated by TDBC molecules in polymer matrix. When there were no TDBC molecules, only the
broad LSP resonance of Ag nanodiscs existed centered at 580 nm as shown in black curve. In the presence of the
QEs whose absorption band overlapped with the of LSP resonances, the reflectance spectrum clearly showed the

Rabi splitting of frequencies below and above the resonance maximum.
MIM geometry, on the other hand, can support highly localized electromagnetic fields in the gap region due
to the near-field interaction between the two metal nanodiscs [1-3]. Specifically, when the coupled LSP
resonance at a longer wavelength can interact with SLR mode, an anticrossing can occur at non-zero in-plane k
vector. This coupling maintains both high local field intensity nearby the MIM structures and relatively narrower
line-width, representing a longer lifetime of the plasmon-exciton-polariton quasiparticles in the presence of
quantum emitters. Therefore, MIM nanocavities that support extremely small effective mass of the quasiparticle
in periodic array can be a good platform to realize exciton-plasmon Bose-Einstein condensates at room
temperature [4, 5]

REFERENCES
[1] M. Kuttge, F.J.G. de Abajo, A. Polman, Ultrasmall Mode Volume Plasmonic Nanodisk Resonators, Nano Lett 10 (2010)
1537-1541.
[2] E. Hao, G.C. Schatz, Electromagnetic fields around silver nanoparticles and dimers, J Chem Phys 120 (2004) 357-366.
[3] P. Nordlander, C. Oubre, E. Prodan, K. Li, M.I. Stockman, Plasmon hybridizaton in nanoparticle dimers, Nano Lett 4
(2004) 899-903.
[4] S.R.K. Rodriguez, J. Feist, M.A. Verschuuren, F.J. Garcia Vidal, J.G. Rivas, Thermalization and Cooling of
Plasmon-Exciton Polaritons: Towards Quantum Condensation, Phys Rev Lett 111 (2013).
[5] J.P. Martikainen, M.O.J. Heikkinen, P. Torma, Condensation phenomena in plasmonics, Phys Rev A 90 (2014).

Plasmons in superlattices of graphene on hexagonal boron nitride
Jeil Jung1*
1
ADepartment of Physics, University of Seoul, Seoul 02504, Korea
*

corresponding author: jeiljung@uos.ac.kr

Abstract- Recent experiments have shown the presence of strong of moire superlattice features in the electronic structure
of graphene on hexagonal boron nitride. Our analysis shows that the moire superlattices formed at the graphene-hBN
interface offer a rich platform for plasmonics where control of the plasmon modes can be introduced both through carrier
doping and twist angle control.

The Recent experiments have shown the presence of strong of moire superlattice features in the electronic
structure of graphene on hexagonal boron nitride. The conductivity of graphene on a boron nitride substrate
exhibits features in the terahertz (THz) and infrared (IR) frequency regimes that are associated with the periodic
moire pattern formed by weakly coupled two-dimensional materials. The THz and IR features are strongest
when the two honeycomb lattices are orientationally aligned, and in this case they are Pauli blocked unless the
Fermi level is close to ±150 meV relative to the graphene sheet Dirac point. The substrate-induced band splitting
is larger at energies below the Dirac point and it can lead to sharp features at THz and IR frequencies in p-doped
graphene. We explain how the strongest few THz and IR features arise from critical points in the moire-band
joint density of states, which in turn depend sensitively on the way the superlattice Hamiltonian is modeled.
Based on the calculations for the plasmon excitation spectrum of massless Dirac fermions in the moire
superlattice of graphene on hexagonal boron nitride, our analysis shows that the moire superlattices formed at
the graphene-hBN interface offer a rich platform for plasmonics where control of the plasmon modes can be
introduced both through carrier doping and twist angle control.
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Abstract – We demonstrated a distinct class of active metasurfaces with temporal modulation that
truly breaks the Lorentz reciprocity of light propagation. The technique would pave a viable way to
realize practical magnetic-free compact nonreciprocal optical components that could enable
numerous applications.
Nonreciprocal optical components, which are indispensable building blocks in m any modern optical and
communication systems, are almost exclusively based on the magneto-optic effect, making the devices bulky and
preventing them from integration. It is in great demand to have a magnetic-free route to achieve on-chip
nonreciprocal light propagation in order to isolate and stabilize optical elements. The newly emerging
metasurface - an optically thin layer consisting of subwavelength-sized elements that offers tremendous power
for manipulating light - is a great platform for building miniaturized optical components. [1, 2] However, the
metasurfaces so far all function in static states and there are fundamental limitations. In particular, to violate
Lorentz reciprocity in a non-power dependent fashion without resorting to magneto-optic effects, a time-varying
response is required. [3] Here, by incorporating an additional temporal modulation, we demonstrate that it is
possible to break time-reversal symmetry of the system and thereby achieve nonreciprocal light propagation with
an active metasurface.
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Abstract— We present spherical nanoclusters made of spherical inclusions which act as efficient
and broadband Huygens sources. The system is versatile enough that several materials may be
used as inclusions and di↵erent bands may be targeted by varying some of the parameters. They
may serve as the basic building blocks of Huygens metasurfaces and are particularly suited to
bottom-up fabrication and self-assembly. We also investigate how these sources interact with
ultra-short pulses of light.

1. HUYGENS SOURCES AND THEIR APPLICATIONS

Huygens sources are secondary sources of spherical wavelets which spread in the forward direction
with respect to the primary source of light (usually a plane wave). Such sources consist of in-phase
superimposed electric and magnetic dipoles of equal amplitudes. Recently, it has been shown that
by carefully arranging such sources into a two-dimensionnal periodic array, Huygens metasurfaces
could be produced which have the elegant property of imparting a 2⇡ phase shift to an impinging
plane wave with a near unity transmittance [1, 2, 3]. Such a coverage enables both spatial and
temporal wavefront shaping, making it possible to produce flat optical components such as lenses,
polarizers and pulse compressors. However all Huygens metasurfaces that have been proposed up
to now have been fabricated by top-down approaches and rely on silicon. This is limiting in many
aspects, because it makes it difficult to produce large area metasurfaces and usually imposes the
substrate on which the metasurface will be formed.
Here we propose an alternative geometry as Huygens sources, which we believe is very well
suited to bottom-up approaches. They consist of spherical nanoclusters which can potentially be
produced in very large amounts by self-assembly and as a result cover very large areas. They
could come in the form of inks consisting of colloidal suspensions making it easy to spray over
virtually any substrate. This paper will restrict the discussion to the theoretical description of
these nanoclusters, but preliminary experimental results will be presented orally. Not only is it
possible to make efficient Huygens dipoles, but the geometry is versatile enough that it can easily
be made to satisfy the so-called generalized Huygens condition, whereby to higher-order multipolar
scattering, which is of particular interest to metasurfaces that require broadband operation and
polarization control. We also describe the interaction of theses sources with ultra-short pulses.
2. THEORY : NUMERICAL AND ANALYTICAL APPROACH

We consider spherical clusters made of spherical inclusions. Several inclusions of varying materials
are considered: silicon, gold and silver. The clusters are generated by considering the closest
packing of equal spheres into a sphere that interact repulsively, which likely describes the formation
of pseudo-homogenous colloidal aggragates [4]. The scattering properties of the nanoclusters are
computed both by using a T-matrix simulator developped by Mackowski [5] and the commercial
finite-element solver COMSOL Multiphysics. The parameter space explored consists in the material
of the inclusion, the inclusion size, the numbers of inclusions, the volume fraction of inclusions in
the cluster and the refractive index contrast between the inclusions and the host material. Many
solutions are found which reveals the extreme versatility of the system. One such solution is shown
on Fig. 1. It consists in an icosahedral cluster of 13 closely-packed identical silicon spheres. This
shape is the solution to the kissing number problem [6].
Figure 1(a) shows the scattering cross-section efficiency of the electric and magnetic dipoles
of the nanocluster as well as the multipolar and total efficiency. We see that both electric and
magnetic dipoles scatter with equal amplitudes and phase over a broad band of optical frequencies

of almost 100 nm. The radiation diagram of the cluster is provided in Fig. 1(b) along with the
spatial distribution of the near field in Fig. 1(c&d) and shows that virtually the scattered energy is
radiated in the forward direction. The operation wavelength can be tuned by varying the volume
fraction or else the number of inclusions per cluster.

Figure 1: Huygens sources made of spherical clusters

We also adopt an analytical approach which very closely follows the results predicted by our
simulations. We consider the nanocluster to be a spherical homogenous nanoparticle made of an
e↵ective medium. The e↵ective medium properties (namely the electric permittiy ✏ and magnetic
permeability µ) are given by extended Maxwell-Garnett theory which provides
✏e↵ = ✏h

x3 + i3f a1
x3 i 32 f a1

(1)

x3 + i3f b1
(2)
x3 i 32 f b1
where ✏h is the host dielectric constant, x = ka is the size parameter of the inclusion in which
k is the wave vector in the host medium and a is the size of the inclusion. f is the volume fraction
and a1 (b1 ) is the first order Mie coefficient describing electric-like (magnetic-like) dipole scattering.
Then these e↵ective parameters are used in classical Mie theory to compute the scattering of the
nanoclusters and correctly describe the Huygens features exhibited by the system.
µe↵ =

3. APPLICATION TO PULSE COMPRESSION

An application will also be described, by considering the interaction of a pulse of light with these
sources, which show that femtosecond pulses can be compressed so as to compensate for the strong
chromatic dispersion undergone by ultra-short pulses when they propagate through optical components. As noted by Decker et al. [1], this is due to the strong group velocity dispersion provided
by the Hyugens sources near the simultaneous resonance of the electric and magnetic dipoles.
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Abstract— In this talk, I will discuss our current progress toward assembling DNA-mediated
plasmonic nanocavities incorporating single quantum emitters. DNA complementarity allows
the controllable placement of individual colloidal quantum dots or fluorescence molecules within
closely-spaced metallic nanoparticles. Using this pre-programmable approach, we greatly enhance
the emission, and the coupling strength of individual emitters with plasmonic modes. The rational
engineering of these self-assembled systems are ideally suited to study plasmon-single exciton
interactions.

DNA can be used as a pre-programmable tool to rationally engineer metallic nanoparticles
(NPs) with nanometer spacing gaps and tunable plasmon resonance. We have recently shown the
feasibility of using DNA origami to fabricate plasmonic cavities able to achieve strong coupling
between plasmons and molecular aggregates [1]. Here, we use DNA complementary to place individual quantum emitters, such as colloidal quantum dots and fluorescent molecules, within the
NPs cavity. As a proof of concept, we show the placement of single QDs between gold nanoparticles (Fig. 1a) displaying several orders of magnitude emission enhancement compared to individual
quantum dots. By varying the NP size, the plasmonic nanocavity resonance is o↵-tuned in respect
to the emitter’s emission to prevent quenching. On a second example, we demonstrate the assembly
capabilities of the DNA-origami technique to fabricate systems with small mode volumes (Fig. 1b).
It has recently been shown that one can achieve strong-coupling between plasmons and individual
single emitters using plasmonic cavities [2-3]. Since the mode volume of an open cavity depends
on the NP radius R and the gap distance d, Vef f / p
R d 2 [4], it is desired to use small NPs to
increase the coupling-strength g which scales as g / 1/ Vef f . Figure 1b shows an array of 15 nm
NPs dimers with nanometer-sized gaps assembled with DNA Origami. The DNA template further
allows the placement of individual molecules inside the plasmonic cavity. The flexibility of the
design of using DNA as an assembly methodology is an ideal approach to study plasmon - single
emitters coupling and to integrate nanocompoents for optical applications.

Figure 1: A) Individual CdS/ZnS quantum dot placed between 30 nm gold nanoparticles assembled using
DNA complementary. The resonance of the cavity is tuned to be blue-shifted in respect to the emitter to
avoid quenching. Inset: Fluorescent emission of individual QDs (left) and NP-QD-NP antennas (right). B)
Array of 15 nm gold nanoparticles assembled using DNA-origami. The DNA template (inset) used for the
assembly allows the placement of individual emitters within the plasmonic cavity.
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Abstract:
In recent years, enhanced light-matter interactions through a plethora of dipole-type polaritonic
excitations have been observed in two-dimensional (2D) layered materials. In graphene,
electrically tunable and highly confined plasmon-polaritons were predicted and observed,
opening up opportunities for optoelectronics, bio-sensing and other mid-infrared applications. In
hexagonal boron nitride, low-loss infrared-active phonon-polaritons exhibit hyperbolic behavior
for some frequencies, allowing for ray-like propagation exhibiting high quality factors and
hyperlensing effects. In transition metal dichalcogenides, reduced screening in the 2D limit leads
to optically prominent excitons with large binding energy, with these polaritonic modes having
been recently observed with scanning near field optical microscopy. Here, we review recent
progress in state-of-the-art experiments, survey the vast library of polaritonic modes in 2D
materials, their optical spectral properties, figures-of-merit and application space. Taken
together, the emerging field of 2D material polaritonics and their hybrids provide enticing
avenues for manipulating light-matter interactions across the visible, infrared to terahertz spectral
ranges, with new optical control beyond what can be achieved using traditional bulk materials.
[1] Low T, Chaves A, Caldwell JD, Kumar A, Fang NX, Avouris P, Heinz TF, Guinea F,
Martin-Moreno L, Koppens F. Polaritons in layered two-dimensional materials. Nature
Materials. 2016 Nov 28.
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Ultrafast Spontaneous Emission Sources Based on Plasmonic
Nanoantennas
Gleb M. Akselrod

For optical interconnects, a need exists for sources of spontaneous emission (LEDs) that rival or
exceed the modulation speeds possible with stimulated emission sources (lasers). In particular,
LEDs offer the advantages of being more compact and lower energy due to the lack of threshold.
The fundamental limitation to the modulation speed of LEDs is the slow spontaneous emission
lifetime of typical semiconductors (~1 ns or more). In this talk I will show how plasmonic
nanoantennas can be used to dramatically modify the radiative properties of luminescent emitters.
Semincoductor quantum dots integrated into the small mode volume, high-field region of the
antenna experience ~1,000-fold enhancement in the spontaneous emission rate, resulting in
emission lifetimes of ~10 ps. If excited using electrical injection, this emission lifetime points
towards LED light sources with modulation rates up to 100 GHz, equaling or surpassing the
performance of semiconductor lasers.

New concepts for energy harvesting and photon management
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Abstract: Electrode modification with suitable metal oxides and or metal buffer layer is an
important strategy to improve the light harvesting ability of organic and polymeric solar cells. In this
work, square regions of tin (Sn) metal layer over V2O5 islands are thermally evaporated onto ITO
substrate. The deposited V2O5-Sn is expected to act as plasmonic layer improving the carrier
collecting ability. Structural, optical and electrical properties of modified electrode are explored and
the performance is studied by fabricating polymer solar cells.
Heterojunction polymer solar cells have attracted renowned attention due to advantages like easy fabrication,
light weight, potential for low cost solar electricity, portability, compatibility with flexible substrates and
scalability [1-5]. However, these devices need improvement in terms of power conversion efficiency, stability
and ease of production. Usage of a suitable buffer layer between the active layer and electrode in a polymer or
organic solar cell is an important strategy for improving the performance of the cell. Several studies focus
mainly on the surface modification of metal oxide by altering their property with self-assembled monolayers by
manipulating its morphology, surface energy, etc. Numerous work has been performed in this direction [3, 6-10].
However an exploration by combining metal oxide and a thin layer of metal as a bilayer, especially as a square
mesh structure at the active layer-electrode interface is scarce.

Fig. 1. SEM image of V2O5-Sn bilayer mesh
on ITO. Inset is the metallic ‘Sn’ globules.

Fig. 2. Device structure of the fabricated polymer solar cell.

1

Table 1. Electrical transport parameters of the V2O5-Sn bilayer mesh film and the measured parameters
of the fabricated polymer solar cell device
Carrier
Mobility
Resistivity
Conductivity
VOC
JSc
Fill
Efficiency
concentration
2
2
-1
(mV) (mA/Cm ) Factor
(%)
(µ) Cm /Vs (ρ) Ohm Cm (σ) Ohm Cm
(Nb) Cm3
1.789 x1019

4.251 x101

8.209 x10-3

1.218 x102

600

2.24

46.78

0.63

In this work, electrode modification was done by depositing square regions of ‘Sn’ metal layer over V2O5
(Fig. 1) through a shadow mask onto an ITO coated glass substrate by thermal evaporation technique. The
deposited metallic tin (Sn) is expected to act as a plasmonic layer to enhance its electron collecting ability. X-ray
diffraction showed peaks corresponding to ITO, Sn and V2O5. The average thickness of the deposited Sn over
V2O5 bilayer film was 359 nm as estimated by stylus profiler. The deposited films were having a mesh pattern as
seen from the SEM images and the ‘Sn’ was found to have formed globules. The UV-Vis spectral data showed
around 35% transmittance in the visible region. The electrical transport properties of the modified electrode were
also obtained by Hall effect measurements (Table 1). We have also fabricated polymer solar cell using the
modified electrode showing an efficiency of 0.63% (Fig. 2). These results will be discussed.
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Increasing of light absorption in perovskite thin film by utilization
silicon nanoparticles
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Abstract-We have demonstrated experimentally and theoretically that one can use silicon
nanoparticles to significantly enhance light absorption in thin perovskite films. We have compared
the cases with nanoparticles embedded into the layer and deposited on the perovskite surface.
According to our results, absorption in the film with silicon nanoparticles can be increased up to
39% comparing to the film without nanoparticles. Our results are promissing for development and
fabrication highly effective perovskite based optoelectronic devices.
In this work, we have investigated the phenomenon of total absorption growth by embedding in volume or
deposition on the surface of perovskite film silicon resonant nanoparticles (NPs). For our experiment we have
fabricated perovskite films with embedded silicon NPs by the following method: firstly precursor MAPbI3 and
solution of toluene with silicon NPs were applied on substrate, which rotated on spinner (1000-5000 t/min), then
ﬁlm was annealing at the temperature of 100 C up to crystallization of the samples and "black phase" formation.
To obtain samples with NPs on the surface we have used laser printing method [1]. For measurement of optical
transmission (T) and reﬂection (R) we used normal incidence of linearly polarized light from a halogen lamp and
commercial spectrometer with camera. For transmission measurements, the excitation and collection objective
with NA=0.95 and NA=0.7 were used, respectively. For reﬂection measurement, objective with NA=0.42 was
used.
We have performed numerical simulations of absorption spectra in Lumerical FDTD Solution as well. We
have shown that the absorption coefficient significantly increases in all spectrum from 650 to 950 nm for the
case when NPs deposited on the surface. It was demonstrated numerically that the highest absorption increase is
equal to around 39% (it’s value of integral enhancement of absorption) for the 2% concentration of NPs with
radius 130 nm. For the case of the NPs embedded in the perovskite , the maximum of integral absorption is
observed for the radius 150 nm and it’s around 17%. From our numerical results, one can conclude that the Si
NPs deposition on perovskite ﬁlm surface is more effective than embedded NPs in the volume. We believe that
our results will be useful for improve efficiency of perovskite based optoelectronic devices.
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Measuring and Exploiting Optical Anisotropies in Nanophotonic
Device Architectures
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Abstract- Nanophotonic architetures provide an attractive approach for enhancing light-matter
interactions. A little-discussed aspect of photonic architectures is the presence of strong
anisotropies in the electromagnetic field enhancements. These anisotropies are of particular
importance in relation to nanostructured materials that possess intrinsic structure-dependent optical
anisotropies. In this talk, we describe a novel class of momentum-resolved spectroscopies that
provide new insight into structure-dependent optical properties of thin-film material and discuss
approaches to exploit these effects in photovoltaic devices that incorporated nanophotonic
enhancements.
We use Fourier imaging techniques to measure or control the momentum distribution of in-coming or
out-going light rays respectively1. These techniques are applied to test-case organic optoelectronic materials that
can be deposited with distinct morphologies depending on processing conditions. Using momentum-resolved
photoluminescence, we determine the morphology-dependent orientation of transmission and absorption dipoles2.
We subsequently demonstrate the use of momentum-resolved reflectometry to perform “model-free”
measurements of optical constants3. The approach provides precise and accurate optical constants with
quantified error estimates, obviating the complications associated with highly model-dependent, multi-parameter
spectral fitting procedures used in ellipsometry. We conclude by describing ongoing efforts to exploit optical
anisotropies to enhance light absorption and emission in nanostructured optoelectronics4.
Acknowledgements, This work was supported by National Science Foundation CAREER award
(DMR-1454260).
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Abstract High Refractive Index Dielectric (HRID) nanoparticles have shown to be an alternative to
metallic ones. Here, we analyze the possibility of using them for improving the performance of thin
film solar cells by studying their Scattering Directionality Conditions (SDCs) as a function of their
shape. We demonstrate that cylinders and cubes are the most promising geometries for redirecting
the incident radiation into the photosensitive substrate.
At present, solar energy constitute one of the most important renewable energy sources. Its clean and
non-polluting energy can be converted into electricity by photovoltaic devices like solar cells, which have
become a powerful alternative for solving the problem of climate change. However, the high manufacturing
costs, due to great thicknesses of crystalline silicon wafer, which they are made of, make them no competitive
with the actual fossil fuel energy resources. For decreasing expenses, thin-film solar cells have been proposed.
One of the main drawbacks of these new configurations is the low absorbance of the incident radiation. To
increase it, the use of small metallic nanoparticles on top of the photosensitive surface has been suggested1,2.
Despite the good response of metallic particles in infrared and visible spectral regions, their inherent ohmic
losses make them less effective. High Refractive Index Dielectric (HRID) nanoparticles seems to be a promising
alternative to address this issue due to their low losses in the infrared spectral region. In addition, HRID
nanoparticles can be used for controlling the direction of the scattered radiation. Under some specific conditions,
known as Kerker’s conditions3-9, scattered radiation obtained from a single HRID particle can be concentrated
either in the backscattering region or in the forward region. In this work, we analyze the scattering directionality
conditions of a silicon nanoparticle as a function of its shape. With this contribution, we will show that cylinders
and cubes are the most promising geometries for redirecting the incident radiation into the photosensitive
substrate.
Acknowledgements: This research has been supported by MICINN (Spanish Ministry of Science and
Innovation, Project No. FIS2013-45854-P). A.I.B. thanks the University of Cantabria for her FPU grant and
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Abstract- Excitons predominate optical properties of monolayer transition dichalcogenides
(1L-TMDs) due to their two-dimensional confined nature. Nanoscale spatial emission profiles of
excitons, trions and defect-bound localized excitons in monolayer tungsten disulfide obtained by
using near-field imaging, revealing a close correlation between local charge population and the
formation of trions.
Monolayer transition metal dichalcogenides (TMDs) have tremendous potential as atomically thin, direct
bandgap semiconductors [1]. They are ideal platforms to study two-dimensionally confined exciton systems and
can be used as convenient building blocks for quantum photonic devices. They host various exciton complexes
of not only neutral excitons also trions and biexcitons consisting of three or four electrons or holes, routinely
observable in room temperature. We used near-field photoluminescence (PL) imaging with ~70 nm spatial
resolution and identified the nanoscale structural defects of CVD grown monolayer MoS2, which were not
distinguished by conventional confocal PL imaging [2]. we present nanoscale spatial emission profiles of
excitons, trions and defect-bound localized excitons in monolayer tungsten disulfide (1L-WS2) obtained by using
near-field scanning optical spectroscopy and imaging techniques with 70 nm spatial resolution [3]. By providing
separate profiles of excitons and trions with their spatially varying peak energies, we were able to visualize maps
of local trion dissociation energy and the Fermi level, revealing a close correlation between local charge
population and the formation of trions.
REFERENCES
1. K. F. Mak, C. Lee, J. Hone, J. Shan and T. F. Heinz, "Atomically thin MoS2: a new direct-gap semiconductor"
Phys. Rev. Lett., 105, 136805 (2010).
2. Y. Lee, S. Park, H. Kim, G. H. Han, Y. H. Lee and J. Kim, "Characterization of the structural defects in
CVD-grown monolayer MoS2 using near-field photoluminescence imaging" Nanoscale, 7, 11909 (2015).
3. Y. Lee, S. J. Yun, Y. Kim, M. S. Kim, G. H. Han, A. K. Sood and J. Kim, "Near-field Spectral Mapping of
Individual Exciton Complexes of Monolayer WS2 Correlated with Local Defects and Charge Populations"
Nanoscale, 9, 2272 (2017).

Efficient Hot-Electron Harvesting by
Hyperbolic Metamaterials
Pai-Yen Chen1 and Mohamed Farhat
Department of Electrical and Computer Engineering, Wayne State University,
Detroit, Michigan 48202, USA
2
Qatar Environment and Energy Research Institute (QEERI), Hamad Bin Khalifa University, Qatar
Foundation, Doha, Qatar
*
corresponding author: pychen@wayne.edu
1

Abstract- Hot-electron (internal-photoemission) devices have recently emerged as
promising candidates for transducing photons into electrical currents, enabling the subbandgap photodetection and solar/infrared energy harvesting. However, practical
challenges resides in how to improve their poor photoconversion quantum yields and
comparatively narrow bandwidth of operation. In this talk, I will present a new hyperbolic
metamaterial structure, as a vertically-integrated hot-electron device, for efficiently
coupling light into plasmonically-excited hot electrons, which can be efficiently collected
with high external quantum efficiency approaching the physical limit. I will theoretically
show that this metamaterial-based hot-electron device can exhibit efficient, broadband and
omnidirectional photoconversion for infrared and visible light. Finally, I will also discuss
how to experimentally realize this metamaterial optoelectronic device with nanofabrication
techniques and 2D materials. Results presented here may shed some light on designing
energy-efficient photodetectors and energy harvesters beyond the bandgap spectral limit.

Nanophotonics for Light Management in Luminescent Solar
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Abstract-This talk will discuss strategies to improve the performance of luminescent solar
concentrators to harvest both direct and diffuse sunlight. We will discuss the combination of
nanophotonic light management strategies with different types of luminophores based on their
spectral overlap and quantum yield, and show experimental strategies that maintain high quantum
yield of nanocrystals in polymer matrices.
Luminescent solar concentrators (LSCs) concentrate both direct and diffuse sunlight onto solar cells, both
enabling the use of smaller devices and changing the form factor of the panel for architectural applications. The
concentrator consists of a plastic sheet with embedded luminophores and an edge-mounted solar cell; incident
sunlight is absorbed by the luminophore, emitted at a longer wavelength, trapped in the concentrator via total
internal reflection, and ultimately collected by the photovoltaic device.
Efficient operation requires several highly performing components. First, the luminophore must have a high
quantum yield and small overlap between the absorption and emission bands. Second, the luminophore must be
soluble and stable in a high-index polymer matrix with desirable mechanical properties, as many luminophores
suffer from reduced quantum yields upon integration with polymer matrices. Finally, the emitted light has to
reach the edge of the concentrator, avoiding coupling to the escape cone of the waveguide. If the concentrator is
intended as a window replacement, then it must be made sufficiently transparent for daytime use, whereas if it is
intended as a different type of architectural panel or in non-architectural applications the surrounding mirrors
must be low enough loss to promote collection at the edge by the solar cell.
This presentation will discuss several ways where photonic structures are useful to overcome the limitations
of luminophores. First we will discuss strategies for core-shell CdSe/CdS luminophores, which have high
quantum yields in solution, somewhat reduced quantum yields in the polymer matrix, narrow emission bands,
and small overlap between absorption and emission. In this case, integrating a one-dimensional spectral filter on
the front surface traps light that would otherwise be lost to the escape cone, but these trapped photons propagate
at steep angles and are frequently lost to other processes before reaching the edge. We show that metasurfaces
that shift the angle of the propagating photons are one way to overcome this problem. Our calculations indicate
that this design achieves equivalent performance from 76% quantum yield nanocrystals as a standard LSC with
99% efficient nanocrystals. We will describe the design of this surface in more detail, including the desired
angles of propagation. We will then discuss other ways to integrate photonics into these LSCs, including
modifying the angles of emission from the luminophore, and strategies for other luminescent materials with
broad emission spectra but negligible reabsorption losses.
Finally, we will discuss our recent experimental work on embedding luminophores into various polymer

matrices while maintaining high quantum yield and radiative efficiency, based on controlling the surface
chemistry of the nanocrystals and their subsequent interactions with the polymer matrix.
Acknowledgements. We are grateful to the National Science Foundation CAREER program, award number
1553234.
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A New Type of Heat Engine, Using LED’s as Refrigerators
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Abstract- Very efficient light emitting diodes (LED's), surprisingly, do actually become cold as
they operate, since LED light carries away entropy. This cooling requires superb LED efficiency.
Of course, we now know that the photovoltaic cell and the LED are really the reciprocal of one
another. The slogan: "A great solar cell has to be a great LED" has led to all the new solar cell
efficiency records.
What if the electrical output of a photovoltaic cell drives an LED, and the LED light in turn drives
the photovoltaic cell? You might fear that it would become a perpetual motion machine. Instead
it becomes a heat engine in which a small amount electricity can efficiently provide refrigeration, or
conversely a small temperature difference can generate electricity. Such an electro-luminescent
heat engine, in which photons are the working fluid, can be more efficient than the competing
science, thermo-electrics, in which electrons are the working fluid.

A two-resonance tapping cavity for an optimal light trapping
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Abstract- A two-resonance tapping cavity is proposed and implemented to obtain an
effective broadband light trapping in the absorber layer of thin-film solar cells. When this new
optical cavity is applied to high performance polymer cells, an optimal light
harvesting enhancement is achieved. This leads to a ~20% increase in power conversion efficiency,
corresponding to a record performing polymer cell.
Light trapping and guiding in thin films is essential to obtain energy-efficient light harvesting devices.
Several decades ago following a ray optics approach, Yablonovitch established that the maximum light trapping
in a dielectric slab is equal to 2n2 times the incident intensity, being n the refractive index of the slab.1 To
achieve this limit requires a random texturing of both film surfaces to produce a random distribution of light
regardless of which direction the beam is coming in.1,2 Over decades of thin film photovoltaic technology
development, many different physical phenomena have been considered and partial success has been reached
when a certain degree of light trapping has been demonstrated. However, light trapping or confinement has never
been shown to be critical to achieve record performing thin film cells.

a)

b)

Figure 1 a) Field amplitude inside the cavity. b) External quantum efficiency (EQE).
In this work, we implement a two resonance tapping cavity (TRTC) to reach an optimal broadband
confinement for electromagnetic waves.3 We demonstrate that the combination of an insulator cavity layer with
a metal cavity layer (MCL) leads to the formation of an optical cavity that can exhibit a resonant character at two
non-harmonic frequencies (See Fig. 1a). The increase in energy storage capacity relies in the inharmonicity of
the electromagnetic field propagation within such TRTC. We demonstrate that the energy confinement capacity

seen is to a large extent independent of the material composition or thickness of the active layer, and can be
applied to reach efficiency limit performances for any kind of thin film photovoltaic device. We experimentally
measured record efficiencies for the PTB7-Th polymer cell and predicted that in the event the TRTC is applied
to perovskite cells, as seen in Figure 1b, the EQE would closely match the IQE for a broad frequency range.
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We utilize a modeling of non-Markovian open quantum systems, consisting of an excitonic
dimer system that displays memory effect due to time delayed interaction with a bath of
phonons. We, thus study the effect of delay in the interaction on photosynthetic coherence
and excitons dynamics in the time domain investigated experimentally (few hundred
femtoseconds). In particular, we show that for high time delays, the coherence is
maintained for longer periods. Additionally, if delay is taken into account, coupling to
environment can be tuned to lower values, unlike in previous studies.

Hybrid Plasmonics with Quantum Confined Materials and Devices

Superradiance and PT symmetry with plasmonic waveguides
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Abstract-Plasmonic waveguides exhibit an effective epsilon-near-zero operation in their cut-off
wavelength and Fabry-Perot resonances at lower wavelengths. In this work, we demonstrate a
plasmonic route to control coherent collective spontaneous emission effects, such as superradiance
and subradiance, from emitters located inside plasmonic waveguides. Our findings will be
important to optical computing systems, quantum entanglement of qubits, and efficient sensors. In
addition, we will demonstrate a nanoscale parity-time symmetric nanophotonic device, designed
based on gain medium embedded inside the plasmonic waveguide nanochannels.
In recent years, realistic metamaterials with effective epsilon-near-zero (ENZ) permittivity response have raised
increased interest, especially due to their peculiar transmission properties that provide, in principle, infinite
phase velocity combined with anomalous impedance-matching phenomena. This anomalous quasi-static
response can be theoretically and experimentally obtained using narrow plasmonic waveguides operating at their
cut-off wavelength [1]. Uniform phase distribution and large field enhancement is achieved inside the
nanochannels of these narrow waveguides and has been used to enhance fluorescence, squeeze and tunnel light,
and boost optical bistability. Moreover, large and uniform local density of states obtained inside the
nanochannels are ideal conditions to increase the collective spontaneous emission rate of several emitters [1].
As a collective spontaneous emission response, superradiance has attracted much attention leading to several
intriguing applications in laser, sensor, and optical communication technologies [2]. It was proposed that the
radiation intensity emitted by N atoms placed in subwavelength distances was proportional to N2 instead of the
usual N. This phenomenon is based on the constructive interference between emitted waves, which can improve
the directivity and coherence of the total emitted radiation by an ensemble of quantum emitters. However, this
photonic coherent emission effect can be achieved only when the neighboring quantum emitters are placed very
closely to each other at highly subwavelength distances, which limits its practical applications.
In this talk, we will present a way to obtain superradiance effects from emitters separated by distances
comparable and even larger to the operating wavelength. The superradiance mode is stimulated by a collection
of two-level emitters embedded in plasmonic waveguides. The waveguide unit cell is shown in the inset of Fig.
1(a), which is composed of a narrow rectangular glass slit carved in a sliver (Ag) screen. The transmission and
reflection spectrum of this waveguide is illustrated in Fig. 1(b) (black lines) and this structure can sustain an
ENZ resonance at its cut-off wavelength ( =1012 nm). At this wavelength point, the electric field enhancement
is large and homogeneous along the nanochannel [1]. Below the cut-off wavelength, the first-order Fabry-Perot
(FP) resonance ( =922 nm) is obtained with a typical standing wave field pattern distribution [1]. We use
classical electromagnetic calculations to compute the normalized decay factor of a pair of emitters embedded
inside the channel at ENZ and FP resonances. As it is shown in Fig. 1(a), perfect superradiance ( =2) is obtained
at the ENZ wavelength that is independent of the emitter’s separation distance d. Interestingly, the superradiant

mode ( >1) can be dynamically changed to a subradiant mode ( <1) at the FP resonance by changing the
emitters’ separation distance and location. We will also present the collective emission of N emitters uniformly
located inside the plasmonic channel at the ENZ wavelength. Our findings can be applied to improve the
response of optical computing systems and quantum communications, such as the efficient control of long
distance entanglement between qubits [3].

Figure 1 (a) Normalized collective decay factor γ versus separation distance d at ENZ and FP resonances. The green dashed line depicts
the end of the waveguide. The inset shows the plasmonic waveguide unit cell loaded with a pair of emitters. (b) Transmission and
reflection of the plasmonic waveguide as a function of the incident wavelength with (red) and without (black) gain.

Our plasmonic waveguide can also be used to design a nanoscale parity-time (PT) symmetric system when
we introduce an active dielectric material (
inside the
glass+i ) with small gain permittivity coefficient
nanochannel. The optical loss is introduced by the negative imaginary part of the silver screen permittivity. The
effect of introducing gain is more than loss compensation and the strong interplay between loss and gain inside
the waveguide will lead to super scattering at exceptional points obtained close to the ENZ resonance. As the red
lines demonstrate in Fig. 1(b), giant and narrow transmittance and reflectance can be simultaneously obtained at
the exceptional ENZ point ( =1011.66 nm), when we introduce a small gain coefficient =0.038. During our talk,
we will also present unidirectional perfect absorption and lasing when the proposed active waveguide is
illuminated by two counter-propagating plane waves. Our findings provide a new platform to design nanoscale
optical modulators, low threshold nanolasers, and unidirectional coherent perfect absorbers. The addition of
optical nonlinearities in this PT-symmetric system will also be studied leading to strong optical bistability and
switching around the ENZ exceptional point resonance.
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Abstract We discuss a novel quantum description of Surface Enhanced Raman Spectroscopy based
on the framework of quantum optomechanics. This theory allows interpreting recent experiment
and predicts new effects such as unexpected non-linearities, large correlations of the emitted
photons and rich control of the population of molecular vibrational states, which may open new
possibilities in the study of molecules coupled with plasmonic systems.
Surface Enhanced Raman Spectroscopy (SERS) exploits the strong plasmonic resonances supported by
metallic nanoparticles to enable Raman studies of very small quantities of analyte, up to single molecules.
Normally, SERS studies use a simple model based on the classical plasmonic response. However, recent work
has established a close connection between SERS and quantum optomechanic systems[1]. This new perspective,
combined with recent advances on experimental control of Raman systems[2,3], offer the promise of revealing
new phenomena and applications.
We use a Quantum Electrodynamics (QED) treatment based on this new framework to study both
off-resonant and resonant SERS. The system considered is sketched in Fig. 1a, where the interaction between the
vibrations of a molecule and a laser is mediated by a plasmonic cavity. For off-resonant SERS, no electronic
level is excited resonantly and the Hamiltonian is characterized by a coupling term HI=-ga†a(b†+b), where g is
the coupling strength and a† (b†) and a(b) are the rising and lowering operators, respectively, of the plasmonic
mode (molecular vibrations) [1,4]. This description is identical to the one found in standard quantum
optomechanical systems, but with very different values of the parameters. Notably, the large plasmonic losses
can be compensated by huge coupling strengths, leading to large cooperatives and potentially the exploration of
optomechanic regimes not available to other alternatives.
Our quantum model captures the emission at smaller (Stokes) and larger (anti-Stokes) energies of the
incoming laser (Fig. 1b-c), and allows studying the relative influence of thermal pumping (vibrations populated
due to the temperature) and vibrational pumping (vibrations excited via the Stokes process). We find an
unexpected non-linearity of the Stokes signal for very intense lasers, which may be of interest for experiments.
In contrast with typical situations in quantum optomechanics, this non-linearity is found also when the laser is
tuned to the plasmon frequency. Last, we analyze the correlations between Stokes and anti-Stokes photons and
find that, not only very large correlations, but even non-classical states may be reachable. We demonstrate the
usefulness of our model by applying it to pico-cavities at cryogenic temperatures, formed due to wandering of
gold atoms in nanometer gaps[5]. These picocavities allow to excite single vibrations, and are characterized by

very large optomechanical coupling strengths, in the order of 10s of meV.
Similarly, resonant SERS accepts a description typical of hybrid optomechanics[6]. In this picture, the
electronic level of the molecule couples with the plasmon via a Jaynes-Cummings term, and the Franck-Condon
approximation is used to model the interaction between molecular vibrational and electronic levels. We find
interesting effects, such as avoided crossings in the emitted spectra of, when the sidepeaks of the Mollow triplet
associated with the electronic levels cross the Raman lines. The resulting interaction also allows a particularly
flexible control of vibrational populations, which may eventually find applications for photochemistry.
We thus show how going beyond standard descriptions to consider the quantum nature of the
molecule-plasmon coupling in SERS experiments can open new perspectives in Raman spectroscopy, and may
also offer an interesting platform for quantum optomechanical studies

Figures 1: (a) Scheme of the SERS system being studied, where an incoming photon at frequency ω excites a plasmonic

cavity coupled with a molecule. The molecular vibrations of ωm frequency lead to the emission of Raman photons at ω-ωm
(Stokes) and ω+ωm (anti-Stokes). Sketch of the Evolution of the (b) Stokes and (c) Anti-Stokes signal with laser power
(Pinc), for off-resonant Raman. The quadratic dependence of the Stokes signal with Pinc at large intensities is not explained
by standard SERS models. The change from linear (at low intensity) to quadratic (at large intensity) dependence of the
Anti-Stokes signal with Pinc is a signature of vibrational pumping. Dashed black lines indicate linear and quadratic
dependences for reference.
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Abstract- We demonstrate that exciton localization at covalently-introduced aryl sp3 defect sites in
single-wall carbon nanotubes provides a route to room-T single photon emission (SPE) with
ultra-high single-photon purity (99%) and the shot-noise limited emission stability. The inherent
optical tunability of SWCNTs allows us to generate room-T SPE spanning over 1.3 to 1.55 µm
telecom band.
We integrate these novel quantum emitters with plasmonic and photonic
structures toward achieving control on SPE characteristics and realization of quantum
photonic/plasmonic functionality.
Quantum light sources capable of supplying a regular stream of single as well as entangled photon pairs lie at the
heart of quantum photonic/plasmonic circuits that are needed for realization of novel quantum information
technologies. For practical implementation, these quantum light sources are required to operate at room
temperature and telecommunication wavelengths. A compatibility with well-established Si/SiO2 based
microelectronic fabrication technology is also highly desirable. Despite intensive research effort, an ideal
quantum material system capable of meeting all of these requirements has not emerged as of today. InGaAs
self-assembled quantum dot, one of the materials intensely investigated for this purpose can emit quantum light
at 1.3-1.5 micron telecommunication wavelength but operate only at cryogenic temperatures. Another material
system, nitrogen vacancy centers in diamond, can operate at room temperature but emit quantum light only in
visible spectral range.
Last year, we have demonstrated that room T single photon emission at wavelength approaching 1.3 µm can be
achieved via introduction of quantum defect states by covalent oxygen functionalization of (6,5) single wall
carbon nanotubes (SWCNTs).1,2 Because these quantum defect states are created relative to the band edge of
the SWCNT, it becomes possible to tune this emission to 1.3 and 1.55 µm via functionalizing larger diameter
nanotubes that have smaller ban gap. However, oxygen functionalization becomes difficult to control with the
increase of tube diameter. Furthermore, the single photon emission of these oxygen dopant states also becomes
unstable at room temperature. As a result, long-desired goal of establishing room-T single photon emission in
telecommunication wavelength remain unfulfilled.
Here in this work, we utilize highly controllable aryl diazonium reaction chemistry to create quantum defect
states on large diameter, (7,5) and (10,3) SWCNTs and successfully demonstrate room-T single photon emission

at wavelengths extending from 1.1 µm to the deep center of the telecom C band, 1.55 µm. We achieved 99%
single photon purity, a critical milestone for applications such as quantum key distribution, logic gates, and
memory. This figure exceeds the best single photon purity reported in other RT single photon emitters such as
NV centers (70%-90%). The single photon emission is also characterized with exceptional, shot-noise limited
count rate stability. Under strong CW excitation, we achieve count rates up to 120 kHz despite a low combined
photon collection and detection efficiency (0.05%) for the near-IR emission of our dopant states. Direct coupling
of emission to waveguides,3 paired with higher efficiency detectors, can make 10-100 MHz count rates feasible.
The defect-state emission rates are thus comparable to the high rates obtained from diamond color centers and
InAs quantum dots. Correcting for detection efficiency, we estimate a single photon emission quantum
efficiency of ~12%.
These results establish quantum defects states of diazonium functionalized SWCNTs as near perfect single
photon sources meeting almost all the key technological requirements. Furthermore, SWCNTs’ compatibility
with variety of soft nano-lithography and assembly techniques present unique opportunity for integration into
nano-optoelectronic devices and incorporation into plasmonic and photonic cavities for further enhancement and
manipulation of photoluminescence (PL) behaviors. I will present a few results we have attained in this area.

Figure Caption. PL emission spectra (top row) and 2nd order photon correlation trace of 2 quantum defect states
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color printing and giant enhancement of secondharmonic generation
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Abstract-The fast development of top-down fabrication has enabled
investigations towards the interaction mechanism between optical fields and
metallic/dielectric nanoantennas. In this talk, we will present our recent work on
silicon antenna for high-resolution color printing beyond diffraction limit, where
we could achieve a color gamut of more than 100% of sRGB. In addition, we will
also present our recent work on metallic nanoantenna for the giant enhancement
of photoluminescence (PL) and second-harmonic generation (SHG) from
monolayer tungsten diselenide (WSe2).

The plasmonic response of metallic nanostructures has enabled high resolution color prints
beyond the optical diffraction limit, with a resolution of ~100,000 dots per inch (d.p.i.).1
However, plasmonic colors continue to suffer from poor color vibrancy, with a gamut that
occupies only a small subset of perceivable colors on the International Commission on
Illumination (CIE) 1931 chromaticity diagram.2 In this presentation, we will present our recent
work on using the local magnetic/electric dipole resonances of silicon nanostructures so as to
achieve a CMOS compatible, high-resolution, and a color gamut of more than 100% of sRGB.
Moreover, tungsten diselenide (WSe2) is an attractive two-dimensional (2D) transition-metal
dichalcogenide (TMDC) with direct bandgap, and it has great potential for various
optoelectronic applications.3 However, the optical interactions with monolayer WSe2 and
optical fields are very weak due to their characteristic of being atomically thin. In this
presentation, we will present our recent work on using metallic nanoantennas to enhance the
interaction between monolayer WSe2 and the incidence optical fields, so as to achieve a giant
enhancement of both photoluminescence and second-harmonic generation emissions.
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Abstract Self-assembled plasmonic structures provide enough field-enhancement for single
molecule sensitivity in Surface Enhanced Raman Spectroscopy (SERS). We combine this effect
with the capability of plasmonic structures to generate high-energy charge carriers to study the
oxidation and reduction of single molecules in the plasmonic hot-spot, and demonstrate we can
optically control the redox state of these trapped molecules.
Bringing plasmonic nanoparticles close together allows for the coupling of their optical fields. This coupling
results in the formation of intense plasmonic hot-spots. Rigid barrel shaped molecular spacers can be utilized to
reducibly control the inter-particle spacing between nanoparticles to sub-nm separations.1 The resulting structure
yields field enhancements approaching 3 orders of magnitude.2 Such high field enhancements allow for sensing
guest molecules inside the molecular spacers at the single molecule level by Surface Enhanced Raman
Spectroscopy (SERS), and the tracking of their evolution over time.3
The non-radiative relaxation pathways of the plasmons provide high energy charge carriers4 that can be
transferred to the molecules captured in the hot-spot. Trapping the charge carriers on molecules sequestered in
the spacers results in the oxidation/reduction of these molecules. On account of the high field enhancements in
the nanogap, these processes can also be followed in real time via SERS. Here we demonstrate that we can not
only follow these processes in real time but also manipulate their redox state.
The redox state of the trapped molecules can be optically controlled by changing the laser intensity, by
providing an electron source (see Fig. 1), in this case a molecular reducing agent, for the gold nanostructure to
replenish their donated electrons. This reducing agent on itself is not strong enough to reduce the molecules in
this configuration. However, switching between a low and high power exposure, after a short delay, switches the
molecules’ redox state between 2+ and neutral. Demonstrating that optically controlled molecular switches can
be made using hot-electron transport between plasmonic structures and molecules.

Figure 1: Surface enhanced time scan of self-assembled gold nanoparticles using cucurbit[n]uril and a
suitable guest (methyl viologen: MV). The redox state of the guest can be switched between MV2+ and MV0 by
switching the laser power. Raman spectra before and after switching match bulk spectra taken of the unreduced
and reduced MV respectively.
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Quantum and Classical Phenomena in Metal Nanostructures with Hot Spots:
Coherent Transfer of Plasmons, Hot Electrons and Heat Generation
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Metal nanocrystals exhibit strong plasmon resonances and have the ability to absorb and scatter
light very efficiently. This study concerns special designs of plasmonic nanostructures with
electromagnetic hot spots, where the electromagnetic field becomes strongly enhanced. Overall
plasmonic nanostructures with hot spots demonstrate strongly amplified optical and energyrelated effects.
(1) Using nanoparticle arrays made of different metals, one can transfer plasmonic signals
coherently and with small losses [1].
(2) Plasmonic hot spots efficiently generate energetic electrons, which can be used for
photochemistry and photodetection [2,3].
(3) Using nanostructures with hot spots, one can strongly enhance optical generation of heat
and also confine high photo-temperatures in small volumes [4,5].
(4) Colloidal nanocrystal assemblies with plasmon resonances allow us to strongly enhance
chiral optical responses (circular dichroism) of biomolecules and drugs [6,7].
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Abstract-Coupling between plasmons in metal nanoparticles and exctions in quantum dots can lead
to novel optical properties and phenomena. We predict that a single colloidal quantum dot can
induce nearly complete transparency in the much stronger absorption and scattering of a metal
nanostructure, and this induced transparency can be switched on and off with control laser pulses.
For more than one quantum dot coupled to the same nanostructure, we predict that laser pulses can
induce entanglement among the quantum-dot states.
We have developed a model-Hamiltonian formalism to
describe plasmonic metal nanostructures coupled to
excitons in quantum dots, taking into account the
quantum-mechanical nature of both the excitons and the
plasmons. Using this model, we have shown that strong
plasmon-exciton coupling leads to novel optical properties
and phenomena, beyond the enhancement of optical
processes that have been widely investigated so far.
For example, we have predicted that a single colloidal
quantum dot has the potential to induce nearly complete
transparency in the much stronger absorption and
scattering spectrum of a metal nanostructure. Short laser
pulses
can
remove
or
even
reverse
the
induced-transparency
dip,
changing
it
into
a Figure 1. Calculated absorption spectra for a
superscattering pulse (see Figure 1). If more than one system consisting of a single semiconductor
quantum dot is coupled to the same metal nanostructure, nanocrystal between a pair of gold
laser pulses can induce quantum-mechanical entanglement nanoparticles, for different amounts of energy
between the occupation states of the quantum dots. in an incident laser pulse.
Applying our formalism to an idealized model of a
dye-sensitized solar cell, we have shown that there is a fundamental limit to the degree to which plasmons
can enhance photocurrent.
We are currently working on realizing strongly coupled plasmon-exciton systems experimentally. We
expect that these systems will enable optoelectronic devices operating at the limit of miniaturization and
power consumption, all-optical quantum information processing at the nanoscale, and new paradigms for
optical harvesting of solar energy.
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Abstract-Broadband second-harmonic generation based on Stark-tunable intersubband
nonlinearities in multiple-quantum-well structures combined with plasmonic resonators was studied.
Theoretically, 5 times broader second-harmonic generation wavelength compared to passive
nonlinear metasurfaces and over 0.1% of the maximum conversion efficiency were achieved.
Nonlinear response from optical metasurfaces have opened a new direction in research, with interesting
applications such as super-resolution imaging and efficient frequency conversion in subwavelength thin-film
with greatly-relaxed phase-matching constraints [1,2]. In a different context, it is well known that intersubband
transitions in n-doped multi-quantum-well (MQW) structures may be used to design materials with record
second-order nonlinearities up to 4-5 orders of magnitude larger than in traditional bulk nonlinear materials.
Recently, nonlinear metasurfaces with record-high nonlinear optical response up to 1.2×106 pm/V for
second-harmonic generation (SHG) based on coupling electromagnetic modes in plasmonic nanoresonators with
quantum-engineered intersubband nonlinearities in MQW semiconductor heterostructures have been
demonstrated [2,3]. However, efficient SHG from the metasurface is only possible near the intersubband
resonant frequency due to the resonant characteristics of the intersubband nonlinearities, and thus the operating
wavelength for the SHG (SHG bandwidth) is very limited. In this work, we theoretically study active nonlinear
metasurfaces for broadband SHG based on Start-tunable intersubband nonlinearities in which the intersubband
transition energies in the MQW are modulated from bias voltages applied on the MQW layer. We designed
plasmonic resonators to achieve the maximum SHG conversion efficiencies at each bias voltages.
For SHG in the mid-infrared region, we designed a 400nm-thick nonlinear MQW layer that contains 20
repetitions of the In0.53Ga0.47As/Al0.52In0.48As coupled-quantum well structure. One period of the quantum well
structure shown in Fig. 1(a) consists of three quantum wells in which the intersubband transition energies
between electron subbands for 1 to 2 level (E12) and for 1 to 3 level (E13) can both modulated for bias voltages by
quantum confined Stark effect. The modulated intersubband transition energies in the MQW leads to spectral
shift of the nonlinear susceptibilities, as shown in Fig. 1(b).
In order to achieve efficient SHG under normal incidence of input pump, the MQW layer is sandwiched
between a metal ground plane (bottom contact) and a patterned array of complementary split-ring-resonators (top
contact) and the portion of MQW layer without top metal pattern is removed to boost the conversion efficiency
(see Fig. 2(a, b))[3]. The nanostructures are designed to induce the enhanced local Ez-field in the MQW layer at
both fundamental frequency (FF) ω and SH frequency 2ω for x- and y-polarized input light, respectively. In this
configuration, the highest effective nonlinear susceptibility out of the metasurface is expected for yxx
polarization combination (the first letter refers to the SH polarization and the last two letters refer to the FF input
wave polarization).

For theoretical calculations of SHG conversion efficiencies, we used the input pump intensity of 40 kW/cm2
for the input pump wavelength range from λFF=7 to 13μm. The calculated maximum SHG conversion
efficiencies and the spectral response of the normalized SH power for the bias voltages from -4V to 4V with 1V
step are shown in Fig. 2(c). We obtained a conversion efficiencies over 0.1% for all bias voltages and 5 times
broader SHG operation wavelength compared to the passive device (0V). The active nonlinear metasurfaces
proposed in this work may have significant practical impact on variety of applications, including broadband
frequency up- and down-conversion, spectroscopy and imaging systems requiring broadband operation.
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Figure 1. (a) Conduction band diagram of one period of an In0.53Ga0.47As/Al0.48In0.52As MQW structure. The
layer sequence (in nm) is 4.0/4.6/0.8/2.2/1.2/1.8/4.0 where barriers are shown in bold, and the first 4.6nm well is
n-doped to 3.7×1018cm-3. (b) Calculated intersubband nonlinear susceptibility of the structure for bias voltages
from -4V to 4V with 1V step.
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Figure 2. (a) Unit cell of the metasurface with dimensions in nm. (b) Schematic of the active nonlinear
metasurface operation. (c) Calculated maximum conversion efficiencies (dot, right axis) and normalized SH
power (line, left axis) as a function of wavelength for applied bias voltages.
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Abstract - We experimentally demonstrate novel geometries of surface-plasmon-polariton based
resonators that exhibit record-high quality factors (>750) in the visible frequency range, and use them to
achieve narrow-linewidth lasing.

Coherent optical sources with small device footprints, narrow-linewidth, and room-temperature operation
are desirable for potential applications in on-chip optical communications [1]. Surface plasmons, under
the form of both stationary localized surface plasmons (LSPs) or propagating surface plasmon
polaritons (SPPs), offer an effective route towards achieving lasing at micro- and nano-scale dimensions
when integrated with a suitable optical gain media [2]. However, intrinsic absorption and scattering
losses have limited the quality factors (Q) associated with plasmonic cavity resonators to <50, thereby
limiting the threshold and emission linewidth of plasmonic lasers based on them or requiring
low-temperature operation [3, 4]. Recent publications utilizing the template-stripping approach to
achieve ultrasmooth metal surfaces have pushed the Q-factors of plasmonic resonators beyond 300,
resulting in successful room-temperature lasing operation [5, 6]. In this talk, we will describe recent
developments in the field of plasmonic resonators and lasers including our work on experimental
realization of plasmon-resonators exhibiting record high Q-factors exceeding 750 in the visible
frequency range. The SPP-modes we focus on are bound to the inner metal-dielectric interface of the
cylindrical cavity, and exhibit high-Q due to their reflectionless propagation, analogous to the
whispering gallery modes in a dielectric resonator. The unique cylindrical open-cavity architecture of the
cylindrical plasmonic resonators also makes them suitable for high figure-of-merit optical sensing; for
example, the evanescent interaction between analytes and localized electromagnetic fields within a lasing
cavity can result in their detection with high sensitivity in a label-free manner [7].
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Nanogap-enhanced Electronic Trapping of
Quantum Emitters and Nanoparticles
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We demonstrate ultralow-power dielectrophoretic trapping of quantum dots, diamond nanoparticles, and
gold nanoparticles using sub-10 nm nanogap electrodes. Dielectrophoresis is a scalable electronic method to trap
polarizable objects such as molecules or nanoparticles via gradient forces. Using nanometer-scale gaps, we show
rapid trapping and positioning of quantum emitters on a chip using sub-1 V AC bias.
These structures were made using atomic layer lithography, which combines standard lithography and
atomic layer deposition (ALD) to create ultra-small gaps at the wafer scale. Using an ultra-bright light source,
we are able to monitor the trapping process for single nanodiamond particle in real time.
We will discuss applications of this platform for plasmonics and nanophotonics.
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Abstract-We investigate dynamics of three classes of plasmonic structures for applications such as
ultrafast switching. Through transient extinction and finite difference time domain simulation, we
analyze coherence time of mode-specific acoustic phonon distortions for a series of gold
bipyramids. We probe the impact of conformally coated phase change material, VO2, on a doped
oxide nanorod array for broadband infrared optical switching. And finally, we examine transient
plasmon responses in colloidally prepared doped oxide nanoparticles that exhibit pump-wavelength
dependent spectral responses.
We implement static and transient extinction spectroscopy to probe ensembles of plasmonic structures. In
particular, we present efforts on gold bipyramids with particularly narrow ensemble size distributions for a wide
range of localized surface plasmon resonance (LSPR) energy, nanofabricated doped oxides with an
atomic-layer-deposited phase change material that can be optically switched, and colloidally synthesized doped
oxides.
LSPRs arising from metallic nanoparticles offer an array of prospective applications that span chemical
sensing to biotherapies. Bipyramidal particles exhibit particularly narrow ensemble LSPR resonances that reflect
small dispersity of size and shape but until recently were only synthetically accessible over a limited range of sizes
with corresponding aspect ratios. Narrow size dispersion offers the opportunity to examine ensemble dynamical
phenomena such as coherent phonons that induce periodic oscillations of the LSPR energy. Here, we characterize
transient optical behavior of a large range of gold bipyramid sizes, as well as higher aspect ratio nanojavelin
ensembles with specific attention to the lowest-order acoustic phonon mode of these nanoparticles. We report
coherent phonon-driven oscillations of the LSPR position for particles with resonances spanning 670 to 1330 nm.
Nanojavelins were shown to behave similarly to bipyramids but offer the prospect of separate control over LSPR
energy and coherent phonon oscillation period. We develop a new methodology for quantitatively measuring
mechanical expansion caused by photogenerated coherent phonons. Using this method, we find an elongation of
approximately 1% per photon absorbed per unit cell and that particle expansion along the lowest frequency
acoustic phonon mode is linearly proportional to excitation fluence for the fluence range studied. These
characterizations provide insight regarding means to manipulate phonon period and transient mechanical
deformation

Actively tunable optical transmission through artificial metamaterials offers promise for next-generation
nanophotonic devices and metasurfaces. Plasmonic nanostructures and phase change materials have been
extensively studied to this end due to their respective strong interactions with light and tunable dielectric constants
under external stimuli. Integrating plasmonic components with phase change materials, as described, can facilitate
phase change by plasmonically enabled light confinement and meanwhile make use of the high sensitivity of
plasmon resonances to the variation of dielectric constant associated with the phase change. The platform
described is composed of plasmonic indium tin-oxide nanorod arrays (ITO-NRAs) conformally coated with an
ultrathin layer of a prototypical phase change material, VO2, grown via atomic layer deposition, which enables
all-optical modulation of the infrared as well as the visible spectral ranges. The interplay between the intrinsic
plasmonic nonlinearity of ITO-NRAs and the phase transition-induced permittivity change of VO2 gives rise to
spectral and temporal responses that cannot be achieved with individual material components alone.
Colloidal doped oxide nanocrystals exhibit large magnitude subpicosecond switching of infrared LSPRs.
Such nanocrystals offer a solution-processable, scalable source of tunable metamaterials compatible with
arbitrary substrates. Under intraband excitation, these nanocrystals display a red-shift of the plasmon feature
arising from the low electron heat capacities and conduction band nonparabolicity of the oxide. Under interband
pumping, they show an ultrafast blueshift of the plasmon resonance due to transient increases in the carrier
density. Combined with their high-quality factor, large changes in relative transmittance (+86%) and index of
refraction (+85%) at modest control fluences (<5 mJ/cm2) suggest that these materials offer use in all-optical
switching, wavefront engineering, and beam steering operating at terahertz switching frequencies.
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Fano resonances in optics and microwaves: Physics and application

Explicit demonstration of how path interference can enhance
plasmonic nonlinearity
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Abstract— We demonstrate why nonlinear frequency generation, e.g. second harmonic generation and four-wave mixing, can be enhanced via interference of conversion paths. We derive
a single equation for the amplitude of the generated nonlinear oscillations. On this equation we
show that cancellation in the denominator gives rise to conversion enhancement. We utilize this
phenomenon to obtain further enhancement using interference of the multiple conversion paths.

Fano resonances on the linear response are shown to enhance the lifetime of plasmon oscillations
and can lead to enhanced florescence of the molecules [1, 2]. Enhancement in the plasmon lifetime
leads to the observation of spaser [3] —surface plasmon amplification by stimulated emission of
radiation. Fano resonances in plasmonic materials are also shown to enhance the degree of the
quantum entanglement [4].
Besides the linear response, Fano resonances are shown to enhance and suppress the nonlinear
frequency conversion processes [5, 6]. 2 to 3 orders of magnitude enhancement can be achieved
on top of the enhancement due to field localization [6, 7]. We explicitly demonstrate —on an
expression for the steady-state SHG amplitude— how the presence of a Fano resonance leads to
cancellation of nonresonant terms in a SHG process. Cancellation in the denominator gives rise
to enhancement in the nonlinearity. The explicit demonstration, we present here, guides one to a
method for achieving even larger enhancement factors by introducing additional coupling terms.
The method is also applicable to Fano resonances induced by all-plasmonic couplings [8], which are
easier to control in experiments.

choose ωeg such that

imag part

𝑖(𝜔2 − 2𝜔)

0

Figure 1: A quick demonstration of how cancellation in the denominator enhances the second harmonic
generated plasmons, that is |↵
˜ 2 |2 . !eg ( eg ) is the level spacing (spectral width) of the quantum-emitter
(QE), f2 is the MNP-QE coupling strength, !2 ( 2 ) is the resonance plasmon frequency (damping rate) of
the MNP converter into which SHG take place, y is the population inversion in the QE, (2) is proportional
with the nonlinear susceptibility.

ACKNOWLEDGMENT

We acknowledge support from TUBITAK-1001 Project No. 114F170 and Hacettepe University
BAP.
REFERENCES

1. M. E. Taşgın, Nanoscale 5,Metal nanoparticle plasmons operating within a quantum lifetime,
8616 (2013).
2. P.Anger, P. Bharadwaj, and L. Novotny,Enhancement and quenching of single-molecule fluorescence, Phys. Rev. Lett. 96, 113002 (2006).

3. M. A. Noginov, G. Zhu, A. M. Belgrave, R. Bakker, V. M. Shalaev, E. E. Narimanov, S. Stout,
E. Herz, T. Suteewong and U. Wiesner, Demonstration of a spaser-based nanolaser, Nature
490, 1110 (2009).
4. Guang-Yin Chen and Yueh-Nan Chen, Correspondence between entanglement and Fano resonance of surface plasmons, Opt. Lett. 37, 4023 (2012).
5. D. Turkpence, G. B. Akguc, A. Bek, and M. E. Tasgin, Engineering nonlinear response of
nanomaterials using Fano resonances, J. Opt. 16, 105009 (2014).
6. S. K. Singh, M. Kurtulus Abak, and Mehmet Emre Tasgin, Enhancement of Four-Wave Mixing
via interference of multiple plasmonic conversion paths, Phys. Rev. B 93, 035410 (2016).
7. M. E. Tasgin, I. Salakhutdinov, D. Kendziora, M. K. Abak, D. Turkpence, L. Piantanida,
L. Fruk, M. Lazzarino, Alpan Bek, Fluorescence Excitation by Enhanced Plasmon Upconversion under Continuous Wave Illumination, Photonics and Nanostructures - Fundamentals and
Applications 21, 32 (2016).
8. B. C. Yildiz, M. E. Tasgin, M. K. Abak, S. Coskun, H. E. Unalan, and A. Bek, Enhanced
Second Harmonic Generation from Coupled Asymmetric Plasmonic Metal Nanostructures, J.
Opt. 17, 125005 (2015).

Cross-polarization mode excitation and
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Abstract—We study Fano resonances in photonic crystal slabs in conical di↵raction mounting.
Using two-dimensional coupled-mode theory we obtain simple approximations of the structure’s
reflection and transmission coefficients. These approximations, which can be interpreted as multivariable generalizations of the Fano line shape, allow to describe a number of important optical e↵ects arising in conical di↵raction mounting: cross-polarization excitation of the structure’s
quasiguided modes, coupling of TE-like and TM-like modes, and emergence of exceptional points.

Photonic crystal slabs (PCS or guided-mode resonant gratings) have found wide use in various optical devices including spectral filters, polarizers, sensors, and pulse shapers. A number of
theoretical models were proposed to describe PCS spectra [1, 2, 3, 4]. The simplest models are
based on the Fano formula and represent the transmission (reflection) spectrum as a function of
incident light frequency ! or in-plane wave vector component kx [1]. More general approximations
consider scattering amplitudes as functions of both ! and kx [2, 3, 4]. These approximations do
not describe a number of important resonant e↵ects arising in conical di↵raction mounting when
the wave vector of the incident light has two non-zero in-plane components, kx and ky .
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Figure 1: Transmission coefficient |T (kx , ky , !)|2 : calculated using rigorous coupled-wave analysis (at kx , ky <
0) and approximated using coupled-mode theory (at kx , ky > 0). Incident wave is TM-polarized. (a) Planar
di↵raction (ky = 0); (b) conical di↵raction at kx = 0. (inset) Photonic crystal slab (period 1000 nm, height
700 nm, fill-factor 4/5; surrounding medium is air, grating permittivity is " = 2).

Consider 1D PCS shown in the inset of Fig. 1. In this work, we develop 2D spatiotemporal
coupled mode theory to describe optical properties of the considered structure. The coupled-mode
equations for the PCS in the case of conical mount take the following form [5]:
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Here !0 is light angular frequency; k1 and vg are the wave number and group velocity of the mode.
To obtain system (1) we considered two paraxial unidirectional wave equations, which describe two
counter-propagating modes of the PCS, u and v. These equations are coupled by the terms in
the right-hand sides of the equations. The terms contain coupling operators ĉ, which are linear
di↵erential operators matched with the symmetry of the structure. The third equation of system (1)
relates the amplitude of the incident field f (x, y, z) with the amplitude of the transmitted field fT .
A similar equation holds for the reflected field.
We solve system (1) in the Fourier domain to obtain the transmission coefficient of the PCS as
a ratio of the transmitted and incident light spectra. The solution has the following form:
T = t0

vg2 kx2

!

!zt

⌘zt ky2

!

!p2

⌘p2 ky2

vg2 kx2

!

!p1

⌘p1 ky2

!

!p2

⌘p2 ky2

.

(2)

Here t0 is non-resonant transmission coefficient, while the other parameters define the !–kx –ky
line shape of the resonance. These parameters can be estimated using the rigorous coupled-wave
analysis (RCWA) and the scattering matrix approach [4, 5]. Equation (2) provides analytical
approximation of the PCS !–kx –ky transmission spectra. This approximation allows to investigate
mode excitation conditions and angular tolerances of guided-mode resonant filters.
Figure 1 shows the transmission spectra of the considered PCS. The left part of each subfigure
was calculated using the RCWA, while the right part was obtained using approximation (2). It
is evident that the obtained formula (2) provides a good approximation of the PCS transmission
spectrum. Figure 1(a) shows the transmission spectrum in the case of planar di↵raction. In
this case no polarization transformation occurs: TM-polarized incident light excites only TMpolarized modes (TM1 and TM2 ). In the case of conical di↵raction mounting (Fig. 1(b)) polarization
transformation e↵ects result in the excitation of the cross-polarized mode. In this case only one —
antisymmetric — cross-polarized mode (TE2 ) is exited, due to symmetry considerations.
Another interesting optical e↵ect can be obtained if the frequencies of the TE- and TM-polarized
modes are close to each other. In the case of planar di↵raction the dispersion curves of these modes
are crossing. However, if we introduce non-zero ky , the cross-polarization light coupling will occur
resulting in the coupling of the dispersion curves of the TE and TM modes. To describe this optical
e↵ect one can write down the system of coupled-mode equations, similar to Eq. (1). Solution of
this system is an analytical approximation of the transmission coefficient as a function of !, kx ,
and ky . By analyzing this expression one can show that the proper choice of kx and ky allows us
to obtain an exceptional point. In this case the transmission !-spectrum will have the pole of the
second order: T (!) ⇡ t + b/(! !p ) + c/(! !p )2 .
In conclusion, we studied optical e↵ects arising in conical di↵raction mount in photonic crystal
slabs. Let us note, that similar e↵ects can be obtained in the case of planar di↵raction of light by
magnetized PCS. Of particular interest is longitudinal magnetization geometry when magnetization
vector is parallel to the y-axis. In this case magnetization of the sample at ky = 0 results in
symmetry breaking, analogous to that induced by introducing non-zero ky for non-magnetized
structures. The proposed theory can be used to describe optical and magneto-optical properties
of guided-mode resonant gratings. Other applications include spatio-temporal pulse shaping using
PCS and guided-mode resonant gratings.
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Abstract-Exponentially growing bandwidth requirements of our information society introduce
major capacity and energy challenges. We exploit coherent control of light with light on
Fano-metamaterials of nanoscale thickness to demonstrate an approach promising massively
parallel all-optical information processing at arbitrarily low intensities and with up to 100 THz
bandwidth. We experimentally demonstrate parallel all-optical data processing, all-optical pattern
recognition and image analysis as well as a fully packaged fiberized metadevice performing several
logical operations at GHz bitrates.
Conventional approaches to all-optical information processing rely on nonlinear optical processes to
influence one optical signal with another, resulting in tradeoffs between modulation rates and power
requirements as fast nonlinearities are weak. However, it is a common misconception that modulation of light
with light requires nonlinear optical materials. Consider the interaction between counterpropagating coherent
optical signals and a material of substantially sub-wavelength thickness. The thin film can be placed at a node or
anti-node of the standing wave formed by the counterpropagating optical signals. At a node, there is no electric
field and therefore no light-matter interaction, while constructive interference at the anti-node enhances the lightmatter interaction. This linear mechanism allows one optical signal to control absorption of the other almost
from 0% to 100%, at arbitrarily low intensities down to the quantum regime and with many THz bandwidth.
We exploit such coherent interaction of light with light on a freestanding gold Fano-metasurface of 60 nm
thickness to control intensity of light in spatially distributed optical information channels. Based on optically
controlled coherent perfect absorption and coherent transparency of the metasurface (Figure 1), we perform
logical operations such as XOR and AND between selected information channels, identify similarities and
differences between images, perform pattern recognition by quantifying the similarity between images or data
patterns of arbitrary complexity and perform advanced optical image analysis, for example of satellite images to
detect the Arctic ice cover, its growth and melting over several decades.
We also demonstrate the first fully integrated data processing metadevice based on coherent interaction of
light with light on a gold Fano-metasurface (Figure 2). The fully packaged fibre device is based on a metasurface
fabricated on the end face of a polarization maintaining single-mode telecommunications fibre. It can act as an
optical logic NOT, XOR and AND gate and has been tested up to GHz frequencies.
In summary, we report a novel, linear approach to all-optical information processing that could deliver
orders-of-magnitude improvements in speed and energy efficiency. We illustrate this with a diverse range of
experiments ranging from parallel optical processing, recognition and analysis of data and images to

demonstration of a fully integrated fiberized metadevice performing various logical operations at least up to GHz
data rates.
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Figure 1. Pattern recognition. Test images (row 1) are compared to a target image (green circles) by projection
onto opposite sides of a lossy metasurface using coherent light of 790 nm wavelength. Depending on the optical
phase difference Δφ on the metasurface, overlapping image features are perfectly transmitted (row 2) or fully
absorbed (row 3), revealing similarities and differences.
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Figure 2. Data processing metadevice based on coherent interaction of input light beams Ia and Ib on a
70-nm-thick plasmonic metamaterial absorber fabricated on the end face of a single-mode telecoms fibre (1550
nm wavelength). Insets show the nanostructured fibre end and the assembled metadevice. Measurements show
an all-optical XOR operation between phase-modulated signals at a data rate of 1.2 GHz: High output (logical 1)
results from opposite input bits and low output (logical 0) results from identical input bits.
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Abstract— Surface phonon polaritons provide a unique plattform for mid-infrared nonlinear
nanophotonics due to broken inversion symmetry and pronounced crystal anisotropy in many
of the host materials. Here we experimentally demonstrate resonant enhancement of second
harmonic generation due to excitation of localized and propagating surface phonon polaritons in
Silicon Carbide. In particular, we observe drastic additional enhancement of the second harmonic
response for resonant interactions of the surface phonon polaritons with anisotropic weak phonon
modes in subdi↵ractional nanostructures.

Surface polaritons are the key building block of nanophotonics, since these excitations provide
sub-di↵ractional light localization accompanied by significant optical field enhancements. Many
previous studies have focused on surface plasmon polaritons (SPPs) at the surface of noble metals. Recently, an alternative approach was introduced using surface phonon polaritons1 (SPhPs)
which can be excited in the mid-infrared at the surface of polar dielectrics, where optical phonon
resonances lead to the negative dielectric permittivity required for the surface polariton formation.
Here, we undertake a first step towards the largely unexplored domain of mid-infrared nonlinear
nanophononics. We study the nonlinear-optical response of (i) localized SPhPs in sub-di↵ractional
nanostructures2 and (ii) propagating SPhPs using Otto-type prism coupling.3 Employing an infrared free-electron laser as an intense, narrowband, and tunable excitation source for second harmonic generation (SHG) spectroscopy4 in both approaches, we observe drastic enhancement of the
SHG yield for resonant excitation of SPhPs.
We discuss several unique features of the SPhPs as opposed to SPPs, including the large selection of non-centrosymmetric SPhP materials leading to a wide spectral tunability with large bulk
nonlinearity. Additionally, many of the host materials are anisotropic, leading to novel e↵ects of
resonant interaction of the surface polaritons with anisotropic material resonances. Specifically
for 6H-SiC, a Fano-like interaction between zone-folded weak phonon modes and localized SPhPs
has been observed in subdi↵ractional nanostructures.5 Here, we observe a drastic enhancement of
the SHG yield if localized SPhPs are tuned into resonance with zone-folded weak phonon modes.2
Surprisingly however, no such enhancement is observed for propagating SPhPs excited in the Otto
geometry for the same material system.3 Our results pave the way for efficient control over the
mid-infrared nonlinear-optical properties of nanophotonic systems based on anisotropic dielectrics.
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Abstract— This is a theoretical study of the Fano resonance in a hybrid system consisting of
spatially separated two-dimensional layers of electrons and excitons interacting by the Coulomb
force and exposed to weak magnetic field and light (electromagnetic field). We investigate the
conductivity of electrons in this system and show that the electromagnetic power absorption
spectrum has a Fano profile. Further we phenomenologically account for the disorder in the
system.

1. INTRODUCTION

Bose-Fermi mixtures exist in hybrid complex systems which serve as unique laboratories to study
many-body interactions [1]. In the solid-state physics, such systems usually employ exciton gases
localized in quantum wells (QWs). They interact with 2D electron gas (2DEG) in neighbouring
layers [2].
Motion of particles and their interaction reveals di↵erent quantum paths for the system, moreover, these trajectories can interfere among each other. If the interference is destructive, it results
in a partial or full suppression of the particle transport. In our paper [3] we investigate the Fano
resonance in such a hybrid systems.
2. CYCLOTRON RESONANCE

Let us consider a system which represents two parallel layers of electrons and excitons, see left
hand side panel in Fig. 1. The system is exposed to an external electromagnetic (EM) field,
E(r, t) = (E0 , 0, 0)eikr i!t . It results in the deviation of the electronic density, n(r, t) = n(r, t) n0 ,
where r is a 2D coordinate, and k is the wave vector. The excitons feel the presence of the EM
field indirectly: via the interaction with electrons. A weak uniform magnetic field, B, is applied
perpendicular to the layers and we consider zero-temperature case.

Figure 1: (Left Panel) Structure: excitons are localized in the double quantum well (DQW) structure. The
2DEG lives in other QW at the distance a. (Middle Panel) The power absorption as a function of frequency
for the increasing s from (a) to (c) for ⌧X = 10 8 s (solid curves) and ⌧X = 5 · 10 10 s (dashed curves).
(Right Panel) Magnetic field e↵ect: power absorption spectrum at s = 7 · 105 cm/s and di↵erent values of
magnetic field in units of !c ⌧e .

We treat the electrons classically via the continuity equation, ⇢˙ + div j = 0: nk! =
the Ohm’s law,
✓
◆
1
jk! = B E0
Fk! ,
e

k
e! jk! .

In

(1)

B is ‘xx’ component of the conductivity tensor, Fk! is ‘x’ component of the applied electromagnetic
force, coming from the electron-electron and electron-exciton interaction:
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where ✏ is the dielectric function; Nk! is the fluctuating exciton density in the BEC. The elementary
excitations of the BEC are bogolons,
we use the model of weakly-interacting Bose gas, and the
q
dispersion then reads: "k =

k2
2M

k2
2M

+ 2g0 nc , where, nc is exciton density in the condensate,

g0 is exciton-exciton interacting constant,g0 ⇡ 4⇡e2 d/✏, and M is the exciton
mass. In the longp
wavelength limit we come up with the sound quanta, "k ⇡ sk, where s = g0 nc /M .
Using the Gross-Pitaevskii equation,
!
Z
(~k̂)2
2
i@t (r, t) =
µ + g0 | (r, t)|
(r, t) + (r, t) dr0 V (r r0 ) n(r0 , t),
(3)
2M
where the last termpis treated as a perturbation, we can find the wave function of the condensed
particles, (r, t) = nc + (r, t).
Finally, the renormalized conductivity, defined as jk! = ˜k! E0 , reads:
˜k! =

1
B

+

2
i ek2 !

⇥

1
⇤,
2 R
Uk! + Vk!
k!

B

=

0

i(!⌧e + i)
,
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where !c = eB/mc is electron cyclotron frequency and 0 = e2 n0 ⌧e /m is the Drude conductivity of
2DEG, Rk! is the response function. From this main formula, we can calculate the electromagnetic
power absorption: Pk! = 12 E02 Re ˜k! .
3. RESULTS AND DISCUSSION

We calculated the power absorption function using the following parameters: d = 10 6 cm, a = 10 5
cm, k = 4.2 · 104 cm 1 , and 0 = 3.2 · 10 5 cm/s.
Middle panel in Fig. 1 manifests the Fano resonance in the power absorption spectrum. With
the increase of the velocity of the bogolons, s, one can shift the Fano resonance in frequency and
even change the disposition of the peaks and the dip of the asymmetric profile.
Right hand side panel in Fig. 1 explains the dependence of the power absorption function on
the magnitude of the external applied magnetic field.
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Coupling between photonic crystal cavities and waveguides for
ultrafast optical switching
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Abstract- We propose a coupled photonic crystal cavity-waveguide structure to achieve Fano
resonance by placing partially reflecting elements in waveguide, and the Fano resonance can be
greatly enhanced by introducing optical gain material into the cavity. Additionally, coupling
between photonic molecules and waveguides in photonic crystal slab structures are investigated for
ultrafast optical switching with a time scale of a few picoseconds by optimizing the radii of air
holes between two cavities of photonic molecule.
To improve the optical device performance, Fano resonance with asymmetric and steep spectral line shape
has been intensively used, which arises from the interference between discrete resonance states and continuum
states. By modulating the coupling between photonic crystal (PhC) cavity and waveguide, Fano resonance can
be achieved due to the constructive and destructive interference of discrete cavity resonance states with
broadband continuum waveguide states. In this work, we design a PhC cavity and waveguide structure using
Finite-difference time-domain (FDTD) simulation. By placing partially reflecting elements in the PhC
waveguide, Fano type transmission line shape is achieved. In addition, gain materials are introduced into PhC
cavities to enhance Fano resonance. With introducing the gain materials into cavity, the transmission line shape
of the Fano resonance is greatly steepened and a large contrast is achieved by a small frequency shift. In our
structure, the transmissivity in the waveguide is increased by a factor of six, which is potentially applicable for
optical switches and optical sensors.
In addition, the coupling between photonic molecules and waveguides in PhC slab structures are studied
using FDTD method and coupled mode theory. In a photonic molecule with two cavities, the coupling of cavity
modes results in two super-modes with symmetric and anti-symmetric field distributions. When two
super-modes are excited simultaneously, the energy of electric field oscillates between the two cavities. To
excite and probe the energy oscillation, we integrate photonic molecule with two PhC waveguides. In coupled
structure, we find that the quality factors of two super-modes might be different because of different field
distributions of super-modes. After optimizing the radii of air holes between two cavities of photonic molecule,
nearly equal quality factors of two super-modes are achieved, and coupling strengths between the waveguide
modes and two super-modes are almost the same. In this case, complete energy oscillations between two cavities
can be obtained with a pumping source in one waveguide, which can be read out by another waveguide. Finally,
we demonstrate that the designed structure can be used for ultrafast optical switching with a time scale of a few
picoseconds.
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Control of electromagnetically-induced-transparency-like eﬀect in
metamaterials for coherent storage of electromagnetic waves
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t-naka@kuee.kyoto-u.ac.jp

Abstract— We propose tunable metamaterials, which realize the storage and retrieval of electromagnetic waves, in analogy with electromagnetically induced transparency (EIT) eﬀect in
atomic systems. The basic concepts are introduced with coupled resonator models, and we experimentally demonstrate the storage and retrieval of electromagnetic waves in microwave regions.
Owing to coherent process, the phase information is also recovered in the retrieved signal.

Electromagnetically induced transparency, or EIT, is a nonlinear optical phenomenon, where an
opaque medium becomes transparent in an extremely narrow spectral region by the incidence of
auxiliary light called control light, and the EIT eﬀect has been intensively investigated in atomic
systems. In the transparency region, the dispersive properties are dramatically modified and the
group velocity of the light is significantly reduced. In addition, it is possible even to stop the
propagating light in the medium by gradually turning the control light oﬀ. In this process, the
light is coherently captured in the medium, and the stored light can be released by the reverse
process without losing the phase information.
The EIT eﬀect can be emulated by artificial media or metamaterials, and various types of
the metamaterials have demonstrated the EIT-like eﬀects, such as sharp transparency and slow
propagation, in wide frequency regions from microwave to visible light. The EIT-like metamaterials
have two resonant modes, called radiative mode and trapped mode, which are coupled with each
other. The radiative mode interacts with propagating waves and the quality factor as a resonator
is low owing to the radiation loss. On the other hand, the trapped mode is uncoupled with the
propagating waves and the intrinsic quality factor is extremely high. In the presence of the coupling
between the two modes, the energy received through the radiative mode is transferred into the
trapped mode with low loss, and then is released into free space through the radiative mode. The
temporal storage in the trapped mode induces the propagation delay with low loss and contributes
to the slow propagation in the metamaterial.
In order to extend the slow-light eﬀect to the storage in the metamaterials, the EIT-like eﬀects
in the metamaterial have to be dynamically controlled by external signals in the same manner
as the optical storage in atomic EIT medium. In this paper, we propose two types of tunable
metamaterials to control the EIT-like eﬀect and demonstrate the storage of electromagnetic waves
in microwave regions.
We first introduce an EIT-like metamaterial, which controls coupling between a radiative mode
and a trapped mode by external electric signals [1]. The transmission spectra are shown in Fig. 1(a).
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Figure 1: Tunable EIT-like metamaterials.
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In the case of “EIT OFF” state denoted by the dotted line, there is no coupling between two modes,
and the broad transmission dip attributed to the resonance of the radiative mode is observed. On
the other hand, in the “EIT ON” state denoted by the solid line, the coupling is turned on, and a
transmission window owing to the EIT-like eﬀect is clearly observed.
As a second example, we introduce another tunable EIT-like metamaterial [2], whose transmission spectra are shown in Fig. 1(b). In this case, the radiative mode and the trapped mode
are always coupled with each other. In the metamaterial, a switching element is installed in the
radiative mode, in order to control the resonance of the radiative mode. In “EIT OFF” state
denoted by the dotted line, the function of the radiative mode as a resonator is deactivated, and
the metamaterial shows high transmission in a whole spectrum due to the absence of the resonance
mode interacting with external fields. In “EIT ON” state denoted by the solid line, the radiative
mode works as the resonator, and the EIT property can be observed.
Both metamaterials realize the storage of electromagnetic waves through the same procedure.
First, the EIT state is turned on, and the electromagnetic waves tuned to the transparent region
slowly propagate through the metamaterial owing to the EIT eﬀect. In this process, electromagnetic
energy is concentrated in the trapped mode. During the propagation, the EIT state is turned oﬀ,
and the energy is completely captured in the trapped mode. The stored waves can be retrieved by
recovering the EIT state.
In this paper, we have proposed two types of EIT-like metamaterials, whose EIT eﬀect can be
controlled. The metamaterials have realized the storage of the electromagnetic waves. It is noted
that the processes of the storage and retrieval are coherent and the original waves are retrieved
without losing the phase information. The experimental demonstration has been conducted in the
microwave regions, but the fundamental concept can be applied to higher frequencies.
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Abstract-We report a series of studies on 3D folded metamaterial, by which Fano resonances can
be excited and the line shape, intensity and Q factor can be modulated. Different combinations of
the vertical and planar building blocks of the 3D folded metamaterials result in diverse properties of
the Fano resonance, which have practical applications in filter, ultrasensitive biosensor, active
SERS substrate, etc.
Fano resonance can be excited in plasmonic metamaterials by destructive interference between a bright
continuum mode and a discrete dark mode. 3D folded metamaterial has been used for Fano resonance excitation
due to its unique configuration - it is composed of vertical part and planar complementary part1. Resonance
modes are excited on both parts by evanescent field of surface wave and grating coupling of incident light
respectively, and the destructive interference results in Fano resonance with asymmetric line shape2. Although
the sensing1 and modulation3 property of 3D metamaterials have been studied recently, the quality factors of
these resonance modes are relatively low. Excitation of high-Q factor resonances are usually accompanied with
the generation of extremely strong field at subwavelength scale and low energy losses4, thus a high-Q 3D
metamaterial can be a promising candidate for improving the limitation of detection in SERS analysis.
Recently, we found that through judicious design of the building blocks in shape and size, high-Q resonance
can be achieved with extremely large spatial electromagnetic field enhancement. The high-Q Fano resonance can
be engineered to the target wavelength by modulating the geometric parameters of the building blocks, and it
was used for ultrasensitive SERS detection of bio-molecules.
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Abstract-Extending our previous work on Fano resonances in metal-dielectric multilayer structures
we demonstrate here the tuning of Fano resonance by light irradiation. The photo-tuning was made
possible by incorporating azo-dye molecules in a dielectric waveguide layer. Due to the
photoisomerization of the molecules, the refractive index of the waveguide layer changes upon
pump light irradiation, resulting in the shift of the Fano line shape. The change in the refractive
index estimated from the experimental data falls in a range less than ~7.0 10-4.
Recently, we have demonstrated both theoretically and experimentally the generation of high-Q Fano
resonances in planar metal-dielectric multilayer structures [1-3]. The multilayer structures studied consist of a
metal layer and two insulator layers (MII structure), which can be regarded as a combination of a metal-insulator
interface that supports a surface plasmon polariton (SPP) mode and a planar waveguide structure that supports a
planar waveguide (PWG) mode. The appearance of the Fano line shapes in their attenuated reflection (ATR)
spectra is due to the interaction between the broad SPP mode and the sharp PWG mode. The Fano MII structure
can be fabricated easily without any nanofabrication technique and is applicable to high resolution optical
sensing and enhanced spectroscopies.
In recent years, tuning of the Fano resonances in
plasmonic nanostructures by applying mechanical
stress and electric field has been demonstrated.
However, clear experimental evidence of the tuning
by light has not been reported yet. We extended our
previous work to realize the photo-tuning of the Fano
resonance [4]. Our previous Fano MII structure was
prepared by depositing an Ag film onto a substrate
and successively depositing a low-index Cytop spacer
layer and a high-index PMMA waveguide layer. To
achieve the photo-tuning, we used a DR1-doped
Fig.1 (a) Photoisomerization of DR1 molecule, (b) multilayer
sample with a DR1-doped PMMA waveguide layer and (c)
PMMA waveguide layer instead of a pure PMMA
Kretschmann
configuration
of
pump-probe
ATR
layer as schematically shown in Fig. 1b. The DR-1
measurements.
molecule is one of the azobenzene derivatives that
undergoes the trans-cis transformation under blue
1

light irradiation (photoisomerization) (Fig. 1a). Due to the photoisomerization, the refractive index of the
DR1-doped waveguide layer decreases upon pump irradiation. We performed pump-probe ATR measurements
of the samples attached to a prism in a Kretschmann configuration as schematically shown in Fig. 1c.
Figure 2a shows an angle-scan ATR spectrum
under dark probed by a He-Ne laser beam with a
wavelength of λ=632.8 nm. We see clearly a
Fano line shape around 55 located at the
high-angle side of the SPP dip. The Fano
resonance is a consequence of the interference
between the TM0 PWG mode and the SPP mode.
As can be seen clearly in Fig. 2b, the Fano line
shape shifts to a lower angle under the irradiation
of blue pump light with a wavelength of λ=488.0
nm. Figure 2c represents the results of systematic
measurements performed by varying the power
density of pump light for both the vertical and
horizontal polarizations of pump light. We see
Fig.3 (a) Angle-scan ATR spectrum obtained under dark, (b) shift of
that the Fano resonance shifts more and more as
Fano line shape caused by optical pumping, and (c) results of
the pump power density increases.
systematic observations performed by varying the pump power
We analyzed the photo-induced shift of the
density for both the horizontal and vertical polarizations.
Fano resonance based on electromagnetic
calculations of the ATR spectra and estimated the amount of change in the refractive index of the DR1-doped
PMMA waveguide layer. The estimated change in the refractive index falls in a range less than ~7.0 10-4. This
implies that the Fano line shape is very sensitive to the change in the refractive index of the waveguide layer.
The photo-tuning of the Fano resonance demonstrated here may open a new avenue for realizing novel optical
devices, such as optically tunable sensors and all optical switching elements.
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Abstract-We showed that the optical vortex field can be confined into nano-space using plasmonic
multimer structures. In this transfer from chiral photons to plasmons, the total angular momentum is
conserved, while the orbital and spin angular momenta can be exchanged. Here, we demonstrate
that plasmonic nano-vortex field is formed as interference of chiral photons having different
angular momenta. We also show that this interference field induces optical torque and central force,
which leads to orbital rotation of nanoparticles in nano-space.
Recently, we clarified that multipolar plasmons of metal nano-disks can be selectively excited by
circularly-polarized optical vortex beams, i.e., Laguerre-Gaussian (LG) beams [1,2]. The total angular momenta,
that is the sum of orbital and spin angular momenta, are transferred from chiral photons to localized surface
plasmons. Unfortunately, the mode volume of this plasmonic nanodisk resonator is sub-micrometer dimension
that is restricted by the diffraction limit of the surface plasmon wave. In order to realize single-nanometer-sized
cavities, we design the tailored plasmonic structure consisting of metal multimer surrounding a nano-gap. We
theoretically showed that this metal structure makes it possible to localize the optical vortex field into the gap
space with conserving the total angular momenta. However, the orbital and spin angular momenta of the vortex
field can be exchanged in accordance with the boundary conditions at the metal surfaces. Therefore, the
nano-vortex field is formed as interference of LG-modes having different angular momenta even when the single
LG-mode beam is incident on the plasmonic multimer structure.
The transfer of the angular momenta from this interference nano-field to molecules or nanoparticles induces
rotational radiation pressure, i.e., optical torque and gradient force directed to the center [3,4], which causes
nano-vortex flow of molecules/particles and may lead to chiral structuring of molecule/particle assemblies. We
succeeded in rotational manipulation of a 100-nm polymer bead with a gold nano-triangle trimer structure. The
plasmonic structure was illuminated with a circularly polarized beam of a near-infrared laser, so that the
nano-sized field with the orbital angular momentum as well as the spin is formed within the gap. We will present
detailed analyses of the rotational motions and their relations to the chirality of the plasmonic fields.
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Tuning of Fano resonances by rotation of continuum: wave faucet.
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Abstract— We consider wave transmission in a non-axisymmetric waveguide which consists of
cylindrical resonator and two semi-infinite cylindrical waveguides whose axes are shifted relative
to the resonator. Rotation by the azimuthal angle ∆φ of input waveguide does not change the
eigenfrequency spectrum of the resonator, it tunes the Fano resonances and respectively gives
rise to an analog of a faucet opening and closing wave flux under rotation. Moreover under the
rotation of the waveguide numerous events of the Fano resonance collapse occur to evidence for
the bound states in the continuum.

Beauty of complex wave fields observed in diﬀerent areas of physics is related to phase of
the field. The first demonstration of the phase eﬀect was done by Thomas Young in 1803 in
the historic experiment on double-slit interference [1]. Among numerous phase features we mark
bound states in the continuum, Aharonov-Bohm oscillations, asymmetric Fano resonances, and
topological singularities which millstone the phase eﬀects in the last century. Typically the Fano
resonance asymmetric shape is tuned by reconstruction of eigenvalue spectrum by, for example,
application of finger gate potential in quantum dots or magnetic field in rings [2]. But in fact the
resonances of open quantum system are given by poles of the S-matrix or the complex eigenvalues
! ef f = H
! R − iW
"W
" † where H
! R describes the closed
of the eﬀective non Hermitian Hamiltonian [3] H
" describes the coupling matrix between
system (resonator) with discrete eigenvalue spectrum and W
the closed system and the continua (of attached waveguides). Typically the real parts of complex
eigenvalues of the eﬀective Hamiltonian which define the resonance positions follow the eigenvalues
of the closed resonator when the coupling is weak. However with growth of the coupling the
resonances become to interfere to give rise to tune the Fano resonance profiles. First this way to
tune the Fano resonance was demonstrated by Rotter et al [4] by implementation of changeable
diaphragms at the waveguide junctions. In this letter we consider a system which changes only a

Figure 1: Cylindrical resonator of length L with two non-axially attached cylindrical waveguides. The input
waveguide can freely move along the resonator axis and as well as rotate about it.

phase of the coupling matrix by rotation of one of waveguides and show that gives rise to drastic
eﬀects beginning with opening and closing the wave transmission (wave faucet) and ending by the
bound states in the continuum (BSC). The setup shown in Fig. 1 consists of cylindrical resonator
of radius R and length L with two attached semi-infinite cylindrical waveguides with radius r < R.
If the waveguides were attached coaxially the total system would be invariant relative to azimuthal
rotation to split the total Hilbert space of the system into independent subspaces given by the
orbital angular momentum (OAM) m (the order of the Bessel functions m also defining the charge
of topological singularity). Respectively the wave scattering would not interfere the m sectors with
prohibition for OAM conversion. The sound transmission in axisymmetric cylindrical waveguide in
the sector m = 0 and corresponding BSCs were considered in our first paper [6].
However attachment of the waveguides in a non-coaxial way breaks the azimuthal symmetry
giving rise to the OAM conversion. Moreover we assume that one of the waveguides, say the left,
can move along the resonator axis to change the resonator length, and rotate by the angle ∆φ
as shown in Fig. 1. Tuning the shape of the resonator could be performed in a realistic acoustic
or electromagnetic experiment by the use of piston-like hollow-stem waveguides tightly fit to the
interior boundaries of a cylindric cavity [6] as shown in Fig. 1. This setup unites all above listed
phase features. The most striking eﬀect of the rotation is a collapse of the Fano resonances that
evidences an occurrence of bound states in the continuum (BSCs) when the resonator traps the
propagating mode inside. The last has become one of the actively studied phenomena in diﬀerent
areas of physics [6].
ACKNOWLEDGMENT

This work was supported by Russian Science Foundation through Grant 14-12-00266.
REFERENCES

1. Young, T., ”Bakerian Lecture: Experiments and calculations relative to physical optics”, Phil.
Trans. Royal Soc., Vol. 94, 1–15 1803.
2. Miroshnichenko A.E. , Flach S., Kivshar Yu.S.,”Fano resonances in nanoscale structures,” Rev.
Mod. Phys., Vol. 82, 2258–2298, 2010 .
3. Feshbach H., ”Unified Theory of Nuclear reactions”, Ann. Phys. N.Y., Vol. 5, 357–390, 1958.
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Helical bound states in a microwave-field continuum with an
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Abstract-We consider multiple discrete states of magnetostatic oscillations in a quasi-2D ferrite disk
embedded in a common microwave continuum. We examine the microwave transport properties of such a
system including the appearance of Fano resonances.
Magnetic-dipolar modes (MDMs) in a quasi-2D ferrite disk are microwave energy eigenstate oscillations
with topologically distinct structures of rotating fields and unidirectional power-flow circulations [1, 2].
Quantized vortices in MDM oscillations manifest the long-range phase coherence of magnetic dipole-dipole
interaction which are described by a complex-valued order parameter field – the magnetostatic-potential
(MS-potential) scalar wave function. Sharp multiresonance oscillations, observed experimentally in microwave
structures with an embedded quasi-2D ferrite disk, are related to magnetization dynamics in the sample. For
given disk sizes and a given quantity of saturation magnetization of ferrite material M 0 , there are two different
mechanisms of energy quantization: (i) by a bias magnetic field H 0 at a constant signal frequency ω and (ii)
by a signal frequency ω at a constant bias magnetic field H 0 . The fact that there are different mechanisms of
quantization allows to conclude that for MDM oscillations in a qusi-2D ferrite disk both discrete energy
eigenstate and a continuum of energy can exist. The microwave measurement reflects interaction between a
classical device – the microwave structure – and a MDM particle [3].

Fig.1. MDM resonances in a microwave cavity in dependence on a bias magnetic field and at different
frequencies.
At the cavity resonance frequency f 0 , the bound states are localized in a ferrite disk. The bound states

have a square integrable wave function. When the frequency is shifted from f 0 , the edge states flow around the
disk. The resonances retain distinctive properties of the bound states. The MDM bound states in a
microwave-field continuum have a helical structure with a power-flow current circulating around a quasi-2D
ferrite disk [4]. The interference of the resonances results in the formation of a bound state embedded into the
continuum of the edge states flowing around the disk [2, 5]. One can say that the MDM disk effectively creates
specific boundary conditions for the EM waves in a microwave structure.

(a)
(b)
Fig. 2. (a) The topological nature of the rotating fields in a MDM ferrite disk. On a lateral surface of a normally
magnetized ferrite disk, one has an azimuthally nonreciprocal phase shift of electromagnetic waves reflected
from a ferrite. (b) Power- flow circulations at the MDM resonances. For a given direction of a bias magnetic
field, the power flow circulations have the same directions inside a ferrite and in the vacuum near-field regions
outside the disk.
A MDM ferrite disk is an open PT-symmetry system. In the description of such a system, a non-Hermitian
effective Hamiltonian can be derived from the Hermitian Hamiltonian including the environment. Because of
strong spin–orbit interaction in MDM magnetization dynamics these bound states in the continuum have a
helical structure. The MDM bound states are embedded in the microwave continuum but not coupled to it, so it
appears unclear how one could actually probe them. We show that the probing becomes possible due to vortex
currents induced on metal parts of a microwave structure [5].
REFERENCES
1. E. O. Kamenetskii, “Energy eigenstates of magnetostatic waves and oscillations”, Phys. Rev. E 63, 066612
(2001).
2. M. Sigalov, E. O. Kamenetskii, and R Shavit, “Magnetic-dipolar and electromagnetic vortices in quasi-2D
ferrite discs”, J. Phys.: Condens. Matter 21, 016003 (2009).
3. E. O. Kamenetskii, G. Vaisman, and R. Shavit, “Fano resonances of microwave structures with embedded
magneto-dipolar quantum dots”, J. Appl. Phys. 114, 173902 (2013).
4. E. O. Kamenetskii, "Helical-mode magnetostatic resonances in small ferrite particles and singular
metamaterials", J. Phys.: Condens. Matter 22, 486005 (2010).
5. R. Joffe, E. O. Kamenetskii, and R. Shavit, “Azimuthally unidirectional transport of energy in
magnetoelectric fields: Topological Lenz’s effect“, arXiv: 1701.05185.

Photonic-crystal Fano structures for lasers and nonlinear optical
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Abstract-We present our recent work on photonic-crystal structures based on Fano resonance. We
show that the use of Fano interference in combination with optical nonlinearity can enable
single-mode operation and self-pulsing in a nanolaser, as well as fast, low-energy all-optical signal
processing.
Ultra-compact photonic structures suitable for optical communication at high-speed with low-energy
consumption are essential for enabling integrated photonic chips that can meet the growing demand for
information capacity [1]. Here we present our recent work on photonic-crystal (PhC) nanocavity structures
exploring Fano resonances, and their applications to lasers, switching, nonreciprocity and power limiting, etc.
As for lasers, rather than conventional semiconductor lasers [2]-[5], we demonstrate a new laser concept
based on Fano resonance [6], [7]. The structure (Fig. 1(a)) is an InP PhC waveguide sandwiched by a
conventional broadband left mirror and a narrowband right mirror, which is realized by the Fano interference
between the waveguide continuum and a discrete mode of a side-coupled H0 nanocavity [8]. The laser has 3
layers of InAs quantum dots as active region and is operated at room temperature by exciting with a
continuous-wave light source vertically. It was found that the very narrowband feature of the Fano resonance can
lead to single mode lasing, with its wavelength almost unaffected by the cavity length. This is in contrast to
ordinary PhC line-defect lasers [9]. In addition, when combined with optical nonlinearity, the highly dispersive
feature of the Fano resonance can promote self-pulsations at gigahertz frequencies [8] (Fig. 1(b)), which was
previously observed only in macroscopic lasers [10].

Fig. 1. (a) Schematic of PhC Fano laser. (b) Measured radio frequency spectra of the laser power for different
pump powers. (c) SEM image of a fabricated InP PhC Fano switch (top) and its applications for nonreciprocal
transmission (bottom left) and power limiting (bottom right).

Compared to traditional Lorentzian structures, Fano resonances can exhibit a sharp spectral shape [11] which
enhances the sensitivity of the device to external perturbation, making it especially advantageous for low-energy
nonlinear signal processing such as all-optical switching [12]-[13]. Fig. 1(c) shows a fabricated InP PhC 2-port
Fano switch, where an H0 nanocavity is side-coupled to a waveguide. A blockade hole is incorporated in the
waveguide below the cavity, giving the device’s transfer function an asymmetric sharp Fano line shape. By
exploiting carrier nonlinearities in the nanocavity, the input signal can be efficiently modulated by itself. This
leads to applications such as device nonreciprocity: the forward and backward signal has different transmission
coefficients [14] (bottom left panel of Fig. 1(c)); and power limiting: the noise on the injected pulses can be
suppressed (bottom right panel of Fig. 1(c)). All the operations are carried out with low energy consumptions on
the order of fJ/bit. In the conference, more details about the device fabrication, experimental characterization and
the theoretical model will be presented.
Acknowledgements: The authors acknowledge financial support from Villum Fonden via the NATEC
(NAnophotonics for Terabit Communications) Centre (grant no. 8692) and YIP QUEENs.
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Abstract-Here we show the Fano-resonant excitation of optical spin waves, for longitudinal and
transverse axes with respect to the propagation direction. By implementing two linearly-polarized
scattering paths to chiral materials, antisymmetric Fano resonances of longitudinal spins are derived
with the handedness-dependent asymmetry. We will also introduce the realization of transverse spin
guided mode and its Fano-resonant excitations.
The spin angular momentum of light, which corresponds to the handedness of polarization evolutions, is one
of the most significant physical quantities of photons. With respect to the propagation direction, three
components of electric fields (Ex, Ey, Ez) can derive three pairs of spin components: one for longitudinal spin
(Fig. 1a,b) and two for transverse spins [1,2] (Fig. 2a,b). To exploit full degrees of freedom in light-matter
interactions [3], topological properties [4], and singularity [5] from these 3-dimensional spins, efficient
excitation schemes each for longitudinal and transverse spins should be addressed. In this talk, we introduce the
excitation of longitudinal and transverse spins from linearly-polarized incidences, achieving lossless and
spectrally-controllable performance features.
First, we will talk about the net achievement of longitudinal spin angular momentum of light, through the
mixing of birefringence and chiral resonances (Fig. 1c, [6]). A chiral resonator alone, without the circular
dichroism, cannot lead to any net longitudinal spin due to the resonance overlap between two longitudinal spin
components. We thus introduce two scattering pathways from birefringent mirrors, which derive antisymmetric
Fano resonances (Fig. 1d) from the interaction between each spin mode. The net achievement of the longitudinal
spin from the opposite shift of Fano dips, and the realization based on metamaterials are also discussed.

Figure 1. (a,b) Polarization evolutions of longitudinal spins for y-propagating wave: (a) positive spin, (b)
negative spin. Red arrows denote the spin direction. (c) A schematic of the chiral resonator enclosed within
birefringent mirrors for Fano-resonant excitation of longitudinal spins. (d) Reflectance spectra for each
longitudinal spin component (RCP and LCP).

In the talk, we will also introduce the realization of guided transverse-spin waves, having a dark-mode
feature. The excitation of transverse-spinor dark modes through the grating structure is discussed, revealing the
standing wave polarization evolution from opposite transverse spin modes.

Figure 2. (a,b) Polarization evolutions of transverse spins for y-propagating wave: (a) positive spin, (b) negative
spin. Red arrows denote the spin direction. (c) A schematic for transverse-spin wave excitations by Fano
resonances. (d) Excitation spectra of transverse spin components at the interface.
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Abstract— On periodic structures with proper symmetries, guided Bloch modes could exist
above the lightline, and they are examples of bound states in the continuum (BICs). Certain
BICs on periodic structure are not protected by symmetry in obvious ways. Using a rigorous
perturbation theory, we show that these BICs are in fact still closely related to the symmetries.
Periodic structures sandwiched between two homogeneous media are often studied in diﬀration
problems when incident waves are specified, and they can also be regarded as wave-guiding structures on which guided Bloch modes may exist without any incident waves. Typically, the Bloch
modes on the periodic structures are found below the lightline, that is, the wavenumber in the
homogeneous media is less than the magnitude of the Bloch wavevector, so that there exist no propagationg diﬀraction channels. The bound states in the continuum (BICs) on periodic structures are
special guided Bloch modes existing above the lightline, where one or more diﬀration channels are
still open, but the modes exhibit no radiation. The existence of certain BICs (symmetry-protected
BICs) which have incompatible symmetry with the radiating waves are well understood, but there
are also BICs that cannot be explained by simple symmetry arguments, and these BICs are often
classified as “unprotected by symmetry” [1, 2, 3].
In fact, certain BICs labeled as “unprotected by symmetry” depend strongly on the symmetries.
The simplest examples can be found on 2D structures given by a real dielectric function ϵ(x, z)
which is periodic in x, even in x, and even in z (with a properly chosen origin), and bounded by
identical homogeneous media (e.g. air) for z > d/2 and z < −d/2. On such 2D periodic structures,
there could be propagating BICs with a nonzero Bloch wavenumber, and they are regarded as
“unprotected by symmetry” [2, 3]. However, numerical results indicate that these BICs strongly
depend on symmetry. If the structure is perturbed with a perturbation that breaks the reflection
symmetry in x or z, the BICs usually disappear and become resonances with finite Q values, and if
the perturbation keeps the symmetry, the BIC typically continues to exist with a slightly diﬀerent
frequency and slightly diﬀerent Bloch wavenumber.
In this paper, we present a perturbation theory that clearly reveals the importance of symmetry.
Given a structure described by a real ϵ∗ (x, z), and a BIC with a real frequency ω∗ and a real Bloch
wavenumber β∗ , we consider a perturbed structure given by ϵ∗ (x, z) + δϵ1 (x, z), and derive a linear
system for frequency ω and Bloch wavenumber β for a perturbed Bloch mode near the original
BIC. It is shown that if ϵ1 keeps the reflection symmetries in x and z, then the perturbed frequency
and wavenumber are real and can be solved from a real 2 × 2 linear system, and when ϵ1 breaks the
symmetry, the linear system becomes complex in geneal. Therefore, the perturbation theory reveals
the hidden dependence on symmetry for these BICs usually labeled as “unprotected by symmetry”.
It should be pointed out that our perturbation theory is very diﬀerent from the standard one which
only gives a perturbed frequency for a fixed Bloch wavenumber. Numerical results are provided to
validate the perturbation theory.
This research is supported by the Research Grants Council of Hong Kong Special Administrative
Region, China (project No. CityU 11301914).
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Abstract— Surface bound modes in thin metallic film with an array of nanoholes produce
complicated band structure owing to the diﬀraction caused by the periodicity and the coupling
between the surface plasmon polaritons through the holes. If the diﬀerent branches co-exist adjacently, multiple bound modes contribute to a resonance and cause a Fano-Feshbach resonance,
such as electromagnetically induced transparency (EIT) or coupled-resonator induced transparency (CRIT). In this study, we show that appropriate lattice structure of metallic nanohole
array yields sharp reflection-transmission spectra. The origin of this resonance is attributed to
the CRIT between the two surface bound modes based on the analyses using spatial and temporal
coupled mode methods.

In a metallic film perforated by an array of nanoholes, Bloch-wave surface plasmon polaritons
(BW-SPPs) on the upper and lower surfaces of the film are coupled by the wave-guide modes of
nanoholes and produce variety of surface bound modes [1]. Especially, in a system with mirror symmetry in the direction perpendicular to the film surface, there are two types of surface bound modes,
bonding and anti-bonding modes, which have symmetric and anti-symmetric charge distributions,
respectively. These modes respond quite diﬀerently to incident light.
As an example, Fig. 1 (a) shows the transmission spectrum for the square lattice with period
Lx = Ly = 0.5µm of the holes with the radius of 0.15µm. The dashed (dashed-dotted) lines indicate
the dispersion relations of bonding (anti-bonding) modes. Due to the diﬀerence of symmetry,
the bonding and anti-bonding modes do not have interaction to lead level anti-crossing, and a
degenerate point appears in the dispersion relations. At the degenerate point, the interference
between the radiations from two bound modes suppress both of reflection and transmission, and
nearly perfect absorption is realized [2]. This phenomenon is a kind of Fano-Feshbach resonance
which occurs when multiple resonances interfere [3].
On the other hand, another kind of Fano-Feshbach resonance is expected to occur when two
modes with same mirror symmetry are located close together in the ω − k space. These two modes
interact with each other via the coupling with radiation fields, and behave as two coupled modes
with closer eigenfrequencies. Moreover, one of the widths of resonance becomes narrower and the
other becomes broader. These eﬀects yield a sharp dip structure in the resonance spectrum when
two bright modes are located close together. This phenomenon is known as coupled-resonator
induced transparency (CRIT) [2,3].
In this study, we show that CRIT phenomena can occur in metallic nanohole array systems by
using rectangular lattices of nanoholes which are elongated in one direction. Fig. 1 (b) shows the

(a)

(c)

Figure 1: (a) Transmission spectra and dispersion relations of surface bound modes for Lx = Ly = 0.5µm, and
(b) those for for Lx = 0.5, Ly = 0.63µm. (c) Reflection (R) and transmission (T ) spectra at kx = 0.1π/Lx .

transmission spectrum and the dispersion relations of bound modes for a rectangle lattice whose
period in y direction is elongated to Ly = 0.63µm from the system used in (a). The solid lines
indicate the dispersion relations of bound modes without coupling to radiation field, which are
calculated using temporal coupled mode method [4]. We can see that the interaction between these
two modes via the coupling with radiation fields put the resonant positions closer and produce
quite sharp dip-structure. The panel (c) shows reflection and transmission spectra when the inplane wave-number is 0.1π/Lx , which have EIT-like profile.
Thus, in metallic nanohole array systems, variety of Fano-Feshbach resonances appear everywhere in the band structure, and yield complicated resonant structures. In the presentation, I will
show the general picture of resonant phenomena of this system based on the analyses by the spatial
and temporal coupled mode methods.
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Abstract-Light scattering by finite obstacles, either single particle or a number of particles in
arbitrary configuration, exhibits various resonant effects. It turns out that almost any resonant
response, either in directional or total scattering light scattering, can be efficiently described in
terms of Fano resonance. One of the peculiar feature of the Fano resonance is complete destructive
interference, which can be associated with radiationless excitations, such as nontrivial anapole
modes.
Fano resonance is a generic phenomenon appearing in various systems where wave interference is permitted.
One of the essential features of the Fano resonance is constructive and destructive interferences taking place in a
narrow frequency range resulting in asymmetric line shape [1]. Light scattering by a finite obstacle can be
unequally described in terms of partial wave scattering coefficients, based on multipolar decomposition. Various
multipoles can interfere in a given direction either in phase or out-of-phase producing asymmetric line shape,
which can be associated with Fano profile [2]. Such feature was employed to design effective optical
nanoantenans.
Alternatively, due to partial waves orthogonality each scattering coefficient can be analyzed independently.
It turns out that high index dielectric particles exhibit infinite series of sharp asymmetric Fano resonance in any
given partial wave scattering, including complete suppression of scattering [3]. To explain their origin and
identify various contributions to destructive interference we analyze the properties of induced field inside
dielectric particle by using Cartesian multipoles. In particular, the first zero of the electric dipole partial wave
can be described in terms of excitation of anapole mode [4], which is a result of destructive interference electric
and toroidal dipole moments [5] in the far-field due
to theirq identical radiation profiles (see Fig.1).
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Figure 1. First Fano resonance of electric dipole partial wave scattering (black solid line) and corresponding description of
the complete destructive interference in terms of our-of-phase contribution of electric (red dashed line) and toroidal dipole
(green dotted line) moments to the far-field.

It can also be considered as an example of localized source excitation, which produces no radiation in the
far-field. It now suggests that higher-order zeros of any partial wave scattering can be treated as nontrivial
radiationless localized sources. To describe them properly in terms of Fano resonances one needs to introduce
higher-order toroidal multipoles.
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Abstract— Parity control of Fano resonances in a photonic crystal waveguide coupled to a
nanocavity is implemented by controlling the position of a partially transmitting element (PTE)
in the waveguide. We experimentally demonstrate regeneration and pulse carving of optical
signals by exploiting nonlinearities in the nanocavity in combination with the asymmetrical Fano
shape.

Fano resonances can be realized in photonic crystal membrane structures by exploiting the interference between a waveguide continuum and the discrete resonances of a nanocavity [1]. Further,
by controlling the details of the coupling between the nanocavity and the waveguide, one can control the sign of the so-called parity of the Fano resonance, i.e., whether the spectral location of the
minimum of the transmission is blue (blue-parity) or red (red-parity) shifted with respect to the
maximum [2]. In this work, we demonstrate that red-parity can be used for power limiting and
pulse carving while blue-parity for signal regeneration applications.
Our device is an InP photonic crystal membrane consisting of a nanocavity side coupled to a line
defect waveguide cf. Fig. 1(a). A partially transmitting element (PTE) is placed in the waveguide
in two di↵erent configurations. In the first case, the PTE is placed in the mirror plane passing
through the center of the cavity. This results in red-parity Fano resonance indicated by the red
line in Fig. 1(b). In the second configuration, the PTE is placed one lattice constant to the left of
the mirror plane leading to blue-parity Fano resonance shown by the blue line in Fig. 1 (b). The
structure configurations are shown in the insets of Fig. 1(b).

Figure 1: (a) Scanning electron microscope (SEM) image of the fabricated device. It consists of a nanocavity
side coupled to a photonic crystal waveguide and a partially transmitting element (PTE) placed in the middle
of the waveguide. (b) Measured transmission spectra of two devices with di↵erent PTE arrangement giving
rise to blue and red-parity Fano resonances.

When an optical signal couples to the nanocavity with Q-factor in the order of 1000, strong
intra-cavity field generates free carriers through two-photon absorption leading to free-carrier dispersion and band-filling e↵ects. These nonlinear processes induce changes in refractive index inside
the nanocavity resulting in blue shift of the Fano resonance [3]. Depending on the parity of the
Fano resonance, very di↵erent nonlinear behavior is observed. In the case of blue-parity, the Fano

Figure 2: (a) Simulated transfer function of blue-parity Fano resonance. The black arrow indicates the
region of operation for extinction ratio improvement. (b) Eye diagram of the input RZ signal (left) and the
regenerated signal (right) with approximately 7 dB extinction ratio improvement. (c) Measured transfer
function of red-parity Fano resonance used for power limiting experiments. (d) Eye diagram of the degraded
input signal (left) and the regenerated signal (right) with reduced intensity noise. (e) Eye diagram for pulse
carving of a 93 ps long pulse to a 20 ps pulse. As the input power is increases, the 1 GHz pulse become
shorter and shorter.

resonance together with the nonlinear shift possess the transfer function shown in Fig. 2(a) calculated using coupled-mode theory [4]. When the device is operated at the transition point (indicated
by the black arrow in Fig. 2(a)), the logical bit 1 experiences a larger transmission than that of
the bit 0, which increases the power di↵erence between them, leading to signal regeneration with
improved extinction ratio up to 7 dB (Fig. 2(b)).
The red-parity Fano resonance, on the other hand, exhibits a power limiting function Fig. 2(c).
Initially, the output power follows the linear increase of the input power, however, as the input
power exceeds 1 mW, the output power saturates leading to the power limiting functionality. This
can be used to suppress intensity noise in optical signals, hence increasing the signal quality, cf.
Fig. 2(d). Compared to the power limiting using Lorentzian resonance [5], the Fano device can
show a stronger power saturation as a result of the steeper slope of its spectral shape.
Another interesting application of red-parity Fano resonance is in creating narrow pulses (Fig.
2(e)): when a long pulse spectrally located at the peak of the Fano resonance couples to the cavity,
shift in the resonance occurs as a result of nonlinear e↵ects caused by the high peak power of the
leading edge of the pulse. This results in reduced transmission for the latter part of the pulse,
carving out a short optical pulse from a long one, and at the same time acting as a detector of the
long pulse.
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Abstract- Superconductor based metamaterial structures pave the way to design switchable
metamaterial devices operating at terahertz frequencies. Since, metals possess very high
conductivity at terahertz frequencies, the role of superconductors in exciting lossless high Q
resonances remains unclear. Here, we used high-Tc superconductor YBCO to design a low
asymmetry Fano resonator which supports sharp resonance at extremely low asymmetries but
identical metallic meta-atom fails to support any resonance response. We also present the ultrafast
switching of sharp Fano resonances in superconductors.
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magnetic molecules.
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Abstract-Parallel coupled quantum dots embedded in a tunnel junction is a typical system that
exhibits Fano resonances. Here, we consider magnetic molecules in a similar geometry and
consider the electronically mediated magnetic interactions between the localized spins as function
of the gate and bias voltages as well as temperature differences between the leads. In addition to
regimes of ferromagnetic and anti-ferromagnetic coupling, we show that Fano resonances give rise
to vanishing exchange between the localized spins.
Previous predictions of electrical and thermal control of magnetic exchange interactions between localized
spin moments in, e.g., magnetic molecules have revealed the ability to fine tune gate and bias voltages in order
to deliberately go between regimes of ferromagnetic and anti-ferromagnetic exchange [1,2]. These studies have
been focused on serially coupled molecules in which it is well known that interference phenomena such as Fano
resonances are normally not occurring. In quantum dots coupled in parallel, however, Fano resonances are
known to exist and are well captured within the traditional two-path structure, see e.g., [3], which serve as a
prerequisite for the effect. Here, we consider the electronically mediated magnetic interactions between the
localizes spin in magnetic molecules, pertaining to e.g, M-porhyrins or M-phthalocyanines where M is a
transition metal element (Cu, Fe, Ni, Co, Mn), or analogous compounds. In particular, we address the
dependence of the magnetic interactions on the gate and bias voltages as well as on the temperature difference
between the leads. In a quite similar fashion as in the serially coupled system, we show that the exchange
interaction can be controllably fine tuned between ferromagnetic and anti-ferromagnetic by means of the
external control variables. In addition to this control, we also show that sudden absences of the exchange are
correlated with Fano resonances and since the transport properties are deeply connected with the magnetic
configuration of the spin dimer, this provides a unique way to study the Fano interference phenomena and its
influence on magnetic systems.
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Abstract— We experimentally and theoretically analyze the role of substrate on the optical
bound states in the continuum (BICs). We reveal that a high-index substrate could destroy even
in-plane symmetry protected BIC due to leakage into the di↵raction channels opening in the
substrate. We show how two concurrent loss mechanisms – scattering due to surface roughness
and leakage into substrate – contribute to the suppression of the resonance lifetime.

Optical bound states in the continuum (BICs) are localized states with energy lying above the
light line and having infinite lifetime [1]. The concept of BIC was firstly proposed by von Neumann
and Wigner in 1929 for electron placed in a specific potential [2]. In optics, the term bound state
in the continuum first appeared around 2008 [3]. Experimental observation of optical BIC followed
only in 2011 [4]. Any losses taking place in real systems result in transformation of the bound
states into resonant states with finite lifetime. In this work we theoretically and experimentally
analyze transformation of optical BICs into resonant states due to surface roughness and high-index
substrate beneath the photonic structure.
The design of the photonic structure under study is shown in Fig. 1(a). It consists of rectangular
bars made of crystalline silicon surrounded by fused silica. The parameters of the sample are
following: The parameters of the sample (period a = 1 µm, bar width w = 150 nm, bar height
t = 330 nm, thickness of SiO2 spacer H = 1 µm) were chosen so that the guided modes are excited
in the near-infrared spectral range, where the absorption of silicon is negligible. Wavelength of atBIC in the considered structure is 1450 nm.
(b)

(c)

Figure 1: (a) Schematic image of photonic structure under consideration. (b) Calculated distribution of Ey
component for TE1 mode in point. (c) Q-factor versus incident angle extracted from experimental (shown
with dots) and FDTD (dashed line) data and calculated with FEM.

To characterize the eigenmode of the system, we carried out the angle-resolved reflectivity
measurements. Then we extract the dependence of the Q-factor on the angle of incidence and
compare it with results of numerical simulations [see Fig. 1(c)]. One can see that even in the

lossless case the at- BIC transforms into a resonant state in spite of the fact that at- BIC is
protected by in-plane symmetry of the structure. Actually, the in-plane symmetry does not protect
at- BIC against leakage in di↵ractions channels opening in the silicon substrate. Figure 1(b) shows
how the energy stored in BIC leaks into the silicon substrate via open di↵raction channels forming
the characteristic interference pattern. Increase of the spacer thickness H results in exponential
decay of the leakage. At high H, when the leakage into the substrate is negligible, the scattering
due to roughness makes the contribution into the total losses. Therefore, the critical thickness
of the spacer, when both loss mechanisms make the same contribution strongly depends on the
fabrication quality.
The obtained results provide useful guidelines for practical implementations of structures supporting optical bound states in the continuum and could find a number of applications in optical
communications, on-chip photonics, laser physics and sensing.
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Abstract-Cavity optomechanics relies on the interplay between light and mechanical resonant
degrees of freedom in a micro- or nanophotonic environment. In this contribution we will explore
the physics of optomechanical devices based on optical Fano resonances, with insights towards
self-sustained mechanical oscillations and electro-opto-mechanical interaction in piezoelectric
metasurfaces.
The interplay between light science and mechanics dates back to the discovery of radiation pressure force,
postulated more than a century ago and subsequently observed in several contexts. Recently the interaction of
light with mechanics has experienced a surge of interest, mostly thanks to the potentials of nanophotonics, giving
rise to the new field of cavity optomechanics [1]. The interest of mechanical interactions with nanostructured
photonic devices is twofold: on one side, the optical forces induce a deformation of the structure, with an
increased efficiency due to the optical resonant field enhancement. On the other side, a mechanical perturbation
effectively converts into an optical response, with an enhancement which is now governed by the mechanical
quality factor. In this contribution I will review some recent results about the mechanical actuation of photonic
crystal resonators, i.e., of guided-mode resonant filter metasurfaces. When the geometry is perturbed - for
instance, stretched along an axis - the Fano resonances occurring in reflection and in transmission will be tuned
by a significant amount. In this sense, the system acts as a tunable optical filter. Moreover, if the resonator is
loaded with an absorbing material, also its absorption resonance will be shifted. This effect can be harnessed to
synthesize self-oscillating components supplied by a simple steady optical source [2]. To implement these
effects two main technological approaches have been explored. First, we employed responsive polymers, which
strongly deform through a thermo-optic mechanism. Second, we analyzed piezoelectric semiconductors, where
the additional electric degree of freedom could provide further flexibility in view of quantum optomechanics
experiments [3].
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Abstract—Core absorption spectrum of an impurity embedded in a one-dimensional tightbinding chain is theoretically investigated in terms of complex spectral analysis. The spectrum
shows a distinct Fano-profile only with a single intra-atomic transition. The asymmetric Fano
absorption profile is attributed to the complex oscillator strength of the transitions to the discrete
resonance states belonging to the extended Hilbert space. Nonlinear nature of the eﬀective nonHermitian Hamiltonian enhances the asymmetric Fano profile of the absorption spectrum.

The Fano eﬀect was first discovered in the photoionization process of an atom, where the two
optical transitions are interfered with each other through the autoionization interaction, which
brings about the characteristic asymmetric absorption profile known as the Fano profile [1]. Since
then, the Fano eﬀect has been found to appear ubiquitously in various physical systems, having
been interested as a manifestation of a quantum interference in multiple decay processes [3, 4, 5].
According to the progress of nanoscience, the Fano physics is now flourishing as one of the hot
topics in modern physics.
It has been considered that, since the Fano eﬀect is the interference of alternative decay processes, multiple decay channels are
necessary to cause the Fano eﬀect, for example, the intra-atomic exg V̂
|k⟩
citation transition followed by the autoionization decay in addition
to the direct ionization decay [2]. In this work, we reveal another Ed
process of the Fano profile in terms of the complex spectral analysis.
In this work, we study the optical absorption spectrum of a
|d⟩
two-level impurity atom embedded in a semi-infinite tight-binding
µ̂d
chain as shown in Fig.1, where the two optical transitions from
the core level, µ̂d and µ̂0 , are taken into account. We describe the
electronic system in terms of the single impurity Fano-Anderson
0
model, and have derived the non-Hermitian eﬀective Hamiltonian
with the Brillouin-Wigner-Feschbach projection method. The com|c⟩
plex eigenvalue problem of the eﬀective Hamiltonian is nonlinear
in the sense that the eﬀective Hamiltonian itself depends on its
eigenvalue. We have solved the complex eigenvalue problem to Figure 1: Core-level absorption
obtain the resonance state in the extended Hilbert space by non- of the two-level impurity atom
perturbative method [6]. Due to the nonlinearity of the eigenvalue in a semi-infinite chain continproblem of the eﬀective Hamiltonian, there appear several discrete uum: The ground and excited
resonance states even though the system carries only a single un- states are denoted by |c and |d ,
perturbed state |d [7].
respectively, and |d is coupled
In terms of the complex spectral analysis, we found that spectral with the continuum |k with g V̂ .
features are almost exclusively determined by the independent sum The intra-atomic transition µ̂d
of the transitions to the discrete resonance states in the extended and the direct transition µ̂0 to
Hilbert space. The absorption spectrum due to the transition to a the continuum are taken into acresonance state is then represented by
count.
!
$
"
#
2
µ2d
1
µ0 g +
fj (ω) = − Im
⟨d|ϕj ⟨ϕ̃j |d 1 +
Σ (zj )
, (1)
π
ω − zj
µd V

µ̂

where |ϕj ( ⟨ϕ̃j |) is the right(left)-eigenstate of the Hamiltonian with a complex eigenvalue zj , and
Σ+ (z) is the self-energy. For µ0 ̸= 0 the second term in the curly bracket causes the ordinary Fano
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Figure 2: Absorption spectrum of the impurity atom in a semi-infinite chain.

profile, corresponding to the interference between the two optical transition paths of µ̂d and µ̂0 . In
addition, since the resonance states belong to the extended Hilbert space, ⟨ϕ̃j | is not a Hermitian
conjugate to |ϕj , so the factor of ⟨d|ϕj ⟨ϕ̃j |d becomes complex, which can give rise to the Fano
profile. This is very interesting because even with a single optical transition, such as the case with
µd ̸= 0 and µ0 = 0, we may find the Fano eﬀect in the absorption spectrum, in contrast to the
conventional idea that an interference of the alternative transitions is necessary for the Fano eﬀect.
Figure 2 is the result of the absorption spectrum for various values of the impurity state energy
Ed for the weak coupling case (g ≪ 1), where µd = 1 while µ0 = 0. The spectral profile is changed
as the bare impurity energy Ed is changed in the continuum. We find that even with the single
transition path of µd the spectral profile is not at all a simple Lorentzian but a strongly asymmetric
Fano type.
This alternative mechanism of the Fano eﬀect is qualitatively diﬀerent from the ordinary Fano
eﬀect, where the several transition channels are interfered with each other. We shall show that
the complex spectral analysis is useful to interpret the diﬀerent types of the Fano eﬀect in the
absorption spectrum and applicable to other higher order optical spectroscopies.
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Abstract-The engineering of metasurfaces intended to obtain sharp features in their spectral
response is studied. We show that in contrast to the conventional hybridization approach exploiting
Fano type interference between dark and bright resonant elements, a more flexible and efficient
engineering of the spectral response can be achieved by using distinctly different mechanisms for
the excitation of dark modes.
The aim of the current contribution is to show that electromagnetically induced transparency [1] and dark
mode excitation [2, 3] are not necessary associated. We bring theoretical and experimental evidence in the
microwave domain that dark mode excitation can be achieved in an independent manner by using direct
excitation mechanisms through symmetry matching of the resonant element and that of the incident
electromagnetic field. The presented approach provides higher flexibility for the metasurfaces engineering and
results in a great improvement of their spectral performances. Furthermore, by using Babinet's principle to
design complementary resonant elements, steep variations in the spectral response can be achieved either in
transmission or reflection.
Since the initial seminal paper by Fedotov [4], the concept of trapped or dark mode weakly coupled to free
space started to be associated with the phenomenon of EIT transparency. However, recent theoretical advances
lead to revisit this commonly shared interpretation. In particular, it was pointed that no dark mode excitation is
necessary for EIT resonances. They can be described by the interference of bright modes only [5-7]. In contrast,
the Fano interference of two modes with substantially different radiative strength results in a very weak EIT
effect. The origin of this apparent contradiction stems from the fact that the eigenmodes of the coupled system
can significantly differ from those of the individual elements, and in general they are not orthogonal.
In this study, we show that a metasurface composed of identical Z-shaped resonating elements (Fig. 1a) is
able to show dark mode resonance (Fig. 1c and 1e). The dark mode in this case is associated with the first higher
order mode of odd symmetry. The excitation of this antisymmetric mode is forbidden under normal incidence
but becomes allowed for oblique one when the magnetic component of the incident field intersects the magnetic
loops formed by the two V-antennas forming the Z resonant element. By using Babinet's principle we
demonstrate in the current contribution direct excitation of the antisymmetric dark mode resulting in a maximum
in transmission in a complementary Z resonator (Fig. 1b, 1d and 1f).
REFERENCES
1. S. Zhang, D. A. Genov, Y. Wang, M.Liu, and X. Zhang “Plasmon-induced transparency in metamaterials,”
Phys. Rev. Lett., vol. 101, no. 4, 047401, 2008.

2. B. Gallinet and O. J. F. Martin, “Refractive index sensing with subradiant modes: a framework to reduce
losses in plasmonic nanostructures,” ACS Nano, vol. 7, no. 8, 6978-6987, 2013.
3. B. Gallinet and O. J. F. Martin, “Influence of electromagnetic interactions on the line shape of plasmonic
Fano resonances,” ACS Nano, vol. 5, no. 11, 8999–9008, 2011.
4. V. A. Fedotov, M. Rose, S. L. Prosvirnin, N. Papasimakis, and N. I. Zheludev, “Sharp trapped-mode
resonances in planar metamaterials with a broken structural symmetry,” Phys. Rev. Lett., vol. 99, no. 14,
147401, 2007.
5. C. Forestiere, L. Dal Negro, and G. Miano, “Theory of coupled plasmon modes and Fano-like resonances in
subwavelength metal structures,” Phys. Rev. B, vol. 88, no. 15, 155411, 2013.
6. A. Lovera, B. Gallinet, P. Nordlander, and O. J. F. Martin, “Mechanisms of Fano resonances in coupled
plasmonic systems,” ACS Nano, vol. 7, no. 5, 4527-4536, 2013.
7. B. Hopkins, A. N. Poddubny, A. E. Miroshnichenko, and Y. S. Kivshar, “Revisiting the physics of Fano
resonances for nanoparticle oligomers,” Phys. Rev. A, vol. 88, no. 5, 053819, 2013.

Fig. 1. Incident field polarizations for the Z-shaped (a) and complementary Z-shaped resonator (b). The
geometrical dimensions are px = py = 6 mm, lx = 5.8 mm, ly = 5.7 mm, and w = 0.3 mm. Computed and measured
transmission coefficients under normal and oblique incidence for Z (c, e) and complementary Z (d, f)
respectively.
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LTM, CNRS, Université de Grenoble-Alpes, France
vincent.paillard@cemes.fr
2

Abstract— The interference between electric and magnetic resonance modes in high refractive
index dielectric nanostructures can be exploited to control the directionality of the light scattering. Usually, the directional Fano resonances occur either in spherical dielectric nanoparticles
or in coupled nanostructures such as silicon sphere dimers. We show both theoretically and
experimentally that directionality can be controlled in single silicon cylindrical nanowires, even
by exciting either pure electric ou pure magnetic resonances. The directionality can be further
tailored using asymmetric nanowires of rectangular cross section.

Recently, high refractive index nanostructures, such as silicon nanoparticles or nanowires, have
proven to o↵er very interesting optical properties thanks to optical Mie resonances. Theses resonances that can be of electric or magnetic nature can be tuned from the near UV to the near IR.
Applications are expected in field-enhanced spectroscopies, near field imaging, nonlinear optics or
improved photovoltaic devices. [1]
The coupling between electric and magnetic resonances also results in a strong directional scattering of light, which o↵ers new possibilities to design efficient optical nanoantennas. Evidence of
pure forward or backward scattering has been shown using semiconductor nanodisk or nanosphere
dimers, a phenomenon also associated with Fano resonances. [1, 2]
We show both theoretically and experimentally that directionality can also be controlled in single
silicon cylindrical nanowires, in a first step via the nanowire diameter. The polarization of the incident light (TE or TM) with respect to the nanowire axis adds another degree of freedom compared
to spheroidal nanostructures as pure TE or TM excitation allows to excite either pure electric or
pure magnetic modes, respectively. However, the interference between intense electric fields is still
possible in each case and arises from the coupling of either pure electric or pure magnetic modes
of di↵erent orders. The exception is the smallest nanowires supporting a single nondegenerate TM
mode, leading to omnidirectional scattering in that case. [3]
We finally investigate nanowires obtained by electron beam lithography of silicon on quartz substrates. We show that the forward over backward scattering ratio can be engineered as function
of the nanowire size and the asymmetry of its cross-section. Fano-like resonances arising for specific wavelengths and geometries can strongly modify the FW/BW scattering ratio compared to
nanowires with more symmetric cross sections.
In conclusion, we show that directional scattering of light by high refractive index nanowires can
be tuned as function of both shape and dimensions of the nanowire cross-section, and that it can
be controlled by the incident light polarization.
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Abstract— In this work, we introduce a full-retarded spectral technique to identify the interfering modes responsible for the peaks and the dips of the scattered power spectrum in spherical
nanoparticles. Moreover, we show that the interaction of non-orthogonal modes determines the
onset of Fano-like resonances. We also investigate the role played by the material properties in
enabling or preventing the interference e↵ects behind Fano-like resonances.

The past two decades have witnessed a rapid rise of interest in the resonant electromagnetic
scattering from metal and dielectric nanoparticles (NPs). In particular, asymmetric scattering
profiles, often referred to as Fano resonances [1], have been observed in metal nanostructures excited
by an electromagnetic field at optical frequencies. They generated large interest, particularly in
relation to optical sensors which, taking advantage of the sharp resonant lineshape, could potentially
o↵er a significant improvement in sensitivity.
However, despite many advancement in the understanding of NPs electromagnetic scattering,
several fundamental questions remain unanswered. First, the resonances in metal or dielectric NPs
of size comparable to the wavelength are currently found either experimentally or numerically by
exciting the NP with radiation of various frequencies and locating the peaks of the corresponding
scattered power spectra. However, this procedure is flawed and can be often misleading. Generally
speaking, a peak of the scattered power spectrum cannot be univocally associated to the action of a
unique resonant mode but may arise from the interplay of several modes. The correct identification
of the resonant modes is essential in the description of anomalous scattering behaviours such as
the appearance of asymmetric resonant line-shapes where interference phenomena play a key role.
Second, why silicon and metal NPs of comparable size exhibit deeply di↵erent resonant behaviours
in the visible spectral range? In particular, why asymmetric lineshapes in the total scattering
spectrum have been observed for Si spheres, but not for metal spheres? In this work, we tackle
these issues, introducing a general method to identify the modes responsible for the peaks and the
dips of the scattered power spectrum.
We recently introduced a spectral solution for the electric field ES scattered from a homogeneous
spherical particle of permittivity "r (!) [2]:
◆
X ✓ Apmnl (↵)
Bpmnl ( )
ES (r) = ("r 1)
Cpmnl (r) +
Cpmnl (r) ,
(1)
↵nl "r
"r
nl
pmnl

where the eigenvalues ↵nl ,
Ref. [2], and

nl

(↵)

(↵)

Apmnl =

X

pnml
(↵)

=

( )

and the corresponding eigenfunctions Cpmnl , Cpmnl are provided in
( )

hCpmnl , Ei i⌦
(↵)

(↵)

hCpmnl , Cpmnl i⌦

1 X
n X
1
X X

p2{e,o} n=1 m=0 l=1

,

,

Bpmnl =

hCpmnl , Ei i⌦

,
( )
( )
hCpmnl , Cpmnl i⌦
ZZZ
hA, BiV =
A · B dV.

(2)

(3)

V

( )

The modes Cpmnl are of electric type and the modes Cpmnl are of magnetic type. We have p 2 {e, o},
n 2 N, and 0  m  n. The number n is associated to the number of lobes of the mode amplitude at
any given radial distance. In particular, the modes with n = 1 are the dipolar modes, those with n =
2 are the quadrupolar modes, and so on. The mode number l 2 N gives the number of maxima of the
mode amplitude along the radial direction inside the sphere. We denote the electric and magnetic

Figure 1: Scattering efficiency sca of the Si spheres with R = 100nm as function of x = 2⇡R/ . Absolute
value of the coefficients anl and bnl as a function of x. The cone plot of some exemplificative modes is also
shown.

modes as fundamental when l = 1, and as higher order modes when l
2. In general, we have
( )
( 0)
hCpmnl Cp0 m0 n0 l0 i⌦ = 0, 8 ( , p, m, n, l) 6= ( 0 , p0 , m0 , n0 , l0 ), where , 0 2 {↵, }. Furthermore, due to
⇣
⌘⇤
( )
( 0)
the spherical symmetry, we also have h Cpmnl , Cp0 m0 n0 l0 i⌦ = 0, 8 ( , p, m, n) 6= ( 0 , p0 , m0 , n0 ).
In this work, we show that the only modes that can be resonantly excited in an isolated metal
sphere (Re {"r } < 0) are the modes with l = 1. These modes constitute an orthogonal set, this fact
prevents interference phenomena in the total scattered power. Vice versa, the modes that can be
resonantly excited in a dielectric sphere with Re {"r } > 0 are the magnetic modes and the higher
order electric modes (l 2). Some of these modes are non-orthogonal, enabling Fano-like resonance
phenomena.
Then we apply this approach to investigate the resonances of a silicon (Si) sphere with radius
R = 100nm and "r,Si = 16. The scattering efficiency sca of the sphere excited by a linearly
polarized plane wave is
X X
X
2
2
2
anl +
bnl ,
(4)
sca = x
n

l

l

1

where x = 2⇡R/ , is the wavelength, anl = (↵nl "r ) Ãnl and bnl = ( nl "r ) 1 B̃nl . The
coefficients Ãnl , B̃nl do not depend on "r ; they vary linearly on Ei , and very slowly on x. Their
expression can be found in Ref. [2].
We plot in Fig. 1 (a) sca , and in Fig. 1 (b) the magnitude of the coefficients anl and bnl ,
corresponding to the contribution of the specific modes. All peaks but one can be attributed to
the dominant contribution of a single mode. In particular, the first peak from the left is due
( )
( )
(↵)
( )
to Co111 , the third one to Co121 , the fourth one to Ce122 , and the fifth one to Co131 . Instead,
(↵)
(↵)
the second peak arises at x = 1.02 from the interplay between Ce111 and Ce112 , as suggested
by Fig. 1 (b). In addition, the destructive interference between these two modes, which are not
orthogonal, is responsible for the scattering dip enclosed by peaks 2 and 3 at x = 1.076, and of the
corresponding asymmetry of sca . In correspondence of this dip the values of the coefficients are
a11 = 0.78 0.95i and a12 = 0.063 + 1.83i. It is worth to note that, although the scattering dip is
( )
in the close proximity of the third peak, the magnetic dipole Co121 cannot be held responsible for
(↵)
(↵)
it, because it is orthogonal to both Ce111 and Ce112 , and interference cannot take place.
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Abstract-Strongly coupled plasmonic nano-architectures are ideal systems for promoting Fano
resonance excitation. Here we analyze, both theoretically and experimentally, different trimer
configurations supporting, respectively, electric and magnetic Fano modes. In particular, by
controlling the dark-mode spectral position and the localized surface plasmon resonance retardation
(de-phasing), we were able to clarify the role that these two parameters play in the super- and
sub-radiant mode hybridization.
Over the last few years, controlling subwavelength-scale light matter interaction has become an essential
focus in nanophotonics. The great field enhancements and highly localized hot-spots associated to plasmonic
nanoassemblies have enabled wide applications in the field of near-field microscopy, surface enhanced
spectroscopy and biosensing [1]. While electric field manipulation at subwavelength regime constitutes the
state-of-the-art in plasmonics [2], handling of the magnetic fields at optical frequencies is still at an embryonic
stage. Recently, this study has grown in interest within the context of plasmonic Fano resonances [3], exploiting
circulating current configurations in resonance condition [4] via properly tailored plasmonic nano-architectures.
Fano resonances are a general phenomenon occurring, for example, through the coupling between a
super-radiant ‘’bright’’ mode and a sub-radiant ‘’dark’’ mode, together with an intrinsic de-phasing among
localized surface plasmons (LSPs) [5]. Here, we would like to consider two different trimer architectures in
which we could control respectively the dark resonance position and the LSPs retardation, thus clarifying the
role that these two parameters play in the super- and sub-radiant mode hybridization. In particular, we will
introduce T-shape nanoantennas (see Figure 1a), where the excitation of the horizontal single nanostructure can
induce out-of-phase charge oscillation into the vertical dimer and the consequent formation of a dark mode. A
direct result of the spectral overlapping between super- and sub-radiant modes consists in the generation of
resonant hot-spots inside the inter-particle gap regions. Indeed, if we consider the distribution of the electric field
enhancement in correspondence of the Fano condition, we can recognize two identical “electric” hot-spots inside
the 10 nm inter-particle separations (see Figure 1a, inset).
The case is totally different if we want to generate intense and localized “magnetic” hot-spots under Fano
resonance conditions. Dedicated plasmonic devices able to support close circulating current modes instead of
linearly oscillating plasmons are required. A possible strategy consists in replacing the horizontal antenna
(Figure 1a, inset) employed in T-shape configuration with a nanodisk structure. The resulting layout is
schematically shown in Figure 1b. In Fano resonance condition the plasmonic currents, initially in phase (see
Figure 1b,d), undergo a re-arrangement, thus producing a Coil-like plasmonic mode (Figure 1c) and the

consequent formation of a magnetic hot-spot. This transition has been experimentally confirmed by optical
characterizing ad-hoc fabricated plasmonic structures. The spectral results are summarized in Figure 1f. The
magnetic character of the Fano resonance is clarified by the near-field analysis inside the trimer gap region, as
illustrated in Figure 1e where a clear magnetic field enhancement can be recognized. In conclusion, plasmonic
Fano resonances represent a key-element in nano-photonics, thanks to their local field enhancement and far-field
spectral selectivity (see Figure 1). Furthermore, interesting scenarios can be envisioned in the field of “artificial
magnetism” where Fano coil-like resonances could play a prominent role for the local manipulation of the
magnetic properties of matter, especially in frequency ranges where the saturation of the magnetic response
strongly hinders resonant phenomena [4-5].

Figure 1: (a) Extinction efficiency spectrum of T-shape trimer with antenna length = 210 nm. The inset shows a
2D plot of the electric field enhancement distribution in correspondence of the Fano resonance. (b, d) Simulated
charge current density (JE) and electric field enhancement distributions associated to the “electric” configuration.
(d, e) Respectively simulated charge current density (JH) and magnetic field enhancement distributions
associated to the Coil-like condition. (f) Measured extinction efficiency spectra of trimer arrays supporting
in-phase (black line) and out-of-phase (purple line) plasmonic oscillations.
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Abstract— A novel complete set of the Hilbert space of open quantum systems is introduced.
The complete set contains all possible states with discrete eigenvalues, including the resonant,
anti-resonant, bound and anti-bound states. The Fano resonance is microscopically explained in
terms of the interference between discrete eigenstates.

We consider here open quantum systems given by the tight-binding model, typically represented
by the T-shaped quantum dot. We first introduce a novel complete set of the Hilbert space of open
quantum systems [1, 2, 3]. The complete set consists of all possible discrete eigenstates, namely
the resonant, anti-resonant, bound and anti-bound states.
We next break down the transmission coefficient into the summation of the discrete eigenstates.
It reveals that the asymmetric Fano resonance is caused by interference between two discrete
eigenstates. More precisely, we classify the Fano resonance into the following three categories: (i)
the interference between a resonant state and an anti-resonant state; (ii) the interference between a
resonant-state pair (a resonant state and the corresponding anti-resonant state) and a bound state;
(iii) the interference between a resonant-state pair and another resonant-state pair. We thereby
give a microscopic description of the Fano asymmetric parameter, which was originally introduced
only phenomenologically. One of the expressions indicates that the corresponding Fano parameter
becomes complex under an external magnetic field.
In summary, we explain the Fano asymmetry microscopically from the perspective of the resonant state of open quantum systems.
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Abstract
We analytically study the spontaneous emission of an
optical emitter in the vicinity of a plasmonic nanoshell [1].
Based on classical electrodynamics, we show that the fluorescence enhancement can be tuned by the aspect ratio
of the coated nanosphere and the distance between optical
emitter and spherical surface. In particular, we show that
both the enhancement and quenching of the fluorescence
are associated with plasmonic Fano resonances induced by
near-field interactions.

1. Introduction
With the advent of nanoplasmonics and metamaterials, the
Fano interference has become an essential tool for tailoring
and controlling light-matter interaction at the nanoscale [2,
3, 4]. In plasmonic systems, the Fano effect can appear due
to the interaction of a localized plasmon resonance with a
broad Mie scattering resonance [2].
Here, we study the impact of a Fano resonance of a plasmonic nanoshell on an optical dipole emitter in its vicinity [1]. It is well-known that using the first-order perturbation theory, one can formally calculate from quantum
electrodynamics the variation on linewidth and energy level
shift of a single atom due to the environment (boundary
conditions) [5]. In the weak-coupling regime, the spontaneous emission of an atom follows Fermi’s golden rule, in
which the atom decays exponentially. A remarkable feature
of this approximation is that the emission rate of an atom in
the vicinity of a body (normalized by the spontaneous emission rate in vacuum), / 0 , can be calculated in the framework of classical electrodynamics [5, 6]. Indeed, by taking
the total power emitted by a classical dipole in the vicinity
of a body (normalized by the power emitted in vacuum),
P/P0 , one can demonstrate that P/P0 = / 0 [6].
Bearing this equivalence in mind, let us consider a
coated nanosphere of inner radius a = 50 nm and outer radius b = 70 nm embedded in the vacuum. The nanosphere
has a lossless dielectric core with refractive index n1 = 3.5
and a dispersive silver shell with a realistic refractive index
n2 = nAg (!) [7]. Now, consider that this sphere interacts
with a single optical emitter located at r0 = b + r (the
spherical coordinate system has its origin at the center of
the sphere) with dipole moment d0 and transition frequency
!0 . The spontaneous decay rate of an electric dipole oscil-

lating orthogonally to the spherical surface reads [1, 5]
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where ⇠` is the Riccati-Henkel function of first kind, and a`
and b` are the well-known TE and TM Lorenz-Mie coefficients [8], respectively. The expression for a dipole oscillating tangentially to the spherical surface is analogous [5].
It is worth mentioning that coated spheres can exhibit Fano
resonances in the total scattering cross section (/ |a` |2 )
and these resonances can be analysed via the Lorenz-Mie
coefficient a` [9, 10, 11, 12, 13].
The fluorescence enhancement factor, Fd0 , is defined as
the ratio between the observed emission intensities in the
presence and in the absence of the sphere in the vicinity of
the optical emitter [14]:
0
Fd!00 (r0 , !) = Gd0 (r0 , !)Q!
d0 (r0 ),

(3)

where the quantities Gd0 = |d0 · (Ein + Esca )|2 /|d0 · Ein |2
rad
rad
nrad
0
and Q!
d0 = d0 /( d0 + d0 ) are the intensity enhancement factor (which depends on !, the excitation frequency)
and the quantum efficiency (which depends on !0 , the transition frequency), respectively, with Ein (!) and Esca (!)
being the incoming and scattered electric fields [1].

2. Results and discussion
In Figs. 1(a) and 1(b), we plot the fluorescence enhancement response as a function of the excitation wavelength.
Note that the F|| profile changes continuously from a
Lorentzian lineshape ( r = 5 nm) to a Fano lineshape as
we increase r, whereas F? remains a Fano lineshape profile from the beginning to the end. This change in F|| behavior seems to occur around r = 20 nm and r = 30 nm,
which is a local minimum region for the quantum efficiency
Q|| (see Ref. [1]). Furthermore, being a Fano lineshape described by fq (✏) = (q + ✏)2 /(1 + ✏2 ), where q is the Fano
asymmetry parameter, the Fano profiles obtained in the insets of Figs. 1(a) and 1(b) have asymmetry parameters with
different sign, namely q? ⇡ 2.2 and q|| ⇡ 2.9.

the maximum scattering cross section or the Fano resonance. More details can be found in Ref. [1].
Here, the Lorentzian lineshape in F|| ( ) in the nearfield that changes into a Fano lineshape in the far-field is a
consequence of the (dielectric) core-shell (metal) geometry.
||
Physically, the atomic dipole moment d0 induces an oppositely directed dipole moment on the plasmonic nanoshell
surface, with almost the same amplitude. This interaction cancels out the broad dipole mode at the surrounding medium/plasmonic shell interface, but does not cancel
out the narrow dipole mode at the plasmonic shell/dielectric
core interface. As the distance between the dipole and the
nanoshell becomes greater, the influence of the broad dipole
mode in the fluorescence enhancement increases. From
the experimental point of view, this result can be applied
to control both the enhancement and quenching of the fluorescence response of quantum emitters in the vicinity of
plasmonic nanoshells.

3. Conclusion
We have investigated the fluorescence enhancement of
an optical emitter in the vicinity of a plasmonic silver
nanoshell in the weak-coupling regime. We have demonstrated that a Fano resonance in the total scattering cross
section leads to a Fano lineshape response in the fluorescence enhancement as a function of the distance between
dipole and sphere. For an optical emitter with dipole moment oriented tangentially to the spherical surface, we have
obtained a symmetric Lorentzian lineshape response in the
near-field for the fluorescence enhancement. These results
may have interesting applications for fluorescence enhancement and/or quenching of optical dipole emitters near plasmonic nanoshells.

Figure 1: Fluorescence enhancement response associated with an optical emitter (transition wavelength 0 =
780 nm) in the vicinity of a silver nanoshell. The inner
sphere has refractive index n1 = 3.5 and radius a = 50 nm,
whereas the silver nanoshell has radius b = 70 nm. (a) The
plot shows the Lorentzian lineshape of F|| for r = 5 nm
(maximum enhancement). The inset shows a Fano lineshape for r = 25 nm with negative asymmetry parameter
q|| = 2.9. (b) The plot shows the Fano lineshape of F?
for r = 5 nm (maximum enhancement). The inset shows
a Fano lineshape for r = 25 nm with positive asymmetry
parameter q? = 2.2.
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The sign difference between q? and q|| and the transition between Lorentzian and Fano lineshapes appear in association with a singular point in the near-field energy flow
induced by the Fano effect [3, 15]. For ` = 1, which is
the dominant scattering channel for kb < 1, we obtain after some algebra [1] the Fano asymmetry parameters of the
fluorescence enhancement curves:
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Abstract— Generalizing Hermitian topological phases and edge modes to non-Hermitian systems is a pressing open problem. We study edge modes of a non-Hermitian two dimensional
Dirac equation, characterizing its three distinct types of edge modes by two topological winding
numbers: the Berry phase and a “non-Hermitian charge” carried by non-Hermitian degeneracies
of the bulk spectrum. This provides an important step towards a complete topological description
of non-Hermitian quantum systems and may be realized in PT-symmetric honeycomb lattices.

The topological properties and classification of Hermitian quantum Hamiltonians has been thoroughly studied in the past decade. Gapped periodic media can be characterized by quantized
topological invariants that can only change by tuning the system through a topological phase transition, i.e. a spectral degeneracy. Boundaries between topologically distinct systems host edge
modes that cannot be removed without closing the bulk band gap. These “protected” edge modes
have potential photonic applications as disorder-robust non-reciprocal waveguides [1].
The generalization of these concepts to non-Hermitian systems is comparatively less well understood, despite the enormous recent interest in non-Hermitian wave eﬀects such as parity-time
(PT ) symmetry [2], occurring in photonic systems with spatially structured gain and loss. NonHermitian wave systems exhibit distinct exceptional point (EP) spectral degeneracies which form
branch points where the Hamiltonian becomes non-diagonalizable. A natural question is whether
these EPs can be associated with non-Hermitian topological invariants and protected edge states,
and how they relate to Hermitian topological phases. Under weak gain or loss Hermitian topological edge modes can retain some of their original characteristics [3, 4], but stronger non-Hermiticity
combined with a chiral or sublattice symmetry results in EPs and new “anomalous” edge modes
qualitatively diﬀerent from the Hermitian limit, embedded in a gapless spectrum [5, 6].
We study a continuum model of two-dimensional non-Hermitian topological edge modes analogous to the Hermitian Dirac equation [7],
!
"
kx − isky
m
Ĥ =
≡ (kx − isky ) σ̂z + mσ̂x
(1)
m
−kx + isky
parametrized by the momentum (kx , ky ), the “Dirac mass” m, and the “non-Hermitian charge”
s, which determines the sign of the non-Hermitian part of Ĥ. This Hamiltonian has the chiral
symmetry {Ĥ, σ̂y } = 0 and PT symmetry (T is complex conjugation and P is an
# x reflection), and
can hence have real energy eigenvalues Ĥψ = λψ. The bulk spectrum λ = ± (kx − isky )2 + m2
(real part plotted in Fig. 1(a)) hosts EPs when λ = 0.
Interfaces between domains with diﬀerent (m, s) host localized zero energy (λ = 0) edge modes
with parametric regions of existence determined by the EPs of the bulk spectrum. We consider
in Fig. 1(b,c) an interface in the x direction and find that the edge modes form three classes:
“Hermitian-like”, “non-Hermitian”, and “mixed”, distinguished by two topological winding numbers (w1 , w2 ) associated with each EP. w1 is the non-Hermitian generalization of the Berry phase,
while w2 characterizes the chirality of energy eigenvalues in the vicinity of the EP. We find that
the diﬀerence in these two bulk winding numbers across the interface, (∆w1 , ∆w2 ), completely
characterizes the edge modes. For example the “mixed” edge modes only occur when ∆w2 = − 12
and resemble the “anomalous” edge modes found in Ref. [6].
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Figure 1: (a) Real part of the bulk spectrum of Eq. (1), hosting two non-Hermitian degeneracies (EPs)
separating gapped and gapless regions. (b) Topological edge modes are hosted by interfaces between media
with diﬀerent masses m and non-Hermitian charges s. (c) Phase diagram of edge modes as a function
of ky and relative masses, for media with opposite non-Hermitian charges s1 = −s2 = 1. Red, purple,
and blue regions indicate existence regions of “Hermitian-like”, “mixed” and “non-Hermitian” edge modes
respectively. Numbers in brackets denote the diﬀerences in winding numbers (∆w1 , ∆w2 ) across the interface.
(d) Possible realization of the model Eq. (1) using a honeycomb lattice of ring resonators with gain (red) and
loss (blue) in link rings, with unit cell and lattice vectors indicated by dashed and solid lines respectively.

A possible lattice realization of the eﬀective Hamiltonian Eq. (1) is the 2D photonic ring resonator lattice shown in Fig. 1(d). The required non-Hermitian coupling may be implemented by
embedding PT -symmetric gain and loss into the non-resonant link rings. We confirm the existence of zero energy edge modes in this model through diagonalization of the corresponding tight
binding Hamiltonian [7]. We therefore anticipate that the zero energy edge modes captured by our
continuum model may be observable in a wide variety of non-Hermitian wave systems.
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Abstract-We introduce the manipulation of optical polarizations in non-Hermitian potentials,
applying the Lorentz-force picture defined by effective material parameters. From the analogy with
relativistic E×B drift in electrodynamics, the collective evolution of the states of polarization to the
designer pole is demonstrated on the Poincaré sphere. We will also introduce the criteria for the
metamaterial realization toward the E×B drift analogy.
Parity-Time (PT) symmetry [1] has opened a pathway toward the unidirectional transition of optical states
[2], due to nonorthogonal eigenmodes which also have strong spatiospectral asymmetry. In this talk, we
introduce the interpretation of PT symmetry based on the analogy between electrodynamics and classical
Maxwell’s equations [3], in terms of Lorentz-force picture founded by effective material parameters.
Figure 1a represents the effective Lorentz-force exerted on the state of polarization (SOP) on the Poincaré
sphere. The effective electric and magnetic fields are determined by the material parameters of permittivity,
permeability, and optical chirality. It is noted that the resulting evolution of the SOP at the exceptional point of
PT-symmetric potentials (Fig. 1b) is analogous to the relativistic behavior of the particle (Fig. 1c) driven by
electromagnetic fields at |E| = |B| [4].

Figure 1. (a) Effective Lorentz force on the SOPs on the Poincaré sphere. (b,c) The analogy between (b) classical
polarization evolutions in non-Hermitian optical potentials at the exceptional point, and (c) relativistic particle
dynamics driven by E×B drift at |E| = |B|. (d) Polarization black hole dynamics to the singularity at the
exceptional point in the polarization domain.

To implement the |E| = |B| Lorentz force exerted on the SOP, artificial material realization is necessary to
achieve the desired anisotropic complex parameters. Figure 2a,b represents the criteria for the metamaterial
design [5], deriving the strong chiral conversion which corresponds to the collective flow of particles by the E×B
drift at |E| = |B|. In the talk, we will also discuss the singularity at the linear polarization, having the directionality
from optical chirality.

Figure 2. Criteria for the metamaterial design: (a) required permittivity spectrum for each polarization meta-atom.
(b) Polarization meta-molecule for the analogy of the E×B polarization drift. Modal chirality of the designed
metamaterial (c) in spectral domain and (d) for the tuning of design parameter.
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Abstract-We predict the self-collimation phenomena (or equivalently, dynamical localization) in
2-dimensional P-symmetric and PT-symmetric complex potentials, with periodic modulations of
both gain/loss and refractive index. Non diffractive propagation is analytically predicted and further
confirmed by numerical integration of a paraxial model. The parameter space is explored to identify
the self-collimation regime in crystals with different complex symmetries.
Artificial structured materials provide the ability to tailor the diffraction of propagating beams leading to the
self-collimation phenomena (quantum mechanical analog of the dynamical localization, occurring in modulated
lattices); and effect accounted by the appearance of flat segments in the dispersion curves of propagating modes.
First predicted in Photonic Crystals (PhCs)1,2,3, the effect was latter shown that also Gain and Loss Materials
(GLM) modulated in the wavelength scale 4,5. However, is both cases, either due to the unavoidable presence of
losses in PhCs or to the anisotropy of gain in GLM, the absence of diffraction is generally accompanied by
diffusive broadening. Yet complex materials allow the independent management of diffraction and diffusion of
light beams, by independently modulating refractive index and gain/loss, representing therefore an ideal platform
for beam tailoring.
In the present work we demonstrate self-collimation in 2-dimensional (2D) Parity (P) symmetric and Parity
Time (PT) symmetric complex crystals (where index and gain/loss modulations are either in phase/counter-phase
or de-phased a quarter of the wavelength of the modulation7). In this later case, we consider PT-symmetry
eitherthe transverse (or longitudinal) direction and simultaneously in both transverse and longitudinal directions,
see Fig.1.

Figure 1. Self-collimation in 2D complex crystals. The first/second rows display a schematic representation of
the real/imaginary modulations of the optical potential, and the third merges both modulations where the inset
indicates the coupling provided by the reciprocal lattice vectors ⎯ symmetric in (a) and asymmetric in (b) and

(c)⎯. The forth row depicts the dispersion for the specific geometries and modulations amplitudes supporting
self-collimation and the firth shows the corresponding numerical simulation of non diffractive light beam
propagation within the corresponding crystal: (a) P-symmetric 2D lattice; (b) PT-symmetric lattice in the
transverse, x, direction, while P-symmetric in z; (c) PT-symmetric lattice both in x and z. The yellow curves in the
fifth row of a) and b) denote propagation of the considered beam in an homogeneous medium and are displayed
for comparison.
The characteristics required for the suppression of diffraction, specific geometries and relative amplitudes of
the gain/loss and index modulations, are analytically explored by a coupled mode analysis (some examples of
flat dispersion bands supported for specific complex lattices are displayed in the third column of Fig.1, forth
column)
For the case of P-symmetric complex crystals we find regimes of simultaneous suppression of diffusion and
diffraction, self-collimated narrow light beams propagate without any distortion while being amplified, see Fig.
1a (since the amplitude of the beam is amplified, is here depicted renormalized at each propagation step).
Besides, self-collimation is found either for collinear and non-collinear propagation in such complex crystals.
PT-symmetric lattices also offer the possibility to suppress diffraction. We analytically explore the
characteristics of the spatial modulations required for the suppression of diffraction, for situations ranging from
the pure PhC limit (system displaying real eigenvalues as for Figs. 1b,1c) to the pure GLM limit, that is to say, at
either sides of the PT-transition exceptional point. Non-diffractive beams in GLM-like systems always
experience self-broadening due to intrinsic diffusion. We analytically determine the self-collimation regimes for
PT-symmetry in the transverse (Fig. 1b), longitudinal (found to be almost equivalent to the transverse one,
except for the symmetric /asymmetric energy distribution among modes) and simultaneously in both directions
(Fig. 1c). The analytical predictions are further confirmed by numerical simulations performed in paraxial
approximation, finding a good agreement (see the last column of Fig. 1).
Finally, we analyze the beam dynamics in such regimes, in particular how the PT-symmetric potentials
determine the energy distribution between spatial modes of the self-collimated beams either by the symmetric
and or the asymmetric mode coupling. We show how complex lattices open the way to control the energy
distribution among spatial modes. The predicted self-collimation effect in complex lattices may be useful to
shape the beam profile in integrated optics or optical devices.
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Abstract- We propose a universal integral relation (a generalized Hilbert transform) relating the
real and imaginary parts of the complex permittivity function of an object, which can provide
invisibility with respect to particular range of directions, and for particular frequency ranges, i.e. on
a specific demand. We demonstrate such invisibility by finite-difference-time-domain numerical
calculations.

The Kramers-Kronig relation (or more generally the Hilbert transform) in spectrum is related to causality in
time. Yet temporal causality implies “invisibility of the future”. Analogously, the spatial Kramers-Kronig
relation in space [1] can be related with unidirectional invisibility (disappearance of reflections) for waves
propagating from a particular direction, either from the left or from the right.
We derive a general procedure to generate the invisibility on demand in two- or three dimensional space, i.e.
we propose the modification of the complex permittivity or equivalently the complex refractive index in such a
way, that it prevents the scattering of waves (wave reflections) in particular directions ranges and in particular
frequency ranges. Such invisibility on demand is respectively less demanding than the conventional
Kramers-Kronig relation providing a full unidirectional invisibility.
The procedure, shortly speaking, is the following: starting from the demanded invisibility area in
wavenumber domain, and θ(k) (where k is a vector in the two-dimensional space k=(kx,ky)) one generates its
Fourier image θ(r) which serves as a kernel for a generalized Hilbert transform for complex refraction index:
n1(r)=n0(r)-∫n0(r1)θ(r-r1)dr1. This integral relation (generalized Hilbert transform) allows to modify the
refraction index profile of the object from n0(r) to n1(r), and the object thus becomes invisible for reflections
with respect to the demanded invisibility function θ(k).
The specific details of the generalized Hilbert transform will be provided [2]. Here we just present
finite-difference-time-domain numerical simulations which prove correctness of such transform. Fig.1. shows a
complex object (a figure of glass, described by a given real valued refraction index profile), which is visible for
reflections, as it scatters incident waves generated at a point source (see Fig.1.a). However when the refraction
index is modified according to the above proposed generalized Hilbert transform, the reflections vanish in a
particular range of directions (see Fig.2.b), while reflections to other directions remain unaffected (see Fig.1.c).
The proposed transform allows to build the objects with given invisibility geometry from the very beginning,
or alternatively to modify the refraction index of the given objects to create the invisibility on demand.
Moreover, it is also possible to follow an iterative procedure based on a chain of generalized Hilbert
transforms to provide the invisibility on demand under additional restrictions, for instance restricting allowed

refraction index ranges. In particular it is possible to build the invisible object under the restriction that the
refraction index of modified object everywhere remains in a “normal” range nRe(r)>1, and that the imaginary
parts of the refraction index remains everywhere positive nIm(r)>0 (i.e. contains only losses, and no gain).
In the presentation we will provide different cases with invisibility shapes resulting in analytic forms of
invisibility kernel; with invisibility shapes ensuring the minimum “expenses” of embedding to achieve
invisibility; with invisibility shapes with “smooth” boundaries. We will demonstrate the effect on different
complicated objects (the Fig.1. just proves the principles of the idea on a very simple object).

Fig.1 Invisibility on demand: a) the visible object (in this case a pieces of glass), scatters the incoming waves
from point source. Back-reflections are evident from the fringed structure between the source and the object.
Invisibility is created for particular reflection angles (limited by the dashed lines). b) When the source is within
the invisibility area, then back-reflections vanish (since fringes disappear). c) When the source illuminates from
some “wrong” angles back-reflections remain unaffected.
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PT symmetry and pseudo-unitarity of nonunitrary quantum walks
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Abstract-We study PT symmetry of the nonunitary quantum walks whose parameters depend on
position and time. At first, we clarify that correlations of parameters in spatial and time directions
are necessary to preserve PT symmetry. Then, we numerically show that the system can have
entirely real spectra even when parameters of coin operators are spatially random and PT symmetry
is broken. This implies that the system possesses pseudo-unitarity.
Recently, many interesting phenomena have been observed in PT symmetric non-Hermitian systems. However,
most experimental systems have only a small number of elements, due to difficulty in controlling gain and loss
effects. In contrast, quantum walks can overcome this difficulty. Quantum walks recently attract attentions as a
versatile platform for quantum computations and quantum simulations. Quantum walks describe quantum
dynamics of particles (walkers) with several internal states by a time-evolution operator, which is composed of
coin operators, shift operators, and so on. The coin operator varies the internal states of walkers, and the shift
operator changes the positions of walkers depending on the internal states. Quantum dynamics is described by
acting the time-evolution operator to a quantum state at each time step.
In 2012, a quantum walk built by optical fiber loops was experimentally implemented, in which highly tunable
gain and loss effects are included with additional optical amplifiers [1]. Effects of gain and loss make the
time-evolution operator nonunitary, which means the effective Hamiltonian is non-Hermitian. It is known that,
in certain parameter regions, the system has entirely real quasienergy.
In the present work, we explicitly show that the reality of quasienergy obtained in Ref [1] stems from PT
symmetry [2]. We find that parameters of operators must have correlations not only in spatial direction but also
in time direction in order to preserve PT symmetry of the time-evolution operator. Nevertheless, we numerically
show that the system can have entirely real quasienergy, in the case parameters of the coin operators are random
over the position space and the time-evolution operator does not hold PT symmetry in the explicit sense. This
suggests that reality of quasienergy is guaranteed by pseudo-unitarity.
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Abstract— We propose a fiber laser composed of coupled ring cavities with gain and loss,
featuring parity-time transition between symmetry-broken single-mode and bistable symmetric
regimes, controllable by static phase shifters without active modulation.

The concept of parity-time (PT) symmetry in optics attracts great deal of attention. Recently,
a parity-time symmetry-breaking microring laser has been experimentally demonstrated [1, 2]. The
latter paper considered two coupled microrings, one ring with losses and another one with gain.
A single-mode operation in an initially multi-mode system was achieved through stronger mode
discrimination close to a PT-symmetry breaking transition. Further on, a single transverse mode
operation in a system of coupled microring lasers was demonstrated near the exceptional point [3].
In a pair of coupled microdisk quantum cascade lasers, the reversal of generated power dependence
was identified in the vicinity of exceptional points [4]. Further on, a realization of the PT symmetry
based mode-locking has been theoretically proposed [5], and PT fiber cavity laser was developed [6].

Figure 1: (a) Schematic of the PT-symmetric fiber ring, composed of two cross-coupled fiber cavities with
gain and loss. (b) Parameter regions of broken and unbroken PT-symmetry, (c,d) Laser dynamics converging
to one of two bistable states in PT-symmetric regime [parameters correspond to a point indicted by arrow
in plot (b)] depending on the initial excitation, having (c) di↵erent phases but (d) identical intensity profiles
in gain/loss regions.

In this work, we propose a design of PT-symmetric fiber ring laser. The scheme comprises two
cross-coupled fiber cavities of the same length, as shown schematically in Fig. 1(a). The cavities
are coupled via a set of two fiber 50:50 couplers with incorporated adjustable phase shifts ('1 ,
'2 ) between them. In the case of zero phase shifts, the ring cavities are uncoupled, then the
active cavity acts as a conventional ring fiber laser under appropriate pumping (operating via

Raman gain for example), while the second acts as a passive unpumped fiber cavity. We predict
that by changing the phase shift di↵erence, one can switch between PT-symmetric and PT-broken
generation regimes.
To describe the system, we use the simplest discrete model governing the evolution of the field
amplitudes in both fiber cavities at successive cavity round-trips. Field evolution on a cavity roundtrip is modeled via multiplication by a product of matrices corresponding to the discrete cavity
elements starting at the middle of gain / loss sections:
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where g2 < 0 is a constant loss coefficient and g1 > 0 characterizes gain.
We establish that the round-trip operator L possesses PT symmetry if gain and loss are balanced, g1 = g2 . The parity operator P swaps the two fibers, which interchanges the gain and
phase coefficients: g1 $ g2 , '1 $ '2 . The time-reversal operator T performs complex conjugation and also swaps the propagation direction, which is expressed as TL = (L 1 )⇤ T. Then, it
can be checked that the PT symmetry is satisfied as PTL = LPT. The optical cavity modes
possess PT symmetry if the phase di↵erence exceeds a critical value, | '| > 'P T , where
exp( g2 ) = [1 + | sin( 'P T /2)|] cos 1 ( 'P T /2) and ' = '1 '2 . Conversely, PT-broken modes
are present for | '| < 'P T . It is remarkable that PT symmetry arises for a broad range of phase
shifts. Importantly, cross over coupling as described by the second matrix in Eq. (1) facilitates PT
symmetry with static elements, whereas active modulation was required in previous realizations of
mesh lattices [7].
We model the onset of lasing by considering saturable gain as g1 = g0 /(1 + P1 ) gh , where P1
is the normalized power at the input of the gain element at the current round-trip. The model
assumes that amplifier introduces gh loss at high power limit, whereas its amplification of weak
field is (g0 gh ). In numerical simulations, we assign gh = 1 dB=10 0.05 . We find that in the
PT-symmetric regime with | '| > 'P T and for g0 gh + g2 > 0, the laser selects a stationary
generation power level such that the saturated gain balances total optical losses, and condition
g1 = g2 is satisfied, see take regions marked ‘PT’ in Fig. 1(b). Interestingly, optical bistability
appears in this regime, i.e. the laser can generate one of two stable modes. In contrast, for
the phase di↵erence below a threshold, a PT-broken regime is realized, where only single lasing
mode is supported, associated with a stronger light concentration in the fiber cavity with a gain.
Accordingly, such PT-broken mode has a lower lasing threshold, see a central shaded region marked
’PT broken’ in Fig. 1(b).
In laser experiments, the most direct way to characterize the PT-transition is to measure generation dynamics in both active and passive fiber cavities. We show the relative phase and intensities
in the middle of gain and loss sections after each round-trip in Figs. 1(c) and (d), respectively. The
parameters are chosen within a PT-symmetric region, and we show the evolution for two di↵erent
initial conditions with blue and green coloured lines. We observe that for all initial conditions,
the intensity ratio converges to unity [Fig. 1(d)], according to PT symmetry property of the lasing
mode. However, stationary modes with two di↵erent phase structures can emerge [Fig. 1(c)], which
illustrates bistable laser operation.
This work was supported by the Russian Science Foundation (16-12-10402) and the Australian
Research Council (DP160100619).
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Abstract— We theoretically study Floquet topological phases of PT symmetric non-unitary
quantum walks. Especially, by considering feasibility of experiments, we focus on passive Hadamard
quantum walks which have eﬀects of only losses and whose coin operators are described by
Hadamard matrices. We clarify Floquet topological phases of this quantum walk and find that
after compensating the loss eﬀect, the corrected probability corresponding to edge states exponentially increases with time due to PT symmetry breaking.

A quantum walk, that is, a synthetic quantum system mainly implemented by photonic systems, whose dynamics is described by a time-evolution operator, provides potential applications
for quantum computing and information. It is further interesting that the quantum walk possesses
novel topological phases akin to those of Floquet topological insulators, which are topological insulators driven by a time-periodic field[1,2]. Recently, a one-dimensional quantum walk dynamics
associated with gain and loss is experimentally implemented by optical fiber loops [3]. The experiment shows that the energy of the system is kept to be real as a manifestation of PT symmetry
(combined parity and time- reversal symmetry) in spite of the open quantum system. In the previous work, motivated by the above experiment, we theoretically studied Floquet topological phases
driven by the PT symmetric non-unitary time evolution. We have found the presence of combined
parity and chiral symmetry, in addition to PT symmetry[4]. The presence of these symmetries
allows us to study Floquet topological phases in open quantum systems by using a procedure for
ordinal quantum walks belonging to class BDI[5]. We have confirmed that the number of edge
states originating from Floquet topological phases and topological numbers satisfy the bulk-edge
correspondence, while a modification due to the imaginary energy is required due to breaking of
PT symmetry.
In the present work, we extend this work to passive Hadamard quantum walks which have
eﬀects of only losses and whose coin operators are described by Hadamard matrices. This setup
can be easily realized by using bulk optics. We find that, after proper treatments of the eﬀect
of losses, the fundamentally same Floquet topological phase is defined for the passive Hadamard
quantum walks. We also show that, by considering the connection between the passive quantum
walk and quantum walks with gain and loss, a corrected probability corresponding to edge states
exponentially increases with time because only edge states break PT symmetry. This provides a
way to observe eﬀectively high probabilities originating from edge states in actual experimental
setups even in quantum regime.
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Abstract— A parameteric PT-coupler in which the PT-symmetry is satisfied both in transverse
and longitudinal directions is presented in this summary paper. The stability of this structure
resembles that of parametric amplifiers, such that the stability of the system not only depends
on the gain/loss but also on the parametric parameter. This structure exhibits unique behaviour
such as thresholdless lasing and stability re-emergence.

In photonics, an ideal PT-symmetric system translates to an optical structure with a judicious
profile of complex refractive index that requires the combination of both gain and loss [1–5]. PTsymmetric photonic structures can have purely real spectra, i.e. zero net-power amplification or
dissipation, despite having both gain and loss in the system. However, there exists an exceptional
point defined by certain system parameters for which the PT-system undergoes a spontaneous
PT-symmetry breaking. Above this point the eigenfrequencies become complex and power grows
exponentially. In [1–5], we have studied the spectral properties and the dynamics of various PTsymmetric structures, and also demonstrated interesting properties of PT-photonic structures such
as loss-induced invisibility and laser generation that e↵ectively reverses the e↵ect of loss at threshold
[1–5].
In the context of PT-waveguide structures, most of the studies on PT-symmetry have been
limited to systems in one-dimension, in which the PT-symmetry is satisfied either transversely (in
a PT-waveguide array) or longitudinally (in a PT-grating). In this summary paper, we consider PTwaveguide arrays (see Fig. 1) which satisfies PT-symmetry both longitudinally and transversely,
referred to as parametric PT-waveguide array.
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Figure 1: (a) Schematic illustration of parametric PT-coupler with gain/loss spatial modulation parameter
⇤; (b) The stability criteria of the parametric PT-coupler as a function of gain/loss parameter ↵ and ⇤;
(c,d) Eigenvalue ⇢ of the state transition matrix of the parametric PT-coupler as a function of gain/loss
parameter ↵ for ⇤ = 3Lc and ⇤ = 4Lc , where Lc = ⇡/ denotes the coupling length of the waveguide
coupler.

The parametric PT-coupler considered here is comprised of a uniform real part of refractive
index with an alternating gain/loss region along the propagation direction z. Its state transition
matrix, which describes the state at particular distance z for a given initial state at z0 , is given by
✓
◆
⇣ ↵ ⌘
4ej( 0 ⇤+2✓) A B
(1)
(⇤) =
;
✓
=
arcsin
,

(1 + e2j✓ )2 C A

with the matrix entries being given by,
1
A = cos(⇤ cos ✓) + (cos(2✓) 1) ,
2 ◆
✓
✓
◆
⇤
⇤
B = 2j cos  cos ✓ + ✓ sin  cos ✓ ,
2
2
✓
◆
✓
◆
⇤
⇤
C = 2j cos  cos ✓ ✓ sin  cos ✓ .
2
2

(2)

In (1) and (2), 0 denotes the phase propagation constant, ↵ is the gain/loss parameter and  is
the coupling strength of the waveguide coupler.
The parametric PT-coupler has a stability behaviour similar to that of a parametric amplifier,
as shown in Fig. 1(b), such that its stability depends not only on the gain/loss present [3] in
the structure but also on the gain/loss spatial modulation ⇤. There also exists a thresholdless
condition at which the structure becomes unstable for an infinitesimal amount of gain/loss ↵.
This thresholdless condition occurs on every odd-multiple of the coupling length, ⇤ = (2n 1)Lc .
Furthermore, we note stability re-emergence as gain/loss increases in the system; a counter-intuitive
behaviour in which stability can be attained from an unstable state by increasing gain/loss further
in the system.
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Abstract- The emission of light from electrons passing in proximity to periodic grating structures
includes both resonant plasmonic features and Smith-Purcell collective excitations. We observe
both and distinguish between them, finding surprising robustness to disorder in the Smith-Purcell
radiation. We also demonstrate the emission of visible light induced by low-energy electrons (1.5 6 kV) from sub 60 nm pitch gratings. The experimental results compare nicely to numerical
simulations.
The conventional Smith-Purcell effect [1] describes light emission by a collective excitation that is induced
by a free electron when it couples through its near-field to the electromagnetic modes of a grating or a periodic
structure. Advances in nanoscale fabrication techniques in recent years have created new opportunities to
explore the Smith-Purcell effect in plasmonic structures and metasurfaces and new applications are possible
based on the Smith-Purcell effect in modern nanophotonic structures.
Over the years, the use of free electrons has become a significant tool in studying plasmonic resonances.
Localized plasmonic resonances often appear due to nanoscale disorder and roughness on metal surfaces, with
surface-enhanced Raman spectroscopy being a prominent example. At the same time, the effects of disorder on
collective modes in periodic structure have been widely studied through the theory of Anderson localization.
However, there is no existing theory or experiment studying the effects of disorder on collective excitations of
electron-photon interactions, such as the Smith-Purcell effect. Our work studies and observes physical
phenomena involving localized resonances and effects of disorder co-existing with collective excitations in the
coupling of free electrons with modes of light [2]. While these phenomena usually appear in completely different
settings, they can occur simultaneously given the proper nanophotonic structure and the proper experimental
setup.
The experimental setup is comprised of a conventional scanning electron microscope (SEM) with the sample
mounted almost parallel to the electron beam. A microscope objective is placed on the SEM stage to collect and
image the light emission from the surface. The light collected by the objective passes through a viewport and is
sent through a series of free space optics that includes a beam splitter, allowing simultaneous measurement of the
spectrum and imaging of the spatial emission pattern. The SEM is operated in spot mode, which we control
precisely to align the beam so that it passes near to the surface in the desired area of the sample. The spectral

signature contains multiple mechanisms of emitted radiation – the collective effect of conventional
Smith-Purcell radiation, the localized plasmonic resonance (if present) and potentially background
cathodoluminescence. These signals are separated and analyzed and compared to theory.
Such periodic systems can be used as light sources that are completely tunable by changing the electron
velocity. The possibility of observing shorter wavelength emission from relatively low-energy electrons
(accessible with regular scanning or transmission electron microscopes, SEM or TEM) is a promising field of
research, because of the numerous applications [3].

Figure 1. Measured and simulated radiation patterns. (a) SEM images of 60 nm pitch gratings. (b) Upper
plot: measured spectra for different kinetic energies. Lower plot: time-domain far-field distribution computed
with N = 20 unit cells and integration over an angle corresponding to the numerical aperture of the objective
used in our experiment. The dashed vertical lines are calculated according to the conventional Smith-Purcell
theory at normal emission, with the color corresponding to the same kinetic energies. (c) Simulation of the
angular distribution for a kinetic energy of 3 keV and a grating of N = 100 unit cells. The polar angle is
measured from the direction normal to the beam propagation. At each angle, we verify the wavelength radiated
with maximum intensity corresponding to the theoretical prediction.

REFERENCES
1. Smith, S. J. and Purcell, E. M., "Visible Light from Localized Surface Charges Moving across a Grating,"
Physical Review, vol. 92, pp. 1069-1069, 1953.
2. Kaminer, I. E., et al., "Spectrally and spatially resolved Smith-Purcell radiation in plasmonic crystals with
short-range disorder," Phys. Rev. X., 7, 011003, 2017.
3. Wong, L. J. et al., "Towards graphene plasmon-based free-electron infrared to X-ray sources," Nat Photon,
vol. 10, pp. 46-52, 2016.

PT symmetric structures for single-sided diffraction and broadband
non-reciprocity
1

C. Hahn1, Y. Choi2, J. W. Yoon2, S. H. Song2, C. H. Oh2, and P. Berini1,3,4*
School of Electrical Engineering and Computer Science, University of Ottawa, Canada
2
Department of Physics, Hanyang University, Seoul, Korea
3
Department of Physics, University of Ottawa, Canada
4
Centre for Research in Photonics, University of Ottawa, Canada
*
corresponding author: pberini@uottawa.ca

Abstract- We discuss single-sided diffraction gratings and waveguide isolators based on exceptional-point
optical structures.
Synthetic optical materials having a carefully structured complex refractive index distribution, following nonHermitian Hamiltonian analogs, have attracted significant attention because of their non-orthogonal
eigensystems. Such materials enable functions such as uni-directionality, non-reciprocity, and unconventional
beam dynamics. In this paper, we discuss non-Hermitian diffraction gratings formed by optical pumping, in a
method offering control of the real and imaginary parts of the complex refractive index distribution defining the
grating. The grating was formed by vector-field holographic interference of two elliptically polarized pump
beams incident on an azobenzene-doped polymer film. We experimentally observed single-sided grating
diffraction, whereby the negative diffraction order is significantly suppressed (by almost 3 orders of magnitude)
relative to the positive diffraction order due to operation of the grating at an exceptional point [1].
We also show that interactions based on encircling-an-exceptional-point, which are reciprocal in the linear
regime, may become nonreciprocal in the nonlinear regime over a very broad optical bandwidth (limited mainly
by the bandwidth of the nonlinearity). We describe a coupled-waveguide structure that supports an encirclingan-exceptional-point parametric evolution based on a gain saturation nonlinearity [2]. The structure is capable of
low-loss nonreciprocal optical transmission with an isolation greater than 10 dB over an optical bandwidth
approaching 100 THz. We describe progress on the experimental realization of the proposed concept, aiming
towards an integrated on-chip optical isolator.
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Abstract
I will discuss two examples of nonlinear PT -broken active couplers. First, I consider light
propagation through a pair of nonlinear optical waveguides with absorption, placed in a
medium with power gain. The active medium boosts the in-phase component of the overlapping evanescent fields of the guides, while the nonlinearity of the guides couples it to
the damped out-of-phase component creating a feedback loop. As a result, the structure
exhibits stable stationary and oscillatory regimes in a wide range of gain-loss ratios. I show
that the pair of actively coupled (AC) waveguides can act as a stationary or integrate-and-fire
comparator sensitive to tiny di↵erences in their input powers [1].
This first example is in sharp contrast to nonlinear active couplers with PT symmetry, which
are known to display unstable dynamics [2]. To explore the degree of symmetry breaking
needed to achieve stable propagation, I consider a slightly PT -broken system [3]. This
asymmetric active coupler (AAC) consists of two coupled dissimilar waveguides with gain
and loss. I show that under generic conditions, not restricted by parity-time symmetry, there
exist finite-power, constant-intensity nonlinear supermodes (NS), resulting from the balance
between gain, loss, nonlinearity, coupling and dissimilarity. The system is shown to possess
non-reciprocal dynamics enabling directed power transport functionality and stability with
respect to modulations [4].
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In recent years, Floquet PT-symmetric systems, with time-periodic Hermitian or nonHermitian parts, have become a topic of increasing interest. This interest is driven by
their rich PT phase diagram and ability to induce PT transitions in the presence of
minimal gain-loss strength. However, in all cases, the system of interest – classical or
quantum – is described by a local (instantaneous) Hamiltonian.
In this talk, I will introduce the concept of PT systems with time-delayed gain and loss,
where the non-Hermitian, balanced gain and loss terms depend not on the fields at
that time, but on fields at an earlier time. Formally, such a system is described by
delayed differential equations (DDE) that are commonplace in population biology and
lasers with feedback. I will show that a PT system with time-delayed gain and loss
undergoes transitions from a stable, off state to an unstable state that is similar to the
PT broken phase, and present a theoretical phase diagram that results from analysis
of DDEs with complex coefficients. I will then show that, under appropriate conditions,
such a system is realized in two coupled semiconductor lasers, and that the
experimental results show the signatures of these transitions.
This is joint work with Prof. Vemuri’s group at IUPUI (NSF grant DMR-1054020).
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Abstract- We study a pair of coupled ferromagnetic waveguides under an external magnetic field.
We find this two-state non-Hermitian system has an exceptional point and a subsequent symmetry
recovery due to the presence of accidental degeneracy points when the system has no loss.
Experimental measurements on the transmission spectra and field distributions clearly demonstrate
the presence of the exceptional point and symmetry recovery.
Non-Hermitian systems with parity-time (PT) symmetric complex potentials undergo a transition at an
exceptional point when the degree of non-Hermiticity is increased. Such PT-symmetric systems have drawn a lot
of attentions recently [1,2]. It is commonly believed that a two-state PT-symmetric system has only one
exceptional point beyond which the eigenvalues become complex and eigenmodes are PT-symmetry broken. The
so-called "symmetry recovery" (i.e. the eigenvalues become real again and eigenmodes become PT-symmetric
again after the system parameters extend beyond the exceptional point) will not occur for a two-state system, but
it can appear in multi-state systems (say three or four-state systems) [3,4].

Figure 1 (a) Schematic of a passive coupled YIG waveguide system with microwave absorbers attached to the side of one
waveguide. (b) Calculated real part and imaginary part of the effective mode index as a function of the bias field. (c)
Experimental setup. (d) Measured transmission spectra under different bias magnetic fields.

Here, we show theoretically that a two-state non-Hermitian system can have symmetry recovery and we
performed an experiment to demonstrate for the first time that such phenomena can be realized and observed in a
system consisting of a pair of coupled ferromagnetic waveguides under an external magnetic field (see Fig. 1(a)).
We show theoretically that the symmetry recovery is made possible by the presence of accidental degeneracy
points in the Hamiltonian governing the waveguide system if it is lossless, and each degeneracy point must break
up into one pair of exceptional points when loss is introduced and such a process will ensure that the system can
have symmetry recovery even though it has only two internal degrees of freedom (see Fig. 1(b)). We performed
microwave experiments to verify the theoretical design. The experimental set up is shown in Fig. 1(c), where a
pair of yttrium iron garnet (YIG) dielectric waveguides are placed inside a vibrating sample magnetometer. We
measured the transmission spectra under different bias fields and found that the transmission was enhanced at
specific bias fields for different frequencies due to the presence of broken phase regions (see Fig. 1(d)).
The tuning process in this work is both adiabatic and continuous. As a result, our system serves as a good
candidate to be further employed to tune system parameters to encircle an exceptional point to manifest the
topological properties unique to PT-symmetric systems.
Acknowledgements: This work is supported by the Hong Kong Research Grants Council through grant
AoE/P-02/12.
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Abstract. This talk will describe how to construct novel microscale laser devices by paritytime symmetry in a non-Hermitian micro-ring cavity system.
Parity-time (PT) symmetric systems have attracted increasing attention over the past few
decades for its rich physics and applications. PT symmetry was originally developed in the
framework of quantum mechanics to characterize non-Hermitian systems with real eigenspectra.
In optics, a system with can be considered as an analogue of a PT symmetric system in quantum
mechanics. These PT symmetric optical systems exhibit numerous exotic features and
functionalities, such as unidirectional invisibility, loss-induced transparency, coherent perfect
absorption and lasing, and nonreciprocal light transmission. Very recently, PT symmetry has been
introduced in microscale lasers as a powerful tool of mode manipulation. In a PT symmetric
system, there are three phases, i.e. PT symmetric phase, exceptional point and PT symmetry
broken phase. In the PT symmetric phase, the coupled modes in the system experience a balanced
gain and loss, and thus no lasing can be observed. The transition from the PT symmetric phase to
PT symmetry broken phase must experience a singular point, named the exceptional point at
which not only eigenvalues but also the eigenstates coalesce. Novel vortex lasers that can directly
emit optical beams carrying orbital angular momentum of light has been proposed based on
exceptional points [1]. At the PT symmetry broken phase, the coupled modes in the system share
the same eigenfrequency, but possess conjugate modal gain/loss coefficients. This phase has been
utilized to make single mode microscale lasers [2].
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Abstract- The concept of parity-time symmetry has inspired new switch architectures. Here, we
explore a 2x2 cross/bar switch architecture that mostly works by redistributing the longitudinal gain
along one of the waveguides, which then features either gain in its center or at its edges. The other
guide can then be of purely loss type, as occurs in plasmonic or hybrid waveguides. The advantage
is to work with more stable space- and time-averaged parameters than previous parity-time
symmetric designs.
The design of new devices in optics has recently taken advantage of the parity-time symmetric concept. By
implementing gain and losses in adequate fashion onto a pair of coupled waveguides, the two basic “cross” and
“bar” states of a 2x2 switch can be realized [1-3].
The advantages of using gain instead of real-index modulation are clear when material such as glass or
metals (in plasmonics) are used as the basis of waveguiding [1-3], with adequate care to take into account
realistic parameters of real cases [4, 5]. The physics of PT-symmetry (parity-time symmetry) indicates the
combination of gain, loss and coupling parameters that ensures an operation close to a conservative condition
(conserved power for signals).

Fig.1: Two different longitudinal distribution of gain in a variant of a PT symmetric device of two coupled waveguide.
The bottom scheme illustrates the two distributions and the targeted 2x2 cross/bar switching result.

Another practical quantity whose “conservation” can be interesting is the gain itself. Switching the gain
entails heat dissipation and a number of inhomogeneous effects and related engineering issues that can
eventually plague a device and incur severe penalties to its implementation. So it is tempting to think of
switching by modifying a spatial gain distribution with a constant integral of the gain rather than switching the
whole gain on or off in waveguide branches.
We will propose such a device, based on a variable cosine or anti-cosine repartition as pictured in Fig.1,
whereby the gain is gently variable between a weak value and a maximum value. The overall gain is the same,
but due to the longitudinal distribution change, the result will be shown to be reasonably close to the expected
target. Here the other guide is purely lossy and does not undergo any tuning.
More characteristics will be studied to assess the perspectives of the proposed design approach.
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Abstract— Low-symmetry photonic elements with most symmetries broken but other spatialtemporal symmetries maintained could support exceptional points separating diﬀerent interesting
phases, such as PT-exact and PT-broken phases. Periodic arrays of these units may also support
diﬀerent classifications of topological bands, where the local symmetries in unit cell including
material permittivity and permeability tensors play crucial roles. In recent years, it has been
found that magneto-photonic crystals can form interesting one-way bands and topological edge
modes, which could be used to design compact (Lorentz) non-reciprocal devices such as oneway waveguides and optical isolators. These photonic systems require the breaking of many
spatial-temporal symmetries in addition to pure spatial and temporal symmetries. Meanwhile,
some other spatial-temporal symmetries can be kept to support exceptional points and diﬀerent
phases similar to PT phases. We aims to understand the scattering and transmission properties
associated with these topological photonic bands and edge states. In this talk, we discuss our
recent findings on anomalous transmission associated with topological edge modes in Lorentz nonreciprocal and non-Hermitian systems with diﬀerent spatial-temporal symmetries maintained.
Arrays of plasmonic, gyroelectric and gyromagnetic resonators will be used to illustrate the roles
of various symmetries including Lorentz reciprocity, time-reversal symmetries, and other spatialtemporal symmetries on these eﬀects.
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Abstract-We demonstrate that adiabatic closed-loop operations on a system of damped oscillators
can be used to achieve topological control and nonreciprocity.
In classical mechanics the time evolution of N coupled harmonic oscillators may be described by an N×N
Hamiltonian matrix H. For undamped oscillators, H is Hermitian and has N pairs of real eigenvalues {±ω1,
±ω2, ..., ±ωN} (corresponding to the normal frequencies) and N distinct orthogonal eigenvectors (corresponding
to the normal modes). If H depends on a set of parameters λj which define a space V, then the ωi are distinct
except in isolated subsets of V. Even when degeneracies are present, the eigenvalue “surfaces” (i.e., the ωi
viewed as functions of the λj) can be represented by holomorphic functions of the λj.1 These surfaces may be
ordered unambiguously throughout V.1 A smooth path defined by smoothly varying the λj will remain on a single
surface, provided that it avoids the degeneracies. As a consequence, a closed-loop variation of the λj (that avoids
degeneracies) will result in a path that remains on a single eigenvalue surface and returns to its starting point.
The situation is substantially different with damped oscillators, for which H is non-Hermitian. A system of N
damped oscillators possesses N pairs of complex eigenvalues (i.e., ω1 and –ω1*, etc.) and 2N distinct
eigenvectors (which are not in general orthogonal).2 Degeneracies among the ωi still occur only for isolated
subsets of V, but these degeneracies may be qualitatively different from those of undamped systems. For
example, such a system may possess degeneracies (known as “exceptional points” or EPs) at which H cannot be
diagonalized. In the vicinity of an EP the eigenvalue surfaces are represented by a Puiseux series in the λj. As a
result the surfaces cannot be ordered unambiguously in a domain of V that contains an EP.1 A smooth path (even
one that avoids all degeneracies) need not remain on a single surface, and a closed-loop variation of the λj will
not in general return to its starting point on the eigenvalue surfaces.
These features have important consequences for the dynamics of systems of oscillators. It was pointed out in
Ref.3 that if a system of damped coupled oscillators is prepared in one of its normal modes and then H is varied
slowly in a loop that encloses an EP, the system will be in a different normal mode at the end of the loop. It was
later pointed out that this is only true for choices of the initial normal mode and control loop that ensure that the
system is in its least-damped mode for the majority of the operation; otherwise non-adiabatic effects will prevent
the system from following a smooth path through the eigenvalue surfaces (regardless of how slow the control
loop may be).4,5 Thus, closed-loop operations may be used to achieve topological control and nonreciprocal
dynamics in systems of damped oscillators.
We have demonstrated the topological control and nonreciprocal dynamics discussed in Refs.3,4,5 by using
two vibrational modes of a SiN membrane as the damped oscillators.6 The membrane is placed in an optical
cavity, and we use the optical spring effect to vary the oscillators’ H and to carry out the loop operations. Figs.

1(a)&(b) show typical measurements. In each case, one mode is
initially driven to a large amplitude. At time t = 0 ms the drive is
switched off and the control loop is executed by varying the detuning
Δ and power P of a laser incident on the cavity. The control loop
finishes at t = 40 ms. After the control loop is complete, the amplitude
of each mode is fit (black lines) to determine the mode’s energy just
after the loop is complete (black dot). In Fig. 1(a) the loop does not
enclose the EP, and the energy remaining after the loop is
predominantly in the mode that was initially driven. In Fig. 1(b) the
loop encloses the EP, and the energy remaining after the loop is
predominantly in the mode that was not initially driven.
Fig. 2 shows the transfer efficiency E, defined as the fraction of
the energy (after the loop) in the mode that was not initially driven. E
is plotted as a function of the loop shape; in Fig. 2(a) the maximum
value of Δ is varied, while in Fig. 2(a) the maximum value of P is
varied. Loops that remain far from the EP without encircling it show E
0, while loops that remain far from the EP and encircle it show E
1. Loops passing close to the EP are less likely to result in
quasi-adiabatic behavior and show intermediate values of E.
Figure 1. Amplitudes of the two
modes (shown in the legend) as a
function of time. Each inset shows a
cartoon of the control loop in the Δ–P
plane (“×” indicates the EP).
1.
2.
3.
4.

5.

6.
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Plasmonic Nanocircuits: Fundamentals and Devices
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Abstract- Tailoring the beam propagation is crucial in nonlinear optics. Here we will demonstrate a nonlinear
meta-lens that works in a nonlinear way by simultaneously converting the collected light in a second harmonic wave
while performing an imaging of the object. We demonstrate the concept by imaging fundamental beams in the
infrared wavelength region into a second harmonic image.

We design and experimentally investigate a plasmonic metasurface, which can work as a lens for nonlinear
imaging with simultaneous frequency conversion for the incident near-infrared light. With our approach, we take
advantage of the Pancharatnam-Berry phase [1,2] in the nonlinear regime originating from the arrangement of
meta-atoms with threefold rotational geometry [3]. Due to the strong light-matter interaction of the plasmonic
antennas, the nonlinear metalenses have only a thickness of 30 nm. Based on the design concept the nonlinear
metalens shows different operation modes, which depend on the spin angular momentum of light. By using a
particular circular polarization state, the nonlinear lens can either work as a focusing or defocusing lens while
simultaneously converting the illumination light to SHG light. At the same time, no imaging effect will appear
for the fundamental wavelength. We investigate the beam propagation of our nonlinear metalenses and
determine the evolution of the real and virtual focal planes for illumination with Gaussian beams. To underline
the strength and the design flexibility we fabricated and analyzed different types of more complex nonlinear
devices featured by different focusing abilities. In addition to that, we present intriguing spin angular momentum
depending nonlinear imaging abilities giving rise to real and virtual SHG images of real objects as well as
nonlinear Fourier transformations. The images are thereby generated at visible wavelength, which enables this
device for revealing new avenues in integrated nano-optoelectronics, quantum communication technologies or
other future device applications. Such nonlinear metalenses feature a symbiotic relationship between generation
and modulation of frequency conversion within an ultrathin element.
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Abstract-We proposed a plasmonic modulator design with a graphene covered groove-structured
metasurface, which show excellent modulation performance on plamsonic waves. For comparison,
several types of graphene-based modulators on dielectric waveguides, planar and wedge surface
plasmons are theoretically investigated in detail. The results indicate great advantage of our
proposed design and promise potential applications in compact optical circuits.
Graphene holds a great potential to provide efficient modulation in optoelectronic integrated circuits due to
its excellent tunablity in conductivity, and several types of graphene-based photonic modulators have already
been demonstrated [1,2]. In this work, a plasmonic modulator was proposed based on groove-structured
metasurfaces covered by a graphene, in which a transverse electrical (TE) like mode is accommodated. Our
design takes the advantage of field enhancement of plasmonic mode, and meanwhile overcome the mismatch of
electrical field orientations of the surface plasmon polaritons (SPPs) and that required by graphene conductivity
[3]. Therefore, this graphene based plasmonic modulator exhibits greatly improved modulation depth compared
with the conventional SPP ones [4]. Moreover, we carried out detailed comparative investigations on different
types of graphene modulated waveguides system including Si waveguide, planar SPPs, wedge SPPs. Our results
show that this proposed groove-structured metasurface design holds significant advantages in modulation depth
(see Fig. 1). Moreover, the theoretical results also show this modulator has a broadband property with acceptable
insertion loss, indicating possible applications in nanophotonic integrations.

Fig.1 Comparison of the modulation performance of several waveguide systems.
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Abstract- In this work, we study the multimodes and their hybridization in several plasmonic
nanostructures. First, we present multimodes in a plasmonic nanowire and the applications on
plasmonic circuits. Second, we show the multiple hybrid polariton bands in organic-dye-doped
plasmonic nanostructures. Third, we explore hybrid strong coupling between multiple photonic
modes and excitons in an organic-dyeattached photonic quasicrystal. Our investigations may inspire
related studies on hybrid light-matter interactions, and achieve potential applications on multimode
polariton lasers and optical spectroscopy.
With the capabilities of confining light into subwavelength volumes, plasmonics has attracted much
attention, due to both fundamental interests and practical applications. Here we provide several examples to
show the multimodes and their hybridization in the plasmonic nanostructures, and the related applications are
also discussed.
Firstly, we demonstrate that by cascading nano-corrugation gratings with different periodicities on silver
nanowires atop silicon, multiple plasmonic bands are achieved in the system, and then different colors are
spatially separated and chronologically released at different grating junctions [1,2]. The released light frequency
depends on the grating arrangement and corrugation periodicities. Hence the nanowire acts as a spectral splitter
for sorting/demultiplexing photons at different nano-scale positions with a ten-femtosecond-level interval. Such
nanowires can be constructed further into compact two-dimensioanl networks or circuits. We believe that this
study provides a promising approach for realizing spatiotemporal-sensitive spectral splitting and optical signal
processing on nanoscales, and for general integration of nanophotonics with microelectronics.

Figure 1. The principle of the wavelength division multiplexing with a plasmonic nanowire.

In the second, we present the possibilities to realize hybrid light-matter interactions, which can effectively
achieve multiple hybrid polariton bands in organic-dye-doped nanostructures. We demonstrate experimentally the
hybrid coupling among molecular excitons, surface plasmon polaritons (SPPs), and Fabry-Perot (FP) mode in a
nanostructured cavity [3], where a J-aggregates doped PVA (polyvinyl alcohol) layer is inserted between a silver
grating and a thick silver film. By tuning the thickness of the doped PVA layer, the FP cavity mode efficiently couples
with the molecular excitons, forming two nearly dispersion-free modes. The dispersive SPPs interact with these two
modes while increasing the incident angle, leading to the formation of three hybrid polariton bands. By retrieving the
mixing fractions of the polariton band components from the measured angular reflection spectra, we find all these
three bands result from the strong coupling among SPPs, FP mode, and excitons.
Thirdly, we have also experimentally explored multimode photon-exciton coupling in an organic-dye-attached
photonic quasicrystal [4]. We show hybrid strong coupling between multiple photonic modes and excitons in an
organic-dyeattached photonic quasicrystal. The excitons effectively interact with the photonic modes offered by the
photonic quasicrystal, and multiple hybrid polariton bands are verified in both experiments and calculations. Our
investigations may inspire related studies on hybrid light-matter interactions, and achieve potential applications on
multimode polariton lasers and optical spectroscopy.
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Abstract- We report here the plasmon-based chiroptical nanosensors for (1) discriminating the
enantiomeric pair of chiral molecules; (2) quantifying enantiomeric purity of the chiral analytes;
and (3) recognizing homo/heterochiral zwitterionic interactions in solutions with different pH
values (Figure 1). Self-assemblies of gold nanoparticles were designed to achieve chiral or achiral
nanostructures with remarkable circular dichroism (CD) responses at plasmon resonance
wavelengths1-5. Their chiroplasmon spectral responses to chiral molecules provide a new strategy of
chiral analyses, which may find important applications in bioscience and biomedicine.

Figure 1. Functions of Plasmonic CD based chiroptical nanosensors.
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We present a quantum-mechanical model for surface-assisted plasmon decay into electron-hole
pairs (Landau damping) in metal nanostructures of arbitrary shape. The surface absorbed power and
scattering rate are highly sensitive to local field polarization relative to the surface. Our model can
be used for efficient calculations of plasmon-induced hot carrier generation rates in photovoltaics.
Plasmon-assisted hot carrier excitation and transfer across the interfaces has recently attracted intense
interest due to wide-ranging applications in photovoltaics and photochemistry [1]. In metal nanostructures with
characteristic size below the diffraction limit, excitation of hot carriers is enhanced due to resonant plasmon
absorption followed by plasmon decay into electron-hole pairs. In small nanostructures, the dominant decay
mechanism is Landau damping facilitated by carrier scattering from the metal-dielectric interface [2].
We developed a quantum-mechanical model for surface-assisted carrier excitation by alternating electric
field E in metal nanostructures of arbitrary geometry. We found that the power absorbed in the metal due to
carrier surface scattering has the form
Qs

e2
2

2

EF2
dS | En |2
( )2

where En is the normal field component, EF is the Fermi energy, and integration takes place over the metal
surface. We provide simple expressions for surface enhancement factors for plasmon-assisted carrier excitation
in terms of surface scattering rates s, which are highly sensitive to field polarization relative to the
metal-dielectric interface and can be tuned in a wide range with an appropriate choice of system geometry [3]. In
Fig. 1, the surface scattering rates are plotted for nanorods and nanodiscs modeled by prolate and oblate
spheroids. The rates for longitudinal and transverse modes exhibit dramatic differences in behavior with
changing the system geometry.

Fig. 1. Surface scattering rates for nanorods (left panel) and nanodisks (right panel) are plotted
vs. aspect ratio for longitudinal (PL and OL) and transverse (PR and OR) polarizations.
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Abstract-We demonstrate the nonmonotonous surface plasmom resonance (SPR) red-shift caused
by resonant electron transitions and photocatalytic activity enhanced by the quantum plasmon
resonance of colloidal gold nanoparticles. A maximal SPR wavelength and the largest
photocatalytic activity are observed in the quantum regime for the first time for the gold
nanoparticles with a diameter of 3.6 nm. Theoretical analysis based on a quantum-corrected model
reveals the evolution of SPR with quantized electron transitions and well explains the observations.
The surface plasmom resonance (SPR) of metal nanoparticles is strongly influenced by their size,
morphology, composition, surface chemistry, and surrounding environment. In the nanometer size regime, SPR
is more sensitive to the quantum nature of conduction electrons and surface composition. A blue-shift of SPR
has been observed in individual and aggregate silver nanospheres with sizes ranging from 20 nm to 2.0 nm.1,2
This SPR blue-shift has been attributed to the quantum transitions of the conduction electrons of silver particles.
Different theoretical approaches have been developed to describe the size-dependent SPR of quantum-sized
metal nanostructures; different SPR shifting behaviors are revealed when the finite or infinite barriers and spill
out effect are taken into account. But the understanding of quantum plasmon resonance, in particular its
size-dependent energy shift in the classical-to-quantum transition regime, remains limited.
Here, colloidal Au nanoparticles have been synthesized by a hydrothermal etching technique.3 The
nanoparticle size is tuned by controlling the etching temperature. Double-reversed size-dependence of the SPR
wavelength is observed in the classical and quantum size regimes at the diameter of 20.0 nm and 3.6 nm. The
theoretical calculations from the quantum-corrected model reveal that the maximum SPR wavelength at 3.6 nm
corresponds to the quantum limits of the SPR of colloidal Au nanoparticles, which is attributed to the
competition and the collaboration of surface scattering and resonant quantum transitions of free electrons. The
SPR of colloidal Au nanoparticles with diameters smaller than 2.2 nm is substantially broadened and difficult to
observe owing to the strong damping by the d electrons and the strong individual quantum transitions of
conduction electrons. Moreover, the photocatalytic activity reaches a maximum at the diameter of 3.6 nm, and
there is no enhancement of reaction rate as the plasmon resonance disappears. This result indicates that the
photocatalytic activity is enhanced by the quantum plasmon resonance of Au nanoparticles. These observations
offer insight into the nature of the optical responses of quantum-sized Au nanoparticles and have general
significance for their prospective applications in photophysics and photochemistry.

(a)

(b)

(c)

Figure 1. Size-dependences of SPR wavelength and photocatalytic activity for Au nanoparticles. (a) Measured
size-dependence of SPR wavelength. (b) Calculated size-dependencies of SPR wavelength by classical and
semi-classical Mie models (blue and red lines) and TDDFT (green line, from ref. 4). (c) Reaction rate K as a
function of diameter of Au nanoparticles.
Acknowledgements. This work was supported by the National Program on Key Science Research of China,
the NSFC (11374236), and China Postdoctoral Science Foundation (2016M602338).
REFERENCES
1. J. A. Scholl, A. L. Koh and J. A. Dionne, Nature, 483, 421–428, 2012.
2. L. Genzel, T. P. Martin and U. Kreibig, Z. Phys. B: Condens. Matter Quanta, 21, 339–346, 1975.
3. S. J. Ding, D. J. Yang, J. L. Li, G. M. Pan, L. Ma, Y. J. Lin, J. H. Wang, L. Zhou, M. Feng, H. Xu, S. Gao
and Q. Q. Wang, Nanoscale, DOI: 10.1039/C6NR08962C, 2017.
4. S. Berciaud, L. Cognet, P. Tamarat and B. Lounis, Nano Lett., 5, 515–518, 2005.

Control of Emission Photon Statistics from a Single Quantum Dot
Using Plasmonic Nanostructures
S. Masuo*
Department of Applied Chemistry for Environment, Kwansei Gakuin University, Japan
*
corresponding author: masuo@kwansei.ac.jp
Abstract-One of the important emission behavior of semiconductor nanocrystal quantum dots
(NQDs) is the emission photon statistics, i.e., single-photon and multiphoton emission. Generally,
the emission photon statistics of the NQDs are governed by the multiexciton dynamics based on the
quantum confinement depending on the size, shape, and atomic composition of NQDs themselves.
We demonstrated that the emission photon statistics from a single NQD could be controlled by the
interaction with the plasmonic nanostructures.
The emission photon statistics, i.e., single-photon and
multiphoton emission from a single semiconductor quantum dot
AgTip
(NQD) are one of the important emission behavior. Generally, the
emission photon statistics of the NQD are governed by the
z-distance
multiexciton dynamics based on the quantum confinement
NQD
depending on the size, shape, and atomic composition of NQDs
themselves. We have recently demonstrated that the emission
photon statistics from single NQDs could be controlled by the
interaction with the plasmonic nanostructures.1-7 To elucidate the
405, 465 nm
possibility of the control of the photon statistics using the
laser
plasmonic nanostructure, the best way is the direct observation of
spectrometer
the emission behavior accompanying the interaction with the
HBT setup
plasmonic nanostructure. In this work, the enhancement of
multiphoton emission from a NQD interacting with a plasmonic
Figure 1. Schematic of the experimental
nanostructure was investigated using a silver-coated atomic force
setup for the observation of emission
behavior of a single NQD by approaching
microscopy tip (AgTip) as the plasmonic nanostructure.3 Using the
the AgTip.
AgTip, which exhibited a well-defined localized surface plasmon
(LSP) resonance band, we controlled the spectral overlap and the
distance between the single NQD and the AgTip. The emission behavior of the single NQD when approaching
the AgTip at the nanometer scale was measured using off-resonance (405 nm) and resonance (465 nm) excitation
of the LSP (Fig.1).
We directly observed the conversion of the single-photon emission from a single NQD to multiphoton
emission with reduction of the emission lifetime at both excitation wavelengths as the NQD-AgTip distance
decreased, whereas a decrease and increase in the emission intensity were observed at 405 nm and 465 nm
excitation, respectively. By combining theoretical analysis and the numerical simulation of the AgTip, we
deduced that the enhancement of the multiphoton emission was caused by the quenching of the single-exciton

state due to the energy transfer from the NQD to the AgTip and that the emission intensity was increased by
enhancement of the excitation rate due to the electric field of the LSP on the AgTip. These results provide
evidence that the photon statistics and the photon flux from the single NQD can be manipulated by the
plasmonic nanostructure through control of the spectral overlap and the distance.
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Abstract- Here we report the optical and electrical concepts to achieve atto-joule per bit efficient and
compact on-chip electro-optic modulators. We show that the interplay between the active material and
the optical mode properties define the modulator performance. Based on physical tradeoffs, we find
combinations of bias, material, and optical-mode that yield efficient phase or amplitude modulation with
acceptable insertion loss. Furthermore, we show how material properties in the epsilon near zero (ENZ)
regime enable reduction of device-length by 15x.
Photonic integrated circuits (PIC’s) are an important enabling technology in today’s communication
networks and in future chip-to-chip and potentially on-chip interconnects for information processing. The
development of PIC has been historically hindered by the inherently weak interaction of light and matter, which
requires fundamental size (footprint), speed, and power (S2P) limits for photonic-based information processing
technologies. Among the active PIC components, the high-efficiency, low-noise sources (lasers) and detectors
have seen rapid improvement in their performance in the last decade, but the third key active PIC component,
light modulators, still remain far from achieving S2P characteristics. While for a long time there has been no
shortage of speculations about achieving all-optical control of signals in PIC’s, in the foreseeable future the
electrical control of optical signals
or, in short, electro-optic (EO)
conversion remains the only
practical option. Efficient light–
matter interaction (LMI) within the
active material is key to any optical
modulation and strong modulation
requires active material that exhibits
adequate interaction with the light
[1-5]. EO modulation can be
enabled by either changing the real
part (n) of the modal refractive
index
leading
to
phase
shifting-based
interferometer-like
devices
termed
electro-optic
modulators
(EOM),
or
by
Figure 1. The other Moore’s Law: Energy/bit vs. time. Optoelectronics,
modulating the imaginary part (k) of
however, is classically limited to 10-100+ fJ/bit efficiencies, dramatically
lagging electronic transistors performance. This illustratively highlights the
the modal index of linear
weak light-matter-interaction. A holistic approach including material choice,
electro-absorptive
modulators
optical mode, and cavity feedback enables possible sub-100aJbit EOM
(EAM). In both types, the
performance, as shown by the Sorger group.
1

fundamental complex index of refraction is altered electrically inside the active material, which in turn modifies
the propagation constant of the mode inside the respective waveguide. Electrically driven modulators are
classified by the physical mechanism responsible for the change of the complex index. One can distinguish
between the current-driven and voltage-driven modulators [1-3]. In the current driven modulators, the change in
index is achieved when carriers are injected in (removed from) the active region thus enabling (disabling) the
optical transitions and therefore adding (subtracting) to the oscillators strength. Silicon, ITO and graphene
modulators are current-driven. In contrast voltage-driven EO modulators no conductivity current flows in/out of
the active region, and the change in index is engendered by the energy level shifts and oscillator strength change
caused by the electric field (Stark effect), such as in lithium niobate modulators based on Pockels effect and
III-V semiconductor based quantum-confined Stark effect. The performance characteristics of current-driven and
voltage driven modulators are essentially similar, except that the voltage-driven devices by their nature require
active regions capable of avoiding electrical breakdown at high fields which is difficult to achieve in the active
regions that are only a few hundred nanometers thick. Given the present state of technology, almost all novel
miniaturized modulators appeared over the last few years have been current-driven. The challenge facing EOMs
is fundamental in nature; the Kramers–Kronig relations dictate that changing the real part of the complex index
independent from simultaneously altering the imaginary part is impossible, unless one operates far from the
resonance with any optical transition as is the case when the photon energy is deeply inside the bandgap of
modulator material. Yet, both real and imaginary index changes are enhanced near the resonance and any
attempt to increase the efficiency of modulation inevitably leads to the increased insertion loss [xxx]. We
recently showed that the switching E/bit of EO modulators are able to approach that of electronic transistors of
about 103-104 in fundamental units of kBT (Fig. 1). For a polaritonic mode, high-index changing material, and
cavity enhancement (Finesse = 10), 10's to 100 aJ/bit are possible, matching our earlier optoelectronics scaling
law study [4]. Such switching energy is comparable to <10nm scaled FETs is enabling since the performance
improvement over electronic links using WDM and medium fast EOM drivers (10's GHz) can approach 250x,
depending on link details such as length [6].
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Abstract –The accurate control over the phase and amplitude response of nanoantennas, individual
and in arrays, offers a wide range of opportunities for linear and nonlinear shaping of light beams.
Optimization of the nonlinear response has been demonstrated, as well as generation of nonlinear
holograms at the third harmonic frequency. More recently we introduced a new methodology for
the fabrication of three dimensional multilayer metamaterials. Implementation of the 3D materials
for phase controlled holography will be discussed, as well as composite multispectral elements such
as an RGB lens which is chromatic-aberration-corrected over the visible range.
Metamaterials provide a platform for the study of light-matter interaction in the subwavelength regime, where
the material properties can be tailored to give rise to exotic optical phenomena, such as negative refraction,
electromagnetic cloaking and superlensing. The current generation metasurfaces rely mostly on quasi 2D
structures for the control of amplitude, phase and polarization, and operate mostly in the linear regime. Here we
discuss full local phase control of the nonlinear susceptibility tensor in 3D multilayer metasurfaces and show
how this control can lead to functional metamaterials operating in the nonlinear regime.
Directional emission of electromagnetic radiation can be achieved from a properly shaped single antenna or from
a phased array of individual antennas. Control of the individual phases within an array enables scanning or
other manipulations of the emission, and it is this property of the phased arrays that makes them attractive in
modern systems. Likewise, the propagation of Surface Plasmons at the interface between metal films and
dielectric materials can be controlled by similar approaches. The generic situation of plasmonic surface
propagation that is different on both sides of a metal film provides a unique opportunity for such control:
plasmons propagating on the slower side feed into the side with the faster propagation, creating a phased array of
interfering antennas, and thus controlling the directionality of the wake fields. We show that by shaping the
individual nanoantennas we can generate asymmetric propagation geometry as well.
The amplitude and phase control of nonlinear signals in wave mixing experiments can be achieved by tuning the
resonance of dipolar nanoantennas. By changing the geometry of these plasmonic elements, the cavity
plasmonic resonances are tuned and a continuous, nearly 2π radians, relative phase among nonlinear signals can
be attained. This continuous phase-span enables the fabrication of nonlinear metasurface optical elements, such
as beam deflector or nonlinear lenses.
The approach for nonlinear phase control described above can be extended to other nonlinear processes and to
three dimensions. Polarization dependent 3D metamaterial holograms were fabricated. When illuminated by an

infrared beam, they generate holographic images at the third-harmonic frequency in the blue. The phase
information of the nonlinear susceptibility is encoded in nanometric gold antennas (this time V-shaped),
fabricated by e-Beam lithography, with stamping accuracy of 10 nm between layers. Because the hologram is
generated at a new frequency (the third harmonic), these multilayer metamaterial holograms are background-free
and enable high density storage of optical information.

Figure 1. Multilayered RGB lens. A three layers lens, consisting of three different metals each individually
designed for a specific wavelength, delivering achromatic operation over the visible range.
Last but not least, based on the ability to assemble multilayer structures, where each layer consists of different
metal particles and is separately controlled, Figure 1, we fabricated functional 3D elements, including an
aberration free RGB lens and STED elements where different color beams are manipulated differently by the
same thin nano element.
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Abstract – Surface plasmon amplification by stimulated emission of radiation gives the possibility
to compensate for high ohmic losses in the metal and design virtually losses devices. However,
stimulated emission is inevitably accompanied by spontaneous emission, which greatly reduces the
signal-to-noise ratio and impairs the performance characteristics. Here, we present a comprehensive
framework to evaluate noise in plasmonic structures with gain and present a strategy for noise
reduction to a level sufficient for practical applications in high-density on-chip optical
interconnects.
The main obstacle currently faced by plasmonics is strong signal attenuation due to absorption in
the metal. High ohmic losses can be compensated by optical gain in an adjacent medium. At the same
time, the process of stimulated emission is accompanied by spontaneous emission [1]. If the spectral
linewidth of the optical signal is narrow, spontaneous emission can be filtered out. However, according
to the laws of thermodynamics, signal amplification unavoidably reduces the signal-to-noise ratio. The
higher the material gain, the higher the power of spontaneous emission, which goes into the plasmonic
mode, and therefore the stronger the noise. In deep-subwavelength plasmonic structures, where an
extremely high optical gain is needed to compensate for high ohmic losses, the spontaneous emission
power can significantly exceed the signal power. This greatly affects the noise characteristics.
Here, we develop a comprehensive framework to study photonic noise produced by spontaneous
emission [2]. We present our results in a ready-to-use form, which can be immediately applied with no
change to different plasmonic and nanophotonic systems, such as optical amplifiers based on
semiconductors, quantum dots and dye molecules. Using the developed approaches and comprehensive
numerical simulations, we study the influence of spontaneous emission on the performance of truly
nanoscale active plasmonic waveguides, which simultaneously provide deep-subwavelength (~ λ2/100)
mode confinement and full compensation of the propagation loss (Figure 1). We find that the power of
spontaneous emission at the end of the 1-mm-long waveguide exceeds 100 μW and the role of the
spontaneous-spontaneous beat noise is crucial due to the relatively large bandwidth of the spontaneous
emission spectrum in the semiconductor gain medium. We show that similar to the spontaneous
emission power, the spontaneous-spontaneous beat noise can be suppressed using optical filtering. At
the same time, the signal-spontaneous beat noise can not be affected by optical filtering, since its
spectral properties are determined by the bandwidth of the photodetector [2]. Nevertheless, we
demonstrate that deep-subwavelength plasmonic waveguides with gain can be efficiently used for data
transfer at distances below ~1 mm, which is a typical distance for on-chip interconnects, while longer
communication distances could be problematic due to the strong photonic noise (Figure 1).

Figure 1. (a) Schematic of the single-mode subwavelength plasmonic waveguide with the InGaAs
active medium. (b) Electric field distribution of the plasmonic mode at a light wavelength of 1550 nm.
(c) Signal-to-noise ratio versus waveguide length for two different signal powers. The solid curves
correspond to the system with a narrow bandpass optical filter, and the dashed curves correspond to
the systems without optical filters. The blue area shows the region of high bit error ratios, where highspeed communication is complicated.
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Abstract-Chiral plasmon is expected to markedly enhance the optical chirality of the
electromagnetic field on the nanostructure surfaces. An accessibility of chiral molecules to the
irradiation with enhanced optical chirality will give rise to a wide range of vital chirality-related
applications. To develop these applications, it is a prerequisite to understand and control the
chiroptical activity of chiral plasmonic nanostructures, which is generally characterized by circular
dichroism (CD) monitoring the differential absorption of left- and right-handed circularly polarized
light. However, the understanding of the chiroptical activity is ambiguous currently. In this talk, the
author will present that when plasmonic nanoparticles (NPs) are sculptured in a (hidden) helical
shape using, e.g. glancing angle deposition, the NPs exhibit chiroptical activity intrinsically
originating from the spiral structures. The chiroptical activity can be flexibly controlled in terms of
the CD amplitude and CD resonance wavelength in the UV-visible regime, by engineering the
plasmonic material, handedness, and helical dimensions. Numerical and analytical simulations are
operated to understand the chiroptical activity of the chiral plasmonic NPs.

Integrated graphene waveguide modulators based on low-loss
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Abstract- Graphene based electro-absorption modulators involving dielectric optical waveguides
have been recently explored, suffering however from weak graphene-light interaction. Surface
plasmon polaritons enable light concentration within subwavelength regions opening thereby new
avenues for strengthening graphene-light interactions. I present novel integrated graphene
plasmonic waveguide modulator showing high modulation depth and low insertion loss, thus giving
a promising way to miniaturize the device without jeopardizing the performance of the device.

In recent years, the unique optical and electronic properties of graphene attracts wide interest, ranging from
light-emitting devices to photodetectors, and touch screen [1]. In particular, the opportunity to control
optoelectronic properties through Fermi-level tuning enables electro-optical modulation, optical-optical
switching, and other optoelectronics applications. The deployment of graphene on top of a silicon waveguide is
an efficient mean to make graphene silicon hybrid devices [2-3]. However, it remains a big challenge to achieve
high modulation depth because of the modest graphene light interaction in the graphene-silicon waveguide
hybrid systems. Surface plasmon polaritons are broadband with the ability to manipulate light on the
subwavelength scale [4], while at the same time giving possibility to direct more optical energy to the material
interface where graphene could reside. Here I present novel graphene plasmonic waveguide modulators that are
interfaced with silicon waveguides and are thus fully integrated in the silicon-on-insulator platform [5],

Figure 1. (a) 3D schematic of the graphene plasmonic waveguide modulator; (b) Modulated transmission for
20um-long graphene plasmonic hybrid slot waveguides.

Figure 1(a) shows the illustration of proposed graphene plasmonic waveguide modulator, where the plasmonic
slot waveguide is coupled in/out by silicon waveguides with inverse tapering tips. The plasmonic waveguide can
confine modes beyond diffraction limit, while at the same time suffering with large propagation loss. Here we
propose plasmonic slot waveguides relying on the concept of leaky mode, giving us extremely low loss of
0.25dB/µm. The good alignment of the coupling part (between the silicon and plasmonic waveguide) leads to
high in/out coupling efficiency of 1.45 dB.
Transmissions of the light at 1.55 µm through 20 µm-long leaky-mode graphene-plasmonic waveguides at
different bias voltages are presented in Fig. 1(b) for two slot widths of 120 nm and 145 nm. One can find that the
transmission through the graphene-plasmonic hybrid waveguides is effectively tuned by applying bias voltages
on the graphene. An efficient attenuation tunability of 0.13 dB/µm is achieved for the plasmonic slot width of
120 nm at low gating voltages. The modulation depth of 0.13 dB/µm achieved here exceeds that for reported
graphene-plasmonic hybrid device [6].
The Center for Nanostructured Graphene is sponsored by the Danish National Research Foundation, Project
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Abstract— Analytical expression for fourth-order autocorrelation function of laser field shows
strong influence of collective eﬀects to laser coherency and helps to identify parameters for coherent, incoherent (thermal), sub- and associated with superradiance super-thermal lasing. Below-,
above- and thresholdless lasing of micro- and nano-lasers are analyzed in the model without
adiabatic elimination of active medium polarization. We show that collective eﬀects reduce betafactor and number of photons below the threshold.

Our model includes two sequences of Heisenberg equations. The first one – for mean values of
binary products of operators, describing dynamics of total energy in the system: emitter populations, cavity mode photon number, dipole interaction of emitters with the cavity mode and with
each other. Quantum mechanical relations between operators of emitters lead to terms responsible
for spontaneous emission into lasing mode. Thus we can describe lasing below, at and above the
threshold. The second sequence of equations is for mean value products of four operators, beginning with ⟨a+ a+ aa⟩, where a is Bose-operator of the cavity mode, ⟨...⟩ means quantum-mechanical
averaging. We break some mean value products of four operators in products of mean values of
two operators and arrive to closed set of equations. We approximately neglect by fluctuations in
populations of states of emitters, that is good approximation in a weak coupling limit. From the
first and the second sets we found, respectively, the stationary photon number n = ⟨a+ a⟩ and the
normalized autocorrelation function g2 = ⟨a+ a+ aa⟩ /n2 .
The model takes into account and shows explicitly the contribution of collective radiation from
emitters. A part of the energy from the pump goes to collective radiation, reducing the incoherent
spontaneous emission to the lasing mode. As a result, we found a reduction of β-factor respectively to one calculated in the rate equation approach [1] without taking into account collective
radiation from emitters. The competition between collective and ”individual” (incoherent) spontaneous emission causes the decrease in the number of photons below the threshold, which correlates
with results of numerical analysis, for example, in [2]. We also found a feature of two-level active
medium corresponding, for example, to q-dots: it permits ”thresholdless” lasing even at β ≪ 1 – if
the number of emitters is small, that the threshold population inversion per emitter is close to 1.
The approach beyond limits of laser rate equations allows us carefully take into account up
to fourth-order correlations between the cavity mode and the active medium polarization. We
analytically calculate autocorrelation function g2 for cavity mode field and identify conditions and
laser parameters for various photon statistics. In particular, how large the photon number n must
be for g2 → 1 – coherent field generation; when we obtain g2 = 2 – for thermal field, or g2 > 2 - for
super-thermal field and 1 < g2 < 2 – for sub-thermal field generation.
Super-thermal field generation g2 > 2 clearly appears below the lasing threshold, when the
threshold population inversion per emitter is small: ∆th ≪ 1, and for relatively low polarization
relaxation (de-phasing) rate γh : γh /2κ < 1, where κ is the lasing cavity mode damping rate.
g2 > 2 means photon bunching because of collective spontaneous emission into lasing mode, which
has been shown numerically in [3, 4]. We also see, that lasers with low threshold ∆th ≪ 1 and
low de-phasing γh /2κ < 1 easily demonstrate collective nature not only in spontaneous emission
below, but also in stimulated emission above the threshold: there the coherency g2 → 1 appears at
relatively small number of photons.
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Abstract-This paper describes highly efficient plasmonic-electronic transducers based on tunneling.
The plasmons are excited and detected via plasmon assisted tunneling. By electrically detecting the
plasmon, the plasmon excitation efficiencies can be estimated which are 1000 times higher than
estimates based on photon out coupling efficiencies.
Recently, the use of tunnel junctions as plasmon sources have regained interest [1,2]. In these devices,
currents are directly converted to plasmons in a single step. The reverse process is also possible – optical
rectification – and plasmons can couple to tunneling currents also in a single step (i.e., without the need of free
photons or excitons). Therefore, tunnel junctions may find applications in plasmonic-electronic circuitry. Till
date, it is unclear whether tunnel junctions can excite and detect plasmons efficiently enough for practical
applications. From a fundamental point of view, the exact mechanisms of plasmon-electron coupling are not
clear in these junction [3].
During the talk I will discuss our recent progress in the development of molecular tunnel junctions based on
self-assembled monolayers (SAMs) and how we apply them as electrical excitation sources of plasmons [4-7].
The bottom-electrode is made of gold which also serves as the plasmonic waveguide. By simply applying a bias
between the top and bottom electrode, a tunnelling current will flow. The tunnelling charges carriers that reach
the gold electrode excite plasmons. Since the tunnelling rate and the tunnelling direction can be controlled by
simply changing the chemical structure of the SAM, we have the ability to control the plasmonic properties of
the devices and launch plasmons [8,9]. Our experiments indicate that these plasmon sources behave as point
sources whose blinking properties can also be controlled by simply changing the molecular structure. Finally, by
integrating two tunnel junctions with one wave-guide, we demonstrate that the tunnel junctions are also
promising as plasmon detectors [9]. The latter devices make it possible to estimate the plasmon-electron
coupling efficiency. Our results indicate that the plasmon-electron coupling efficiency is 1000 times higher than
previously estimates based on photon out coupling rates [1-3]. Our results show that molecular electronics
combined with plasmonics makes it possible to control plasmonic properties and to study new phenomena at the
molecular length-scales and the tunnel junctions are interesting for applications in plasmonic-electronics in more
general.
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Sub-wavelength control and manipulation of light is one of the most desirable issues in science and
technology. To destine this, surface plasmon polariton (SPP) plays a significant role and to harness SPP, the
nanometallic architectures have unprecedented ability to concentrate and transport light. The sophisticated and
versatile applications of SPPs mostly rely on the geometry and the arrangement of the nanostructures. Thus
innovative „preparation and assembly‟ of nanometallic architectures is crucial. Especially, by assembling the
nanostructures in a controlled way, one can deploy the plasmon-coupling for subtle modulation of light wave.
Recently, the assembly of nanostructures has opened up a promising field of research which is directly linked to
many other important subjects, e.g. biophotonic sensing, metamaterials, optical nanoscopy, thermoplasmonics,
nonlinear plasmonics, photovoltaics, catalysis etc.
Herein we present how to harness plasmofluidic field (plasmonic field in fluid) to create efficient
electromagnetic hot-spots by assembling colloidal nanoparticles to detect single-molecule SERS signals[1]. Also
we shall discuss how the extension of this technique can lead to a preamble of reconfigurable dynamic
lithography of plasmonic nanostructures at metal-fluid interface[2].

Figure 1 Schematic illustration of experimental geometry and the resulting dynamic assembly of nanoparticles.
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Modal plasmonic logic gates.
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Abstract-Two dimensional colloidal plasmonic cavities spatially and spectrally shape the near-field.
By designing these two degres of freedom, transduction function can be implemented in single
cavities that perform Boolean logic functions. The wealth of available plasmonic modes allow to
implement complex logic funcitons without the need of concatenating building blocks but rather by
redesigning the ransfer function.
2D plasmonic systems with mesoscopic sizes sustain higher order plasmonic modes and combine the
properties of surface plasmon polaritons (SPP) and localized surface plasmon (LSP). Such multimodal
plasmonic systems open a new realm in which the modal behavior is better described by the Surface Plasmon
local density of states (SP-LDOS), which is solely governed by the material properties and the boundary
conditions set by the structure shape, but is independent of the illumination parameters. SP-LDOS can be
rationally designed to tailor the local spatial and spectral characteristics of the SP modes, while allowing
information transfer over micrometer-sized distances.
The next level of information processing consists in performing Boolean logic from the incoming signal.
Here again, the tailoring of the modal properties of confined plasmonic cavities can be exploited to designing
reconfigurable universal logic gates that can be converted into one another, this opens the way to the integration
of complex functions at the nanoscale.
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Demonstration of broadband slow light in genetically optimized
Silicon based coupled-cavity waveguides with group-index
bandwidth product exceeding 0.45
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Abstract-Synthesizing the optical response of material through photonic band engineering is a
means of slowing down light, in effort to achieve enhanced light-matter interaction or optical
buffering. State-of-the-art, photonic crystal (PhC)-based slow light devices however suffer from
limited bandwidth, group velocity dispersion, and non-flat transmission. Here, we report on the
experimental measurements on structures, based on genetically optimized PhC coupled cavity
waveguide (CCW) design, with largest bandwidth and the highest group-index bandwidth product.
CCWs of length ranging between 50 and 800 cavities were measured with a very homogeneous flat-top
transmission profile and losses value below 67 dB/ns.
Slow light propagation through engineered band dispersion in photonic structures is a highly promising tool
for realizing integrated optical delay lines and efficient photonic devices through enhanced optical
nonlinearities [1,2]. A primary goal is to achieve devices over the largest possible bandwidth with large group
index and minimal dispersion (i.e. approximately constant group index), flat transmission spectrum, which
otherwise would hinders their use for pulse propagation, with setbacks such as pulse distortion and generation of
echoes, thus enabling multimode and pulsed operation [2].
We present an experimental proof of record-high group-index bandwidth product (GBP = ng ∆ω⁄ω) [2] in
genetically optimized coupled-cavity waveguides (CCWs) made of staggered modified L3 photonic crystal
cavities (Fig.1(a) and (b)). The optimization procedure [3] was applied to the unit cell (Fig. 1(a)) to achieve
maximal GBP combined with low losses. The resulting designs [4] were realized in Si slabs (Fig. 1(b)), where
CCWs of length ranging between 50 and 800 cavities were fabricated. The samples were characterized by
measuring the CCW transmission (Fig. 1(c) and (d)), the mode dispersion through Fourier-space imaging (FSI),
and the group index ng independently with FSI and Mach-Zehnder interferometry (Fig. 1(e)).

Various cavity designs were investigated, with theoretical group index ranging from ng = 37 to ng > 100.
Record-high GBP = 0.45 was demonstrated over a bandwidth approaching 20 nm (Fig. 1(e)), with ng = 37, a
very homogeneous flat-top transmission profile (Fig. 1(c) and (d), exhibiting variations lower than 10 dB) and
losses value below 67 dB/ns. On a different design [3], an average ng = 107 with 15 % variation over 7.4 nm was
measured. These values range among the best ever demonstrated for a silicon device.

Fig. 1 : (a) Sketch of the unit cell of the CCW. The radii of the red and green holes, and the radius and
x-position of the blue holes, were used as variational parameters to optimize the GBP and the loss rate of the
CCW. (b) SEM picture of a 50-cavity CCW. (c) Dispersion of the guided modes of a 400-cavity CCW measured
through Fourier-space imaging. Dashed lines: fit with a tight-binding model. (d) Measured transmission of a
400-cavity CCW. (e) Wavelength resolved group index, as measured for a 400-cavity CCW using Mach-Zehnder
interferometry.
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Soliton pulse propagation in the presence of disorder-induced
multiple scattering in slow-light photonic crystal waveguides
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Abstract— We describe a new coupled mode theory to model nonlinear Schrödinger equations
for counter-propagating Bloch modes that include disorder-induced multiple scattering e↵ects
on nonlinear soliton propagation in photonic crystal waveguides. Our numerical simulations
of nonlinear pulse propagation are in excellent qualitative agreement with recent experiments
and provide fresh insight into how disorder inhibits soliton propagation and other nonlinear
propagation e↵ects in photonic crystal waveguides.

Slow light in photonic crystal waveguides (PCWs) can be exploited for enhancing nonlinear
optical (NLO) interactions [1]. For example, self phase modulation (SPM) in the presence of two
photon absorption (2PA) and free carrier e↵ects was observed by Monat et al. [2], while non-trivial
scaling of SPM and three-photon absorption (3PA) was investigated by Husko et al. [3]. Colman et
al. [4] utilized dispersion engineered PCWs to suppress 3PA which was critical in the demonstration
of temporal pulse compression of higher order solitons. Other demonstrated NLO e↵ects include
third harmonic generation and highly efficient four wave mixing [5–7].
Despite these successes, one of the major limiting factors for exploiting NLO e↵ects in PCWs
is disorder-induced multiple scattering which roughly scales as n2g , where ng is the group index [8].
This limitation is somewhat suppressed through dispersion-engineering [9, 10] or by reducing the
length of the PCW to less than 500 unit cells which lowers losses but typically increases the required
pump power [2]. Regardless, in the slow light regime, coupling to disorder is unavoidable and any
realistic model must include such e↵ects. The theory of disorder on linear propagation in PCWs
is well developed [8, 11–13]. For modelling NLO e↵ects in PCs, Bhat and Sipe [14] used multiple
scales analysis and k·p theory to derive a dynamical nonlinear Schrödinger equation (NLSE), which
is first-order in time, and their nonlinear coefficients use unit-cell averaged Bloch modes; however,
the previously mentioned NLO works use the NLSE model adapted from the nonlinear fiber optics
literature [15], where the NLSE is first-order in space and the nonlinear coefficients are generalized
by a unit cell integration involving only the periodic part of the Bloch mode.
A severe shortcoming of current NLSEs applied to PCWs is their naive modelling of disorderinduced losses (if at all) as an e↵ective loss parameter ↵, which follows the Beer-Lambert law, known
to breakdown in the regime of multiple scattering, arising from coupling between contra-propagating
modes [16]. The e↵ect of multiple scattering on soliton propagation is shown schematically in Fig. 1
(though the pulse profiles are from actual calculations for 2 ps pulses). Although some works have
partly studied coupling between contra-propagating modes in the context of examining nonlinear

Figure 1: Spatial profiles at various times of a soliton injected from the left side of a W1 PCW in the absence
(left) and presence (right) of disorder-induced multiple scattering and localization. For comparing the two
schematics, the two leftmost pulses (blue) are of the same magnitude.

bistability in finite periodic media [17, 18], it was for weak scattering and in the absence of group
velocity dispersion (GVD). For PCWs, neither of these assumptions holds true.
In this work, we will describe our recently developed coupled-mode theory (CMT) to model
two coupled NLSEs for counter-propagating Bloch modes, including the e↵ects of GVD, disorderinduced multiple scattering, SPM and cross-phase modulation (XPM) [20]. Unlike previous works,
our nonlinear coupling coefficients are positional dependent because they involve an integration
over the cross-section of the PCW and utilize the full 3D vectorial Bloch modes. We also introduce
a characteristic length scale corresponding to each coupling coefficient, including a length scale
associated with multiple scattering, which denotes the spatial extent associated with a disorderinduced localized mode. Using the W1 PCW, we model solitons propagating in the presence of
multiple scattering for several ng ranging from fast light to the slow light regime, and connect to
a range of experimental observables. When nonlinearities dominate over multiple scattering, the
soliton’s spectra shows a random fine peak structure, whereas when multiple scattering dominates,
the soliton’s spectra exhibits narrow spectral peaks indicative of disorder-induced photon localization. Our numerical results are able to capture hitherto unexplained experimental features related
to multiple scattering [2, 3, 19]. Moreover, our formalism can be generalized to assess the impact
of multiple scattering on other nonlinearities such as 2PA, 3PA, and four-wave mixing.
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[13] M. Patterson, S. Hughes, S. Combrié, N. V Quynh Tran, A. De Rossi, R. Gabet, and Y. Jaouën.
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Abstract-Slow-light photonic crystal waveguide designs that support chiral C-point polarisation
singularities are shown. Using FDTD simulations, we have confirmed spin-photon entanglement
with a correlation >99% for a quantum dot placed at a C-point. Photonic crystal waveguide
designs that optimise the chiral light-matter interaction are provided, with a factor 8.6 enhancement
of the local optical density of states found. The existence and location of C-points in the
waveguide is confirmed to be remarkably robust to disorder in the waveguide.
Photonic crystal waveguides support polarisation singularities such as C-points, which are expected to be
useful in future quantum information applications for several reasons. Firstly, thanks to the ability to tailor
their dispersion properties [1], photonic crystal waveguides provide a flexible, integrated and miniaturised
technology platform for quantum information applications. Secondly, quantum emitters such as quantum dots
can be coupled on-chip and in-plane. And thanks to the very tight mode confinement and high density of
optical states in the slow-light waveguide mode, the photon emission into the waveguide can be made
near-deterministic – e.g. coupling with β > 98% between a slow-light mode and an quantum dot has been
demonstrated [2]. Thirdly, the existence of C-points allows the waveguide to display local chirality. The
global chirality is zero, as the C-points occur in pairs of left- and right-handed points. The local chirality has
consequences for the photons emitted by quantum dots positioned at a C-point. The photons emitted by
quantum dot transitions possess an angular momentum which is dependent on the spin state of the electrons. At
a C-point, this angular momentum interacts with the chirality to give unidirectional emission dependent on the
spin of the electron. The propagation direction of the light is what gives rise to the symmetry breaking needed.
Such spin-dependent unidirectional emission is an attractive property for quantum information applications [3].
Here we report on the use of C-points in photonic crystal waveguides for quantum information applications.
We use FDTD simulations to show that C-points can be used to entangle spin-encoded static qubits with
path-encoded flying qubits [4] – see Fig. 1 – and we have optimised the waveguide design to use slow-light to
enhance the local density of optical states at the C-point by a factor of 8.6 [5]. Further increases are constrained
by temporal symmetry and the reciprocal nature of light. We find that C-points cannot exist at the bandedge
due to the symmetry of the forward and backward modes found there, and this places limits on the use of
C-points for unidirectional emission in the slow-light regime [6].
We also investigated the effect that disorder in the waveguide has on the existence and position of the
C-points (see Fig. 2), and find that the C-points are remarkably robust to the introduction of disorder [7].

Figure 1. Spin-dependent unidirectional emission from a quantum dot at a C-point. There is >99%
correlation between electron spin and emission direction: spin-up electrons always emit photons to the left and
spin-down to the right.

Figure 2. C-points are robust to disorder. Red dots show the calculated positions of C-points in a
statistical ensemble of disordered waveguides for increasing values of the disorder parameter δ (indicated).
Black dots show positions of C-points in the ideal waveguide.
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Abstract-Optical resonators are one of the most critical components in optoelectronics owing to
their ability to strengthen light-matter interaction. Here, we demonstrate a cavityless nanoresonator
based on an extremely slow mode of the metal-insulator-metal plasmonic waveguide. Its operating
principle does not rely on the geometric resonances, and thus the device characteristics are almost
independent of the structure dimensions. This feature makes such a resonator attractive for diverse
applications at the deep-subwavelength scale, where accurate fabrication is still a challenge.
Development of highly efficient nanophotonic devices requires the ability to localize light in order to
strengthen the light-matter interaction. This can be achieved with optical cavities, which store the
electromagnetic energy in the form of standing waves. The resonance frequencies are determined by the
geometry of the cavity, which discretizes the possible dimensions of such a resonator. Here, we discuss and
demonstrate a fundamentally different type of resonators: a cavityless resonator, - which paves the way to a
whole new approach for the electromagnetic field enhancement. The operating principle of such a resonator is
not based on reflection from the cavity boundaries and, therefore, the resonant modes almost do not depend on
the geometrical parameters [1,2]. This gives the possibility to reduce the fabrication tolerance and makes this
type of resonators highly attractive for nanoscale LEDs [3], lasers [4], detectors and other active nanophotonic
devices. The cavityless resonator can be realized using an optical waveguide, in which the energy velocity is
close to zero, i.e. light is almost stopped. If the electromagnetic energy dissipates faster than it flows out of the
small region of the waveguide, the decay time does not depend on the waveguide length. In this work, we
present a cavityless nanoresonator based on the metal-insulator-metal (MIM) plasmonic waveguide (Fig. 1). Its
operating frequency can be easily adjusted by choosing the insulator material. We show that even in the presence
of Joule heating losses the MIM structure is able to decrease the energy velocity to near zero, which gives the
possibility to achieve a high quality factor of the cavityless plasmonic resonator.

Figure 1. (a) Schematic of the cavityless MIM nanoresonator excited using an ultrashort optical pulse and
Kretschmann geometry. (b) Time dependence of the electric field at points A, B and C (see panel a).
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Abstract- Here we present an on-chip photonic memory based on a coherent transfer of optical data
pulses to acoustic phonons and vice versa. We show that this process is fully coherent by encoding
different phase states. The ultra large Brillouin gain in our photonic chips allows us to reach GHz
bandwidth. We furthermore show storage of different amplitude levels, which increases the
capacity of our memory even further.
Optical communication techniques are the only way to deliver the necessary speed and bandwidth to cope
with the exponential increasing amount of data transferred today. The fast speed of light allows to send large
amounts of data over long distances, however imposes a challenge when processing, rerouting or synchronising
signals. Therefore, it is required to reduce the speed of optical data packets, or in some cases even completely
stop the signal stream in a controlled way to enable processing, buffering or rerouting. Achieving this
challenging goal in an integrated platform at room temperature has attracted a lot of interest, in particular
slow-light in photonic crystals[1], [2] and stimulated Brillouin scattering (SBS) based slow-light in optical fibers
[3]. The latter harnesses a change in the group velocity due to the resonant Stokes amplification and is a direct
consequence of the Kramers-Kronig relation.
Here, we show a different way to use stimulated Brillouin scattering to delay light signals by storing optical
data pulses as acoustic phonons for a certain amount of time and subsequently convert the stored information
back to the optical domain [4], [5]. The optical data pulses at frequency wData are resonantly transferred to an
acoustic wave W via a counter-propagating write pulse at frequency wW/R that is frequency offset to the data
pulse wData by the Brillouin frequency shift W. The acoustic wave travels 5-orders of magnitude slower than the
optical data pulses therefore efficiently delaying the optical signal. Afterwards the optical signals are retrieved
by a second counter propagating optical pulse wW/R, in this case depleting the acoustic wave and retrieving the
original data pulse wData.
This concept was first demonstrated in highly nonlinear fiber [6], showing, in a proof-of-principle
experiment, that several nanosecond long pulses can be stored and retrieved afterwards. However, the potential
of this memory greatly exceeds this early demonstration. In our work, we show that the transfer
photon-phonon-photon is fully coherent by encoding different phase levels. We also show that we can store and
retrieve several amplitude levels and the strict phase-matching condition of stimulated Brillouin scattering
allows multi-wavelength operation. As a storage medium we use ultra-high Brillouin gain chalcogenide spiral
waveguides. The on-chip waveguides not only greatly reduce the form factor of our memory but also enable to
store pulses with much wider bandwidth, i.e. much shorter pulses. As a consequence, the Brillouin gain is spread
out over a wide bandwidth, hence ultra-high Brillouin gain in the overlap region of the pulses is required.

In conclusion we demonstrated an optical memory based on a coherent transfer of photons to phonons and
vice versa. The optical information is stored in a small-footprint spiral waveguide at room temperature. The
ultra-high Brillouin gain of these waveguides allows us to store pulses with sub-ns length. We demonstrate that
our Brillouin based memory is fully coherent and show storage and retrieval of multiple phase and amplitude
levels.
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Abstract-Optical nonlinearity allows various control of light, while their effects is usually small. Si
photonic crystal waveguides enhance the nonlinearity on a chip, thanks to the strong optical
confinement and slow-light effect. Here, we present co-/counter-propagating slow-light systems, in
which two slow-light pulses propagate simultaneously and exhibit unique interactions. The
enhanced nonlinearity as well as engineered group-delay and dispersion in slow light gives unique
functions such as adiabatic wavelength conversion, fast delay tuning, pulse compression, Doppler
shift and auto-correlation.
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Abstract— A reconfigurable multi-tap microwave filter is demonstrated on a silicon-on-insulator
platform. Compactness and low-power operation are achieved owing to slow-light in photonic
crystals. As an example, a microwave band-pass and a stop-band filters are obtained. Channel
equalization is also demonstrated on an unitary filter cell.

1. INTRODUCTION

The use of optical technology brings unprecedented advantages to manipulate and process microwave signals. Initially mainly reserved to the distribution of signals over long distance, microwave photonics, which exploits optics to process high-speed analog signals, is quickly advancing
thanks to the development of photonic integrated circuits (PIC), promising compact, robust, lowpower, lightweight devices which can be mass produced. This will have a tremendous impact in
wireless and space communication and radar.
In this context, filtering is considered as the most relevant function [1], as superior agility and
broadband operation, in addition to immunity to electromagnetic interference, are expected to be
an obvious advantage of a photonic microwave device, compared to its electronic counterpart. Our
microwave photonic filter implements a finite impulse response owing to the interference of 4 delayed
and weighted replicas of the signal in the optical domain. The coherent summation of the fields
allows to cover a broader range of response functions. In this architecture, reconfigurability and
tunability is provided by adjustable switches and optical delay lines. As the size of these devices
is constrained by the dispersion of the waveguide, dispersion engineering and slow light are crucial
assets [2].

As directly modulated

RF Frequency (GHz)

After 100km

After 100km with filter
RF Frequency (GHz)

Figure 1: On the left, image of a 4-tap photonic integrated microwave filter and magnified images (SEM) of
its constitutive elements: PhC photodetector, PhC tunable delay-line and PhC directional coupler. Signal
processing using the device (right): eye diagram before and after dispersion compensation and example of
synthesised transfer functions.

2. IMPLEMENTATION OF A SLOW-LIGHT BASED MICROWAVE FILTER

The architecture of the filter (figure 1) is based on nested cells consisting of a Mach-Zehnder (MZ)
interferometer formed with a PhC directional coupler (DC), a tunable PhC delay-line (DL) and
a 250 µm-long fixed spiral delay (⇠ 25 ps) and a multi-mode interferometer (MMI). The device
shown here uses two lower level cells nested in a third one. The performances of the filter depends
largely on the properties of the tunable delay line, which is a photonic crystal waveguide operating
in the so-called slow light regime [5]. The range of the delay determines the central frequency and
the free spectral range. The dispersion is tailored to provide a very steep change of the delay as
the temperature of the PhC suspended slab is modified. A di↵erent design of the dispersion is
exploited to reduce the size of the directional coupler [3] at the heart of the 2 ⇥ 2 switch to 10µm
(figure). Because of the tiny active volume and the large thermal resistance of the suspended slabs,
the switch provides a large contrast (> 20dB) by consuming only (3 mW) of electric power, and
its thermal tunability is fairly fast (1µs). Similarly, the delay line covers a range of 80 ps with a
maximum of 80 mW.
The two arms of each interferometer are recombined by a 2x3 MMI interferometer, allowing the
use of two photodetectors to measure the state of the interferometer, which is crucial to set the
desired parameters of the filter. We use germanium-free photodetectors [4] based on nonlinear and
surface absorption, which are remarkably e↵ective in silicon photonic nanostructures in telecom
spectral range. Under the operating condition, the responsivity is ⇠ 0.1 A/W, which is sufficient
for our purpose. The structures were fabricated in a standard clean room environment, on a
silicon-on-insulator (SOI) platform.
3. DEVICE OPERATION

Each interferometer is stabilized using a small amplitude and low frequency modulation of the
current applied to the heaters of the delay lines. Using a standard lock-in technique, the resulting
phase modulation of the optical signal is used to unambiguously measure and stabilize the optical
phase. The residual phase error of the stability loop is as low as /80 rms . Using a single stabilized
filter cell, we have demonstrated [6] the compensation of the dispersion in an optical link based on
a directly modulated laser diode. This is apparent in the eye diagram in figure 1.
The transfer function of the 4-tap filter is measured using a modulator, a detector and a vector
network analyser (VNA). This is shown in figure 1(right), where a variety of responses are obtained
by setting the currents applied to the heaters suitably. As an example, a ”stop band” or ”bandpass”
function are obtained. The slope of the filter edges will increase with the number of coefficients
(hence taps), which is allowed by the inherently scalable architecture used here. This opens the
way to structures with larger number of taps thanks to silicon photonics capabilities in terms of
integration.
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Abstract- Optical non-classical states are fundamental resources for applications in quantum
information processing. We show that integrated frequency comb sources, operating in the quantum
regime, can provide a scalable and versatile platform for non-classical state generation.
With recent advances in optical quantum information processing (e.g. the realization of quantum
cryptography systems), it is foreseeable that reliable, low-cost, and scalable on-chip sources of complex optical
quantum states will represent a key enabling technology for quantum applications [1-4]. The requirements of
such sources vary for different applications, but typically include long-term operational stability and insensitivity
to environmental perturbations, compatibility with quantum memories, operation at telecomm wavelengths
(around 1550 nm), and compatibility with mass-producible electronic chip fabrication standards (CMOS). More
importantly, source characteristics, such as frequency multiplexing to enable multi-user/channel operation,
polarization diversity to implement polarization-based operations, and the generation of more complex quantum
states are necessary to enable new functionalities in the fields of quantum information science. Therefore, the
realization of integrated quantum sources has attracted considerable attention from the scientific community [1].
However, major difficulties arise when sources need to satisfy several requirements at the same time, i.e. a
narrow spectral bandwidth, high-purity single-mode generation, high production rates, multiplexed broadband
operation, and / or entanglement shared between several photons.
We demonstrate that integrated quantum frequency combs (based on on-chip, high-Q micro-ring resonators
[5]) can address these requirements and enable the generation of pure heralded single photons, cross-polarized
photon pairs, as well as bi- and multi-photon entangled qubit states over a broad frequency comb covering the
full S, C, and L telecommunication bands.
2. Heralded single photon source
Exploiting a self-locked, intra-cavity excitation configuration [6], a highly stable integrated source of
frequency-multiplexed heralded single photons is demonstrated without the need for active stabilization (of e.g.
excitation frequency) [6]. The photons are generated though four-wave mixing (FWM) within an integrated
micro-ring resonator. The measured photon bandwidth of 110 MHz is compatible with state-of-the-art quantum
memories and repeaters, and the high purity of the emitted photons was confirmed through single-photon
auto-correlation measurements [6,7]. We report nearly single-frequency-mode operation and demonstrate

heralded single photons with an anti-bunching dip as low as 0.144.
3. Cross-polarized photon pair source
By simultaneously exciting two resonances corresponding to orthogonal polarization modes, while
suppressing stimulated degenerate four-wave mixing (FWM) through a mode family frequency offset, we
introduce a new type of spontaneous FWM to the toolbox of integrated photonics [7]. In particular, we
demonstrate the first realization of type-II spontaneous FWM (in analogy to type-II spontaneous parametric
down-conversion in second-order media), which enables the direct generation of orthogonally-polarized photon
pairs on a chip [7]. The measured photon bandwidths (320 MHz), excellent coincidence-to-accidental ratios, and
high purity single-frequency-mode operation in the single-photon regime underline the source utility.
4. Two- and multi-photon entangled state source
Through the double-pulse excitation of a high-Q micro-resonator, we demonstrate the generation of time-bin
entangled photon pairs [8] over the entire frequency comb spectrum. We measure qubit entanglement with
fidelities above 90% both on co- as well as cross-polarized photon pairs. The measured density matrix of the
two-photon state also agrees very well with the expected ideal state, confirmed by a measured fidelity of 96%.
Finally, the generation of multi-photon states [9] is experimentally very challenging. In our quantum comb,
the excitation field and the generated photons are intrinsically bandwidth-matched due to the resonant
characteristics of the ring cavity, enabling the multiplication of Bell states and the generation of a four-photon
time-bin entangled state. We confirm the generation of this four-photon entangled state through four-photon
quantum interference [10]. The measured density matrix of the four-photon entangled qubit state exhibits a
fidelity of 64%, comparable in quality four-photon states generated in other, non-integrated platforms.
3. Conclusion
Integrated quantum frequency combs based on third-order nonlinearities are shown to be a scalable and
versatile platform for quantum state generation and a practical technology towards optical quantum information
processing.
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Abstract – Efficient single-photon source is a key milestone in the development of optical
quantum computers and secure communication lines. Color centers in diamond and related
materials are considered to be the best candidates for practical single-photon sources. However, the
low quantum yield and poor collection efficiency of these emitters are a serious obstacle. Here, we
present a plasmonic nanoantenna for single-photon sources on diamond which increases the
radiation efficiency about 30 times and enhances the collection efficiency up to 90%.
The ability to generate single photons on demand is the key to the development of quantum
communications and quantum computing technologies. Color centers in diamond give a unique
opportunity to design single-photon sources that operate at room and higher temperatures [1 –4].
However, it is still a challenge to achieve a high quantum yield and efficiently collect light emitted by
these defects in the crystal lattice of diamond. For example, the silicon-vacancy (SiV) center
demonstrates a very narrow emission spectrum, but the quantum efficiency is only of the order of 5%
[5]. In addition, due to the high refractive index of diamond, it is possible to collect only a few percent
of emitted photons [5]. This problem can be solved using an optical antenna.
In our work, we demonstrate a plasmonic nanoantenna, which is simultaneously used to increase
the quantum yield and improve the directivity of photon emission. Remarkable is that the proposed
relatively simple design (see Figure 1) enables to substantially reduce the dimensions of the singlephoton source and greatly improves its efficiency. This approach can be efficiently used for both
optically and electrically pumped single-photon sources. Our results show that the Purcell factor is as
high as 30, which increases the quantum efficiency of the SiV center more than tenfold. Moreover, the
highly directional far-field emission pattern gives the possibility to achieve an ultrahigh collection
efficiency of more than 85% using a conventional immersion objective with a numerical aperture of
1.25. These numbers can be further improved by optimizing the materials and geometry. We believe
that our findings pave the way towards the development of highly efficient room-temperature practical
single-photon sources.

Figure 1. (a) Schematic of the diamond based single-photon source with a plasmonic nanoantenna.
(b) Electric field distribution of silicon vacancy in diamond incorporated near the nanoantenna.
This work was supported by the Russian Foundation for Basic Research (16-37-00509-mol-a) and
by the grant of the President of the Russian Federation (MK-2602.2017.9).
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Abstract— In this talk, we will discuss our recent progress in engineering micro/nanophotonic
device structures for producing and manipulating photonic quantum states on chip.

Recent advances in quantum photonics have resulted in broad applications ranging from secure
communication, metrology, sensing, to advanced computing. Chip-scale implementation would
not only enhance the complexity and capacity of information processing, but also enable novel
functionalities which are otherwise inaccessible in room-wide/table-top experiments.
Lying in the heart of these applications is the capability of generating versatile high-purity
entangled photonic quantum states. In this talk, we will discuss our recent e↵ort in engineering
micro/nanophotonic device structures for producing and manipulating photonic quantum states
on various chip-scale device platforms, by taking advantage of enhanced four-wave mixing and
parametric down conversion processes, via the second-order and third-order optical nonlinearities.
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Abstract- Large-scale quantum photonic circuits require deterministic sources of indistinguishable
single photons exhibiting very high efficiency. Single semiconductor quantum dots embedded in
nanophotonic cavities and coupled to waveguide circuits can provide the required efficiency. We
will discuss our recent progress in improving these integrated sources, including advanced tuning
schemes and electrical injection into photonic crystal cavities
Single photons can be efficiently generated from the recombination of single excitons in quantum dots
embedded inside photonic crystal (PhCs) cavities [1] and then coupled to waveguides in quantum photonic
integrated circuits [2]. The applicability of these sources is however limited by practical problems such as their
relative energy detuning and the complexity of optical pumping. In this talk, after reviewing our approach to
fully-tuneable on-chip single-photon sources using nano-opto-electromechanical actuation, we will discuss
recent progress in their electrical injection.
Electrical injection in PhCs is difficult due to the need of combining a low-resistance electrical path and low
optical loss. Here we report the first demonstration of electroluminescence from single QD lines within PhC
cavities. A double-membrane electromechanically tuneable [3] PhC structure was used (Fig 1, top), where the
top membrane hosts an additional vertical p-i-n junction in order to inject current in the embedded QD layer. The
cavity resonance can be reversibly tuned over almost 20 nm by electrostatically actuating the intermembrane
distance. Low-temperature electroluminescence spectra clearly show single QD lines, which become enhanced
when they cross the cavity mode. The measurement of the second-order autocorrelation function from a
cavity-enhanced line (Fig. 1, bottom) proves the antibunched character of the emitted light, and allows deducing
a Purcell enhancement of a factor of 3.5 in its emission rate.
As electrical injection does not require focusing a pump spot on the cavity and does not involve stray pump
photons, it makes the implementation of large arrays of single-photon sources much more feasible. The
large-scale integration of such tuneable single-photon sources, passive optics and waveguide detectors [4] may
enable the implementation of boson sampling circuits [5] able to process tens of photons.
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Fig. 1: (top) Schematics of a tuneable photonic crystal LED. (bottom) Antibunching in the
electroluminescence of single excitons within a PhC LED

Quantum photonics for novel quantum computing and testing
quantum physics foundations
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Abstract- The advantages of the photons makes optical quantum system ideally suited for fundamental
quantum physics experiments and a variety of applications in quantum information processing. Here I
will discuss multi-photon processing using integrated waveguides as well as experimental benchmark
values for hyper-complex extensions of quantum mechanics (such as quaternions) that exploited a
metamaterial. As outlook I will briefly discuss the scale-up of photonic quantum information processing
by using high-efficient detectors and solid-state single-photon sources.
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Abstract-The recent advances in building scalable photonic quantum devices based on
semiconductor quantum dots in Gallium Arsenide are reported. The excellent properties of quantum
dots as efficient and coherent single-photon resources in this platform allows us to explore novel
functionalities by combining them with photonic integrated circuits. Recent results include methods
for the efficient out coupling of single photons to optical fibers using tapered waveguides with 80%
efficiency, and the on-chip electro-optical routing of single quantum dot emission with sub-µs
speed.
Semiconductor quantum dots are excellent sources of single photons for quantum-information processing [1].
The integration with planar photonic nanostructures such as photonic crystal waveguides, nano-beams, and
electrically gated devices, provides an exciting platform to perform solid-state quantum optics experiments. We
have recently demonstrated near-unity emitter-mode coupling efficiency [2], single-photon nonlinearity [3],
directional emission [4], and indistinguishable photon generation [5]. With the proliferation of photonic
integrated technologies it is becoming more and more attractive to combine quantum dot sources with passive
and active optical elements such as beam-splitters, phase shifters, and input-output couplers. Such integration
would open up new possibilities to implement low-loss and scalable photonic quantum devices with embedded
capabilities for signal routing. In particular, such capabilities would enable de-multiplexing a single-photon
source into an Nx1-photon resource for multi-qubit experiments [6].
A major challenge in this direction is to efficiently couple photons from an optical chip to a fiber without
incurring in high losses. We have demonstrated different out-coupling strategies including gratings, inverted
tapers [5], and evanescent coupling to nanofibers [7]. The latter method resulted in chip-to-fiber efficiencies
exceeding 80% and a total source efficiency of 10.9%.
Another outstanding problem for single-photon de-multiplexing is to realize fast (sub-µs) and low-loss
optical switches operating at cryogenic temperatures, i.e. without resorting to thermo-optic effects. We have
devised a method for integrating a phase-shifter based on the electro-optic effect in a compact (<250x250 µm2)
Mach-Zehnder interferometer built with free-standing GaAs waveguides. The electric field is applied across a
p-i-n junction embedded in the waveguide itself [5]. Switching of quantum dot emission spectra has been
demonstrated by a series of electro-optical measurements performed at 10 K, at a <500 ns modulation speed.
Acknowledgements: We gratefully acknowledge financial support from the European research Council
(ERC Advanced Grant “SCALE”) and the Danish Council for Independent Research, technology and production
(DFF-FTP).
REFERENCES
1. Lodahl P., Mahmoodian S. and Stobbe S. “Interfacing single photons and single quantum dots with photonic

2.

3.

4.

5.

6.

7.

nanostructures”, Rev. Mod. Phys Vol. 87, 347 2015.
Arcari M., Söllner I., Javadi A., Hansen S. L., Mahmoodian S., Liu J., Thyrrestrup H., Lee E. H., Song J. D.,
Stobbe S and Lodahl P. “Near-Unity Coupling Efficiency of a Quantum Emitter to a Photonic Crystal
Waveguide”, Phys. Rev. Lett. Vol. 113, 093603, 2014.
Javadi A., Söllner I., Arcari M., Hansen S. L., Midolo L., Mahmoodian S., Kiršanskė G., Pregnolato T., Lee
E. H., Song J. D., Stobbe S. and Lodahl P., “Single photon nonlinear optics with a quantum dot in a
waveguide”, Nat. Comm. Vol. 6, 8655, 2015.
Söllner I., Mahmoodian S., Hansen S. L., Midolo L., Javadi A., Kiršanskė G., Pregnolato T., El-Ella H., Lee
E.-H., Song J.D., Stobbe S. and Lodahl P., “Deterministic photon-emitter coupling in chiral photonic
circuits”, Nat. Nanotech. Vol. 10, 775, 2015.
Kiršanskė G., Thyrrestrup H., Daveau R. S., Dreeßen C. L., Pregnolato T., Midolo L., Tighineanu P., Stobbe
S., Schott R., Ludwig A., Wieck A. D., Park S. I., Song J. D., Kuhlmann A. V., Söllner I., Löbl M. C.,
Warburton R. J. and Lodahl P., “Indistinguishable and efficient single photons from a quantum dot in a
planar nanobeam waveguide”, arXiv:1701.08131, 2017.
Lenzini F., Haylock B., Loredo J. C., Abrahao R. A., Zakaria N. A., Kasture S., Sagnes I., Lemaitre A., Phan
H.-P., Dao D. V., Senellart P., Almeida M. P., White A. G. and Lobino M., “Active demultiplexing of
single-photons from a solid-state source”, arXiv:1611.02294, 2017
Daveau R. S., Balram K. C., Pregnolato T., Liu J., Lee E. H., Song J. D., Verma V., Mirin R., Nam S.-W.,
Midolo L., Stobbe S., Srinivasan K. and Lodahl P., “Efficient fiber-coupled single-photon source based on
quantum dots in a photonic-crystal waveguide” Optica Vol. 4, 178-184 (2017).

Integrated photonic circuits for time-bin encoded quantum
information systems
H. Takesue1 , T. Ikuta1 , H. P. Lo1 , and N. Matsuda1,2
1

NTT Basic Research Laboratories, NTT Corporation
2
NTT Nanophotonics Center, NTT Corporation
takesue.hiroki@lab.ntt.co.jp

Abstract— Integrated quantum photonics is now drawing attention as a way to realize scalable quantum information systems using photons. We review the recent progress of integrated
photonic devices based on silica, silicon and lithium niobate waveguides for quantum information
and communication systems based on time-bin qubits and qudits.

Integrated quantum photonics is a promising approach to realize scalable quantum information
systems using photons. Since most optical waveguides for integrated photonic circuits shows polarization dependence, polarization qubits are not suitable for integrated quantum photonics systems.
A time-bin qubit is a promising candidate of a quantum information carrier for such systems,
because of its polarization insensitivity and seamless connectivity with quantum communication
systems over optical fiber networks.
Our group has employed planar lightwave circuits (PLC), which are optical waveguides fabricated using silica (SiO2 ), to construct 1-bit delayed interferometers for phase di↵erence measurement of time-bin qubits. The PLC interferometers have been key components in various quantum
communication experiments such as a quantum key distribution [1, 2], time-bin entanglement generation [3], and quantum teleportation of time-bin qubit [4]. Recently, we applied the PLC interferometers to high-dimensional time-bin quantum states. Using cascaded PLC interferometers, we
demonstrated a violation of Collins-Gisin-Linden-Massar-Popescu inequality for four-dimensional
time-bin entangled photons [5], and also showed that a resource-efficient quantum state tomography
for high-dimensional time-bin states could be implemented [6].
We have also been studying silicon (Si) waveguides as a promising platform to realize active
functions on photonic chips [7]. In nanoscale silicon waveguides, the nonlinear e↵ect is significantly
enhanced by the tight confinement of light inside the very small e↵ective area. Using this enhanced
nonlinearity, we demonstrated the first entanglement generation experiment using SFWM in a 1cm silicon waveguide, where a time-bin qubit was used to encode quantum information [8]. To
enhance the nonlinearity further, we employed a slow-light device based on a coupled resonator
optical waveguide (CROW) consisted of silicon photonic crystal (PhC) cavities [9]. We realized
on-chip time-bin entangled photon pair source using a silicon PhC CROW whose length was as
short as 420 µm [10]. We also showed that the silicon PhC CROW could be used as an on-chip
single-photon bu↵er with a tunable temporal delay [11].
A lithium niobate (LN) waveguide is another important platform for integrated quantum photonics since it can be used as an electro-optic device for manipulating single photons. We proposed
and demonstrated that a 2-input, 2-output LN switch could be used as two-qubit gate for time-bin
qubits [12]. In our most recent experiment, we used an optical single sideband modulator based on
an LN waveguide to erase the frequency distinguishability between two single photons [13]. This
technology enables us to tune the frequency of single photons with the precision of the frequency
of an RF signal that drives the modulator.
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Abstract-Four-wave mixing Bragg scattering in silicon waveguides is demonstrated as a low-noise
frequency converter for single photon level signals. The limits to conversion efficiency due to
nonlinear losses and parasitic processes are considered. Stable interference between separate input
frequencies is observed, and it is shown that a birefringent phase-matching scheme can provide
additional control over the unwanted processes and could lead to higher conversion efficiencies.
Four-wave mixing Bragg scattering (FWM-BS) is a χ(3) nonlinear process which enables the frequency
conversion of weak signals using two strong pump lasers [1], as illustrated in Fig.1(a). In particular, the signal
can be translated by the frequency difference between the pumps, and this is in principle a noiseless process –
unlike other four-wave mixing processes such as parametric amplification or phase conjugation, no excess noise
photons are introduced into the signal. For this reason, FWM-BS can be applied to single photon level or
quantum signals, and could be used in quantum communications, either for routing signals across a network with
wavelength division multiplexing or for aligning a photon with the operating wavelength of a particular quantum
memory or matter qubit.

Figure 1. (a) Four-wave mixing Bragg scattering for frequency translation of a weak signal from νin to
νout using two pump lasers. (b) Two input frequencies at ν1 and ν2 are coherently combined at νout giving
rise to stable interference. (c) Experimental setup: a broadband mode-locked laser is filtered into two
pumps and a signal using a spectral pulse shaper (SPS). The pumps are amplified by an erbium doped
fibre amplifier (EDFA) then a band-pass filter (BPF) removes spontaneous emission from the EDFA. A
delay line is used to resynchronize the signal with the pumps in a silicon waveguide. The output is
measured with an optical spectrum analyzer (OSA) for classical characterization or filtered by an arrayed
waveguide grating (AWG) and measured with single photon detectors.

Here, FWM-BS is demonstrated in silicon waveguides, with the experimental setup shown in Fig. 1(c).
Silicon has the advantages of a high χ(3) nonlinearity and a narrow Raman gain peak, compared to silica fibres [2]
or silicon nitride waveguides [3], where the broad Raman spectrum created by the pumps is a source of noise for
the signal. First, a 2cm silicon nanowire is used to apply up and down-shifts of 200GHz to a laser attenuated to
the single photon regime, within the telecommunications C-band. Maximum internal conversion efficiencies of
11% for up-shifting and 12% for down-shifting are largely limited by nonlinear loss in the waveguide, which
increases with the pump power. When this loss is normalized out, up to 32% of the signal power can be
transferred to a particular shifted frequency; this limitation is due to the fact that FWM-BS in a short waveguide
with relatively small frequency shifts is almost unconstrained by phase-matching, so a photon is equally likely to
be up- or down-shifted, and can be shifted multiple times at higher pump powers. This reduces the proportion of
the signal which ends up at the intended output frequency.
Despite the limited conversion efficiency, this technique can be used to investigate interference effects
between different frequencies. When the input contains two frequencies, they can be overlapped and measured at
a single output frequency as in Fig. 1(b). A stable interference fringe is observed with 80% visibility,
demonstrating the coherence of the FWM-BS, and this could be useful in some quantum key distribution
schemes as a test of frequency-time entanglement. Finally, an example of FWM-BS where the pumps are
orthogonally polarized to one another is shown, in a silicon waveguide with a much larger cross-section and a
weak birefringence. It is found that the birefringence is useful in controlling the phase-matching of the different
FWM-BS processes, so that up-shifting or down-shifting in frequency can be selected using the input
polarization of the signal, and the unwanted process is suppressed.
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Silicon photonic sources of nonclassical states of light.
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Abstract-We review recent advances in silicon integrated quantum photonics, with particular
emphasis on integrated sources of nonclassical states of light. We show how the third optical
nonlinearity of silicon and silicon compatible materials can be enhanced via the use of resonators,
and how this can be exploited to generate entangled states of the electromagnetic field as well as
heralded single photons.

Coincidence rate (Hz)

Quantum technologies offer compelling new ways to improve creation, manipulation and transmission of
information [1]. Quantum cryptography, for instance, leverages on the properties of single photon states to
improve data security in telecommunication networks [2], one of the most critical challenges in communication
technologies. Quantum imaging techniques use correlations between photons to improve resolution and signal to
noise ratio [3]. Quantum computing protocols point to the
use of the laws of quantum mechanics to perform tasks like
(a)
factorisation or searches in large random databases in a
much more efficient way than what can be obtained for
classical computers [4].
Many different systems are being researched as substrates
for quantum information protocols, ranging from cold
atomic systems, to superconductors, to semiconductor
quantum dots. Photons offer an attractive medium for
quantum information technologies due to their long
10
coherence times even at room temperature, and can be
(e)
(b)
9
easily manipulated using the tools of photonics [5].
Photons are also the mostly used medium for the
8
transmission of information via fiber networks. Silicon
7
photonics devices have seen a dramatic development in
6
recent years as Multi Project Wafer (MPW) and
5
application-specific integrated circuit (ASIC) design are
becoming increasingly widespread [6]. This offers an
4
unprecedented opportunity to bridge quantum technologies
3
from laboratory environments to actual industrial
2
applications.
1
In this presentation we review recent advances on the
0
integration of one of the fundamental components of
0
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quantum photonics: sources of nonclassical states of light.
Mutual signal and idler phase (deg)
We start discussing Four Wave Mixing, the most widely
Figure 1: (a) Optical image of a 10 micron radius
used process to achieve emission of quantum states in
silicon ring resonator. (b )Dependence of coincidences
silicon samples, and how it can be enhanced via the use of
on the mutual signal and idler phase in a time energy
resonators. We will in particular describe ring resonators,
entanglement experiment performed on the ring in (a).
The data are taken from ref. [8]. The grey line is the
which are among the most efficient and most used silicon
best fit to the experimental data and corresponds to a
integrated sources reported so far. We will review recent
visibility of about 90% implying a violation of Bell’s
results on silicon integrated sources of photon pairs [7],
inequality by 7.1 standard deviations.
heralded single photons and entangled photon pairs [8],
both in silicon and silicon compatible high band-gap

materials [9,10]. Finally, we will discuss how sources can be integrated with other photonic components on a
chip and review promising alternatives and perspectives.
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Abstract The use of integrated photonics in quantum optics experiments has introduced

dramatic improvements in terms of stability and scalability of the experiments. In particular,
femtosecond laser direct writing of photonic circuits enabled the manipulation of
polarization-encoded single photons and the realization of 3D photonic circuits. These
unique capabilities opened the door to advanced quantum simulation and computation
tasks.
Femtosecond laser waveguide writing is a recently developed technology to fabricate integrated photonic
circuits. It exploits focused ultrafast laser pulses for the direct inscription of waveguides in the bulk of dielectric
substrates [1]: the laser beam can be indeed used as an optical pen, able to draw in the three dimensions an
optical circuit with arbitrary geometry.
This technology presents several advantages and potentials, with respect to conventional planar lithographic
processes. One of its distinctive features is the possibility to produce circuits with arbitrary three-dimensional
design inside the substrate. In addition, no lithographic masks are needed and this allows to produce devices with
novel design and unique flexibility, rapid turnaround and cost-effective process.

Figure 1. Schematic of the direct laser writing process (left). Example of a 3D layout for a photonic circuit performing the Fourier
transform over the optical modes (right).

Femtosecond-laser written circuits have also shown specific advantages in the flourishing field of integrated
quantum photonics. In fact, femtosecond-laser written waveguides have typically low birefringence, which
enables the propagation and manipulation of polarization encoded qubits [2]. Several components have been
reported for the integrated manipulation of the polarization degree of freedom, such as polarization sensitive or
insensitive integrated beam splitters [3, 4], and rotated waveplates [5].
A remarkable control in the circuit fabrication has been demonstrated, enabling the realization of complex

circuits for quantum simulation [6, 7] or to implement arbitrary unitary transformations over the optical modes
[8, 9, 10], useful e.g. for boson sampling applications.
A further capability of this technology is the possibility to process different materials besides glasses, for
example crystals. We have demonstrated the possibility to write waveguides in Pr:YSO [11], implementing an
integrated waveguide memory, as well as in diamond [12], where it can be combined with the laser generation of
NV centers [13,14].
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High Purcell Factor Generation of Coherent, On-Chip Single
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Abstract- In this work we develop a high-time-resolution double π-pulse resonance fluorescence
technique, allowing observation of a record-high Purcell factor of 35 in a low-Q (677)
waveguide-coupled photonic crystal cavity. The short radiative lifetime (27 ps) leads to coherent
single photon emission regardless of significant dephasing processes and an enhanced photon
generation rate. Combining the strong Purcell effect with resonant coherent excitation and electrical
tuning, we demonstrate an on-chip, on-demand tunable single photon source that exhibits high
purity and indistinguishability without any spectral filtering.
Integrated quantum circuits are an exciting architecture for compact and scalable Quantum Information
Processing (QIP). Silicon-on-insulator devices have demonstrated the concept [1], but rely on four-wave mixing
sources which have low brightness (kHz) and large space and optical power requirements. It is thus desirable to
consider a source based on a single quantum emitter such as a quantum dot (QD) instead. Single photon
emission has been observed from continuous resonant excitation of an InGaAs QD coupled to a nanobeam
waveguide [2,3]. However, in this work and others [4] poor coherence times (T2 < T1) have been observed,
possibly due to charge noise from the presence of nearby surfaces. An ideal single photon source requires high
coherence and thus should operate close to the radiative limit of T2 = 2T1.
To overcome this issue and demonstrate a near-ideal on-chip single photon source, a waveguide-coupled
Photonic Crystal Cavity (PCC) is used to strongly reduce the radiative lifetime (T1 = 27 ps) of the QD in this
work. In addition to the coherence benefits, the cavity also significantly enhances the source emission rate whilst
reducing the optical excitation power required. On demand operation is achieved by resonant driving with
π-pulses.
The device studied consists of a waveguide-coupled H1 PhCC. InGaAs QDs are embedded in a p-i-n diode
and may be electrically tuned across the cavity resonance. As the radiative lifetime (T1) is too fast to resolve with
conventional detectors, we develop a double π-pulse resonance fluorescence (DPRF) technique. As the
inter-pulse separation is scanned, the RF signal recovers exponentially with T1. When the QD is resonant with
the cavity, T1 is 27 ps (Fig. 1(a)), corresponding to a record-high FP of 35. The short T1 and
near-radiatively-limited coherence (T2 = 2T1) are verified by a large (~95 %) sub-natural linewidth resonant
Rayleigh scattering (RRS) [5] component under weak continuous excitation (Fig. 1(b)). Whilst this super-natural
linewidth indicates excellent coherence of the emission, the weak excitation limit means that the process is
fundamentally inefficient and cannot operate “on-demand”.
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Figure 1. (a) DPRF signal versus pulse separation. An exponential fit (red line) gives T1 of 27 ps.
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waveguides. (b) Plot of the ratio of the coherently scattered laser photons (IRRS) over the total QD emission (Itotal = IRRS + IRF) versus Rabi frequency.
Orange line: Fitting with T2 = 2T1, (T1 = 27 ps).

Insets: QD emission under weak (left) and strong (right) continuous resonant driving. (c) g(2)(t) of the

waveguide-coupled QD emission measured with resonant π-pulse excitation and no spectral filtering. Inset: Spatially separated excitation and collection
scheme.

To demonstrate an efficient, on-demand single photon source, we perform correlation measurements on the
waveguide emission under resonant π-pulse excitation. Unlike most studies to date, no spectral filtering is used,
as such these measurements represent a lower-bound to the true on-chip performance of the device. A
Hanbury-Brown-Twiss measurement (Fig. 1(c)) yields g(2)(0) = 0.134 whilst Hong-ou-Mandel interference gives
a two-photon interference visibility of V = 78 % at a delay of 2 ns, corresponding to 25 excitation cycles of the
source at pulsed RF saturation. This indistinguishability exceeds all QD-based on-chip sources to date, indicating
a clear path toward fully-integrated chip devices for QIP. In addition, the short radiative lifetime demonstrated
here also lends itself to other important QIP proposals such as fast single photon switching and photonic cluster
state generation.
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Abstract - Engineering solid state quantum systems is amongst grand challenges in

engineering quantum information processing systems. While several 3D systems (such as
diamond, silicon carbide, zinc oxide) have been thoroughly studied, solid state emitters in
two dimensional (2D) materials have not been observed. 2D materials are becoming major
players in modern nanophotonics technologies and engineering quantum emitters in these
systems is a vital goal.
In this talk I will discuss the recently discovered single photon emitters in 2D hexagonal boron nitride (hBN).
I will present several avenues to engineer these emitters in large exfoliated sheets using ion and electron beam
techniques. Density functional theory calculations suggest that that the studied defects are the antisite nitrogen
vacancy in hBN. The formed emitters in 2D hBN flakes have extremely promising properties – including high
brightness (~ millions counts/s), stability up to high temperatuers and linear polarization at excitation and
absorption. Those properties make these emitters extremely attractive for their integration with optical resonators
and waveguides. Finally, I will discuss several challenges and promising directions in the field of quantum
emitters and nanophotonics with 2D materials and other wide band gap materials.
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Abstract- Single photon detectors based on superconducting nanowires have emerged as a highly
promising alternative for single-photon detection. These devices offer single photon sensitivity
from visible to mid infrared wavelengths with high efficiency, low dark counts and tens of
picoseconds timing resolution. We discuss recent advances in device design, integration and
miniaturized cooling. We give an overview of applications where these devices are now being
deployed, including optical quantum information processing, single photon remote sensing and
dosimetry for laser medicine.
The ability to detect single photons underpins a host of emerging 21st century scientific and technological
applications. Over the past decade, superconducting nanowire single photon detectors (SNSPDs) [1] have
emerged as a practical alternative to off-the-shelf photon counting technologies such as photomultipliers (PMTs)
semiconductor single-photon avalanche diodes (SPADs). The canonical SNSPD device consists of a narrow
superconducting wire patterned via electron beam lithography in a thin superconducting film. The device is
cooled below the superconducting transition temperature and biased close to the critical current. When an
infrared photon (energy ~1eV or even lower) strikes the wire, the current distribution is perturbed triggering a
fast voltage pulse which can be rapidly read out with room temperature electronics. Major avenues of
development include scale up from single pixel SNSPDs to large area arrays [2], integration with optical
waveguides [3] and nanoantennas [4]. At the University of Glasgow we are employing novel superconducting
materials and advanced nanofabrication techniques to realize these designs [figure 1 (a),(b)]. We are using a
suite of advanced characterization tools, including low temperature photoresponse mapping to characterize these
devices from near to mid infrared wavelengths. In tandem our group are addressing the challenge of practical
device operation at cryogenic temperatures. We have recently partnered with STFC Rutherford Appleton
Laboratory to realize a miniaturized 4 K cooling platform for SNSPDs [figure 1 (c)].

Figure 1 SNSPD development at the University of Glasgow (a) photoresponse map of 60 μm x 60 μm area
four-pixel SNSPD array with peak detection efficiency >40%. (b) waveguide integrated SNSPD (c) miniaturized 4
K cooler for SNSPDs

In collaboration with UK and international partners we are deploying SNSPDs in a wide range of advanced
photon counting applications. Recent examples of groundbreaking implementations include quantum
communication networks [5], on-chip quantum information processing [6], single photon remote sensing [7] and
singlet oxygen luminescence dosimetry for photodynamic therapy in the treatment of cancer [8].
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Abstract-Future photonic integrated chips for quantum experiments will demand several thousand
of components and a number of diverse functionalities integrated on the same chip. We will discuss
some of the challenges faced by the up-scaling of photonic integrated chips with a particular
emphasis on robust component trimming and heterogeneous integration of III-V devices on a
silicon-on-insulator platform.
The rapid increase in the complexity of quantum experiments demands a shift from bulk optics experiments
to integrated circuits that can offer larger stability, compactness and low cost. Amongst the various material
platforms, silicon-on-insulator (SOI) is of particular interest thanks to its large third-order nonlinearity,
technological maturity and potential for large scale manufacturing. Moreover, its large index contrast allows for
the design of very small bend radii that translates into high component density, with figures already exceeding
thousands of components per chip1,2.
However, component numbers and functionalities cannot indefinitely scale up if a number of issues are not
effectively addressed. These include the development of algorithms, technologies and designs to mitigate the
fabrication process variability, as well as manufacturing processes that allow wafer scale heterogeneous
integration. The latter is of particular relevance to all those applications that require components such as optical
sources, which cannot be provided by silicon. Here, we will focus on recent advances on trimming of silicon
photonic components in complex circuits and on back-end integration of III-V membrane lasers by transfer
printing.
An effective way to trim optical components is to thermally cure a cladding layer on top of the silicon waveguide
as a means to permanently change the effective index of the optical mode. We will discuss trimming techniques
that offer long-term stability and wide tuning range through localised laser irradiation of the upper cladding (see
Fig. 1).

d)

Figures 1 a) Schematic of experimental set-up for localised trimming of SOI components using a frequency-doubled

ND:YAG laser. b) Micrograph of a racetrack resonator array and c) Racetrack array viewed in the infra-red while light
is scattered from rings at resonance. d) Transmission spectra of a SOI racetrack resonator following thermal curing at
250 ̊C at 1 minute increments.

We will also present results on the transfer printing of III-V membrane devices onto silicon substrate with
sub-micrometer positioning accuracy3. A notable advantage of this method, other than its scalability and precise
alignment is the flexibility of the process. In fact, the bonding occurs after device fabrication, thus allowing
independent fabrication processing of III-V and SOI wafers. Also, many different III-V membrane devices can
be printed onto the SOI host substrate, with the potential for a wide range of heterogeneously integrated photonic
devices. One such example is the integration of membrane materials with large Pockels coefficients for the
development of ultra-fast electro-optic modulators.

a)
b)

Figures 2 a) Schematic showing the cross-section of a membrane device. b) SEM micrographs of III-V membranes
with zooming in on the mechanical support tip
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Abstract The future of information processing relies on the rapid manipulation of spin states.
Thereupon, we present a novel, non-invasive way to change the spin order of the model ferrimagnet
Yttrium Iron Garnet on ultrafast time scales, while keeping its electronic ground state unperturbed.
Here, the resonant excitation of high-frequency optical phonons reveals a coupling of lattice
vibrations to the spin order within few picoseconds, leading to a novel quasi-equilibrium state of
the magnetization that survives for several nanoseconds.
One of the goals of contemporary research is to unveil the fundamental interaction mechanisms of electrons,
spins and lattice degrees of freedom in condensed matter. Among them, spin-lattice interaction determines how
fast energy and angular momentum is transferred between electron spins and ionic motion. It plays a central role
in ultrafast magnetization switching where the crystal lattice acts as the ultimate sink of spin angular
momentum[1]. In addition, it is highly relevant for the spin Seebeck effect[2]. The remarkable attention also arises
from an application point of view for magnetic data storage technology or future spintronic devices. Surprisingly,
despite such wide-area importance, spin-lattice interaction in magnetic solids is still not completely understood.
To reveal the essence of spin-lattice coupling, we reduce the complexity of interactions in a magnetically
ordered solid by selectively exciting few optical lattice modes of an insulator in which the electronic degrees of
freedom are frozen out. More precisely, we resonantly pump the high-frequency oxygen-iron phonon modes (at
~17 THz) of the insulating two-sublattice ferrimagnet Y3Fe5O12 (YIG) using intense THz pump pulses (fluence
of ~50 mJ/cm , duration of ~200 fs). As the pump photon energy (80 meV) is much smaller than the electronic
band gap (2.85 eV), such pumping enables the exclusive excitation of phonons, while leaving the electrons
unaffected in their ground state. A subsequent weak probe pulse (duration of 8 fs, photon energy of 1.6 eV)
interrogates the transient magnetization change by means of Faraday rotation and ellipticity, on time scales
ranging from tens of femtoseconds to hundreds of microseconds.
We find an unexpectedly fast quenching of the transient Faraday signal with a time constant as short as
(1.4±0.2) ps. The resulting novel magnetization state persists over a timescale of nanoseconds. Given the long
spin-lattice relaxation times in YIG (nanoseconds to microseconds) [3], the observation of such fast
phonon-mediated spin dynamics is highly surprising, and indicates a highly efficient energy transfer between ion
lattice and spins. Additional temperature dependent measurements suggest distinctively different time scales for

energy and angular momentum transfer between the major part of phonons and the spins. We also present
atomistic spin dynamics simulations [4], confirming the scenario of ultrafast inter-sublattice angular momentum
transfer. Furthermore, a comprehensive thermodynamic model is presented in order to describe a novel
quasi-equilibrium state of the magnetic order accessible via phonon excitation.
Our findings not only give insights to energy and angular momentum transfer between crystal lattice and
spins, they also pave the way for spin Seebeck effect based devices operating at THz frequencies and provide
implications for the emerging field of antiferromagnetic spintronics [5].
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Abstract - We investigate experimentally in how far optical property modifications change
magneto-optical responses in films, multilayers and nano-structures. For this purpose, we utilize
Generalized Magneto-optical Ellipsometry (GME), a technique that combines high sensitivity of
small magneto-optical signal detection with the ability to simultaneously determine both optical and
magneto-optical properties by means of a simple experimental setup. Application examples include
the detection of magneto-optical anisotropy, optical anisotropy, including in artificial
meta-materials, and the investigation of spin transport effects.
Over the last decades, the magneto-optical Kerr effect (MOKE) has gained widespread popularity as a
characterization tool for the study of magnetic materials, films and nanostructures [1], and more recently it has
been applied also in conjunction with plasmonic structures and devices, for which it allows a magnetic field
induced signal modulation [2]. Reasons for its increased popularity are hereby the rather low cost of
experimental setups as well as its non-destructive nature and the compatibility with almost any environment. In
most experimental approaches, the magneto-optical Kerr effect is measured by using a polarization sensitive
detection scheme that is tuned to achieve an optimized sensitivity to at least one MOKE impacted optical
property, such as polarization rotation, for instance [1]. While such setups generally achieve excellent sensitivity,
they do not track the entirety of available information in reflection experiments and thus, they can be susceptible
to data misinterpretation. This is especially relevant in highly excited optical states, such as pump-probe
experiments or nano-structured materials, in which temporal or structural modifications lead to variations of not
only the magneto-optical effect but also the purely optical response.
Under such circumstances, it is crucially important to fully characterize the optical and magneto-optical
properties of the object under investigation, which is possible by means of Generalized Magneto-optical
Ellipsometry (GME). This technique combines a high sensitivity of small magneto-optical signal detection with
the ability to determine full reflection or diffraction matrices by means of a simple experimental setup [3].
Several examples of its successful application include the detection of magneto-optical anisotropy in films, the
detection of optical anisotropy in ferromagnetic grids, and the analysis of Spin Hall Effect induced signals in
non-ferromagnetic materials [4-7].
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and from the Spanish Ministry of economy and competitiveness under Project No. FIS2015-64519-R
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Abstract- Magnetoplasmonics combines plasmonic and magneto optic effects, making them to
interact and finding great potential in sensing and telecom applications. While this has been so far
restricted to the visible and Near IR, here we extend this concept to the Mid IR by substituting the
magnetooptic by the magnetorefractive effect (change of refractive index due to magnetic field
induced change in electrical resistivity), most effective in the 5-10 microns range. Possible
applications of this idea will be introduced.
Plasmonics has proven as a powerful tool to improve the performance of mid-IR devices, resulting in
plasmon assited quantum cascade lasers, plasmon enhanced light detection, plasmonic beam steering, plasmonic
thermal emiters or plasmonic nanoantenas for vibrational spectroscopy. In this scenario, the possibility of
modulating the emission, propagation and/or detection of mid-IR radiation constitutes a promising aspect to
expand the limits of the currently used technologies. In this sense, fast and contactless actuation on plasmon
resonances via the Magneto-Optical (MO) effect has been put forward by the inclusion of ferromagnetic
components into noble metal layers and nanostructures. This magneto-plasmonic concept so far has been
restricted to the visible and near-infrared spectral ranges.
Here we present our proposal and initial results on the magnetic field control of plasmon resonances in the
mid IR region by the use of the Magneto-Refractive (MR) effect, i.e., a change in the optical properties of the
system by magnetic field controlled electrical resistivity. For this we select a Giant Magneto Resistance model
system (a Au/Permalloy multilayer), which exhibits changes in resisitivity of the order of 10% by the application
of small (of the order of 20 Oe) magnetic fields.
The experiments are carried out in a dedicated FTIR spectrometer with magnetic field capabilities. Due to
the low magnetic fields required for the selected GMR structures, it is conceivable to devise potential and easy to
implement applications with magnetic field modulation character, improving for example current Mid IR sensing
schemes.

Figure 1: (a) Transmission spectra for two samples with different GMR values (4.8% and 0.5%). INSET:
Magnetic field dependence of electrical resistance and integrated transmission in the mid IR region for the
4.8% GMR structure. (b) Calculated magnetic field modulation of propagating plasmons via MO effect (red)
and MR effect (black). The modulation is similar for both MO and MR effects up to 3.5 µm, but it is much
larger for the MR effect in the whole mid IR range.
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Abstract-We report on magnetic properties of a new class of inherently nanolaminated materials:
magnetic MAX phases. Hexagonal atomically layered MAX phases show exclusive mechanical
properties and anisotropic thermal and electrical conductivities. These systems are parent materials
of graphene-like transition metal carbides, known as MXenes, which are predicted to be future 2D
magnetic materials extending the unique properties of graphene. Magnetic properties of new magnetic
MAX phases are presented: magnetic ordering temperature, spin structure, saturation magnetization,
magnetocrystalline anisotropy and magnetoresistance.
MAX phases are a family of hexagonal, nanolaminated compounds with the chemical formula Mn+1AXn (n = 1-3)
composed of early transition metals M (Ti, V, Cr …), A-group elements (Al, Ga, Ge …) and X (C or N) [1]. Due to
their unique structure these materials share properties of ceramics such as high structural stiffness and metals such as
good electrical and thermal conductivity [1]. The new class of magnetic MAX phases has been recently discovered
substituting or composing the M-element by/with Mn in quaternary solid solutions. Also ternary Mn2GaC magnetic
compounds have been synthesized as hetero-epitaxial films containing Mn as the exclusive M-element [2]. Significant
interest in these systems is rising due to a recently discovered possibility of delamination of layered MAX phase
structures leading to 2D graphene-like transition metal carbides and nitrides Mn+1Xn, known as MXenes [3]. Mn-based
MXenes are predicted theoretically to be intrinsic half-metals with full spin polarization and above room temperature
ferromagnetism [4].

We report on magnetic and electrical transport properties of recently synthesized magnetic MAX phases.
Magnetometry and ferromagnetic resonance (FMR) reveal ferromagnetic (FM) properties of (Cr0.5Mn0.5)2GaC
and (Mo0.5Mn0.5)2GaC at temperatures below 220 K. The saturation magnetization is on the order of 0.7 µB per
M-atom. Both compounds behave as soft magnetic materials possessing small c-axis magnetocrystalline
anisotropy energy density (MAE) below 5 kJ/m3 [5-6]. Mn2GaC at room temperature is antiferromagnetic (AFM)
with a Néel temperature of approximately 600 K. At T = 240 K the system undergoes a phase transition to a
canted noncollinear spin state [2]. This state is characterized as a metamagnetic state, in which the magnetic field
causes a change of the lattice parameters and FM spin alignment. FM Mn2GaC has a MAE of 40 ± 10 kJ/m3 with
the easy axis perpendicular to the c-axis and saturation magnetization of 1.7 µB per Mn atom at T = 5 K. All
compounds show negative magnetoresistance of about 5% originating from spin-dependent scattering of
electrical charge carriers.
Acknowledgements, R. S. acknowledges DFG foundation under Grant No. SA 3095/2-1.
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Abstract-Long range dipole-dipole correlation in a ferrimagnetic sample can be treated in terms of
collective excitations of the system as a whole. Ferrite samples with linear dimensions smaller than
the dephasing length, but still much larger than the exchange-interaction scales, are mesoscopic
structures with magneto-dipolar-mode (MDM) oscillations. Recently, it was shown that thin-film
yttrium-iron-garnet (YIG) disks, distinguishing by multiresonance MDM spectra, demonstrate
unique properties of artificial atomic structures: energy eigenstates and eigen power-flow vortices.
Because of these properties, MDMs in a quasi-2D ferrite disk enable strong confinement of
microwave radiation to subwavelength scales. In microwave structures with embedded MDM
ferrite samples, one can observe quantized fields with topologically distinctive characteristics.
These fields are termed magnetoelectric (ME) fields. ME fields are characterized by the helicity
parameter which is a pseudoscalar. Newly developed capabilities in microwave sensing using ME
probing fields originated the MDM ferrite samples, provide a potential for unprecedented
measurements of chiral materials and biological objects with chiral structures.
Subwavelength confinement of light via electrostatic plasmonic resonances has found more demand and has
become an important issue in many research fields including integrated photonics, spectroscopy, biological
photonics, chemical studies, and so on. In microwaves, however, the effects of the electromagnetic
subwavelength confinement due to quasistatic oscillations have not been studied sufficiently. In a series of recent
publications [1 – 5], it was shown that small ferrite-disk particles may have unique spectral properties of MDM
oscillations and the near fields originated from such particles are microwave chiral fields with strong
subwavelength localization of electromagnetic energy.
At microwave frequencies, the spectral properties of the MDM resonances are analyzed based on the Walker
equation for magnetostatic-potential wave function. In a normally magnetized quasi-2D ferrite disk, one has
real-eigenvalue spectra for scalar wave functions. For such a quasi-Hermitian eigenvalue problem, the analytical
spectral solutions can be obtained. Because of special dynamics of the magnetization motion in a ferrite disk,
characterizing by symmetry breakings, small ferrite particles with MDM spectra originate near fields with
unique topological properties. We term these fields magnetoelectric (ME) fields. The ME fields are characterized
by helical structures and power-flow vortices. For incident EM waves, the vortex topological singularities act as
traps, providing strong subwavelength confinement of the microwave fields. It appears that a vortex may turn out
to generate a “radius of no return", beyond which the incident EM fields falls inevitably towards the vortex
singularity. In such a case, the MDM vortex becomes an EM “black hole" in microwaves.

It was shown [6] that at MDM resonances, RF magnetization in a quasi-2D ferrite disk is distinguished by
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nonzero product m ⋅ ∇ × m . This pseudoscalar parameter, characterizing the way in which the field lines of
magnetization curl themselves, we call magnetization helicity parameter. The magnetization helicity parameter
defines the helicity parameters of the ME near fields: F =
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gives evidence for the presence of mutually parallel components of the electric and magnetic fields in the
ME-field structure. The ME fields, being originated from magnetization dynamics at MDM resonances, appear
as the fields of axion electrodynamics. In axion electrodynamics, the coupling between an axion field and the
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electromagnetic field is expressed by an additional term in the ordinary Maxwell Lagrangian L ϑ = κϑ E ⋅ B ,
where ϑ is an axion field and κ is a coupling constant. The axion field ϑ transforms as a pseudoscalars
under space reflection P and it is odd under time reversal T. MDMs in a quasi-2D ferrite disk are microwave
energy-eigenstate oscillations with topologically distinct structures of rotating fields and unidirectional
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disk axis. For a given direction of a bias magnetic field, the power-flow circulations are the same inside a ferrite
and in the vacuum near-field regions above and below the disk.
Newly developed capabilities in microwave sensing using ME probing fields originated from multiresonance
magnetic-dipolar-mode (MDM) oscillations in quasi-2D YIG disks, provide a potential for unprecedented
measurements of chemical and biological objects. Recently, microwave sensors based on ME fields were
effectively used for chirality discrimination in enantiomeric liquids [7].
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Abstract The manipulation of the magnetization with sub-picosecond laser pulses is attractive for
potential information storage device applications. Some magnetic materials can already be switched
solely by the effect of a laser pulse, without any external magnetic field involved. First, such effects
were demonstrated for ferrimagnets but recently also for layered, synthetic ferrimagnets and even
for ferromagnets. In this talk we investigate all-optical switching theoretically. We employ
multi-scale models linking ab initio methods with spin models and mesoscopic theories to explore
the spin dynamics, which is triggered by the laser pulse, and to distinguish thermal heating effects
from opto-magnetic effects, such as the inverse Faraday effect.

The term all-optical switching (AOS) refers to the fact that some magnetic materials can be
switched solely by the effect of a femtosecond laser pulse, without any applied magnetic field involved.
Experimentally, such effects were demonstrated for ferrimagnets [1-3] but later also for layered,
synthetic ferrimagnets [4] and recently even for ferromagnets [5].
We use a multi-scale approach linking ab-initio calculation for the parameterization of an
atomistic spin model with spin dynamics simulations based on the stochastic Landau-Lifshitz-Gilbert
equation, to investigate the spin dynamics of the ferrimagnets FeGd and DyCo5, synthetic ferrimagnets
consisting of antiferromagnetically coupled bilayers of Fe and Gd, as well as the ferromagnet FePt.
While many aspects of the thermally induced switching in FeGd have been uncovered [1, 2, 3, 6]
alternative materials are less understood. In this context, DyCo5 is a very interesting material displaying
a reorientation transition. With our model, we are able to compute the complex temperature
dependence of the magnetization. The simulations yield a Curie temperature of 1040K and a
compensation point at 115K. The spin-reorientation transition is a consequence of competing
magneto-crystalline anisotropies in connection with different degrees of thermal demagnetization in the
Dy and Co sublattices. We explore the dynamics of the reorientation transition on ultra-fast time scales
and in how far this transition affects the thermally induced switching.
For synthetic ferrimagnets we demonstrate and investigate thermally induced magnetic switching.
Our findings show that deterministic magnetization reversal occurs above a certain threshold
temperature if the ratio of transition metal atoms to rear-earth atoms is sufficiently large. Surprisingly,
the total thickness of the multilayer system has little effect on switching. We further provide a simple
argument to explain the temperature dependence of the reversal process.
Furthermore, we investigate helicity dependent AOS in FePt. We employ ab initio methods to
calculate the laser-power and photon frequency dependence of the inverse Faraday field [7] and the
magnetic dichroism and calculate the magnetization dynamics triggered by the laser pulse via the
thermal heating effect and the inverse Faraday field based on the Landau-Lifshitz-Bloch equation of

motion for high-temperature magnetization dynamics. Closer analysis suggests the inverse Faraday
effect to be strong enough to serve as mechanism for helicity dependent AOS in a multi-shot
experiment. Our results are verified by a comparison to recent experiments [8].
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Abstract- The thermal emission and the radiative heat transfer between finite objects of arbitrary
shape that exhibit magneto-optical activity, is studied using a generalization of the thermal discrete
dipole approximation (TDDA).
There is an increasing interest in the study of the radiative heat transfer between nearby objects[1]. This is
motivated by the experimental verification of a large enhancement when the objects are placed within the
near-filed regime [2-9].
On the other hand, MO objects are of great interest in the context of near field radiative heat transfer. In
particular, doped semiconductors under a magnetic field present a sizable MO activity, that can be further
controlled by changing the magnitude and the direction of the field. Thus for instance, it has been demonstrated
that the radiative heat transfer between two parallel plates made of doped semiconductors can be largely tuned
by applying a static external magnetic field [10].
Here, we present the radiative heat transfer between finite objects of arbitrary shape that exhibit
magneto-optical activity, using a generalization of the thermal discrete dipole approximation (TDDA). We also
describe the thermal emission of a finite object with and without magneto-optical activity, within the same
TDDA approach. We will show that employing our TDDA approach one can rigorously demonstrate Kirchhoff's
radiation law relating the emissivity and absorptivity of an arbitrary magneto-optical object. Our work paves the
way for the theoretical study of the active control of emission and radiative heat transfer between
magneto-optical systems of arbitrary size and shape [11].
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Abstract- New developments in laser-based femtosecond x-ray and extreme-ultraviolet sources
make it possible to probe element-specific spin dynamics in multispecies magnetic systems. These
nascent optical tools therefore provide new and detailed information that is mostly not accessible by
using visible light, and allow for the design of experiments that can help to identify the microscopic
mechanisms of ultrafast spin dynamics. Using femtosecond soft X-ray pulses we were able to
investigate the ultrafast breakdown of the magnetic coupling in heterogeneous magnetic materials.
The study of magnetism, magnetic materials, and dynamics in magnetic systems is a topic of fundamental
interest in our understanding of correlated systems, as well as being directly relevant to technology and
information storage. In recent years, magnetism at the ultrafast timescale has been a topic of increasing interest.
A thorough understanding of femtosecond magnetism will address the important questions of how fast the
magnetization can be reoriented in a material and what physical processes present fundamental limits to this
speed. In the spatial domain, magnetism at nanometer length is a topic directly relevant to data storage, since
future advances in this technology will require further reduction in device dimensions to increase the storage
density. These considerations have motivated a variety of studies using magneto-optic effects in conjunction
with ultrafast light pulses to explore these fundamental limits.
Magneto-optical dynamic studies currently make use either of visible-wavelength light from ultrafast
lasers, or x-rays from large-scale synchrotron x-ray facilities. Ultrafast lasers produce short pulses (≈10fs),
making possible femtosecond time resolution [1,2], but with a spatial resolution that is generally limited by the
wavelength of the probe light. Femtosecond X-rays pulses, on the other hand, allow for high spatial resolution
and high contrast at the elemental absorption edges of ferromagnetic materials. This is a challenging proposition,
but one that can be addressed using newly developed tabletop-scale coherent light sources based on
high-harmonic upconversion (HHG) of a femtosecond laser. HHG is an extreme nonlinear process that produces
coherent short wavelength beams with the shortest pulse durations demonstrated to date for any light source – in
the 0.1 fs to 10 fs range [3,4]. The generated harmonics extend from 10 eV to greater than 2 keV, and retain the
polarization and coherence properties of the driving laser under phase-matched generation conditions. Bright
HHG beams with sufficient flux for experimental applications can currently be generated with photon energies
of up to ≈330 eV [4]. Past ‘static’ synchrotron measurements have shown that the magnetization can be probed
at the M-edges of Fe, Co, and Ni, at photon energies around 55 eV to 65 eV [5]. This is an energy range that is
easily accessible using HHG.
In this work, we demonstrate that ultrafast (≈10 fs), coherent, HHG beams can serve as an
elementally-sensitive probe of magnetization orientation and demagnetization dynamics [6]. We also show that
our measurements are sensitive to the presence of capping layers, making it possible to probe the magnetization
state of buried layers and multilayer structures [7,8,9 ]. The significance of this work is that the ultrafast
time-resolution provides a clear pathway for addressing a controversy concerning the timescales and

mechanisms associated with the ultrafast (possibly even attosecond [10]) dynamics of magnetization. The
extremely short pulses provided by HHG can address both electron and spin dynamics on an equal footing,
which is the prerequisite to studying the mechanisms governing coupling between the electron, spin and lattice
subsystems [11]. Finally, the high harmonic source uses a tabletop femtosecond laser that is available in many
laboratories worldwide. Therefore, this work represents an accessible new experimental capability for magnetic
materials research. The review concludes with a summary and an outlook to the feasibility of laser control of
magnetism.
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Abstract- The rapidly developing field of magnetoplasmonics merges concepts from plasmonics
and magnetism to realize novel and unexpected phenomena and functionalities for the manipulation
of light at the nanoscale. Such new functionalities arise from the intertwined optical and
magneto-optical properties displayed by magneto-plasmonic nanostructured surfaces. This talk will
cover recent advances in the investigation and development of magneto-plasmonic nanostrucutres
and crystals, which contributed to broaden the understanding and control of optics at the nanoscale.
Applications of such multifunctional optical surfaces and metamaterials to a variety of emerging
technologies are presented as an example of their broad scientific and technological perspectives.
Plasmons play a large role in the optical properties of metals. Magnetoplasmonics combines strong local
enhancements of electromagnetic fields in surface plasmon excitations with magneto-optically active
ferromagnetic materials, which optical properties can be controlled by external magnetic fields.
Owing to the intertwined optical and magneto-optical properties, magnetoplasmonics may offer a smart
toolbox for actively tuneable optical ultrathin surfaces and metasurfaces. Here we review recent advances in the
research on magnetoplasmonic nanoantennas and two-dimensional magnetoplasmonic crystals. From the one
side, they contributed to broaden the understanding and control of optics at the nanoscale. From the other side,
magnetoplasmonic nanoantennas and surfaces have already shown a clear path towards applications to variety of
emerging technologies as, e.g., ultrasensitive molecular sensing and ultrathin optical devices.
The fundamentals aspects of the physics underlying the optical behavior of magnetoplasmonic metamaterials
are first briefly introduced [1-3].
A brief survey of applications to a variety of emerging technologies are presented as an example of their
broad scientific and technological perspectives, namely:
- magnetoplasmonic nanoantennas based surfaces allowing for ultra-sensitive and label-free molecular
detection, which are expected to have a clear impact on biochemistry and biomedicine and are therefore subject
to intense investigation [4-6];
- systems allowing for the control of non-reciprocal light propagation relying on magnetoplasmonic
nanoantennas ability to tailor the amplitude and sign of light polarization over a broad spectral range [7-10];
- ultra-thin chiroptical surfaces, built on 2D magnetoplasmonic bimetallic meta-atoms, where the chiral light
transmission is modulated by the externally applied magnetic field [11];
- 2D magnetoplasmonic crystals, namely plasmonic crystals made of a periodic array of holes in a
ferromagnetic layer, which support surface plasmon polariton modes and display a two-dimensional photonic
band structure that can be engineered to obtain tailored and enhanced magneto-optical response [12].
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Abstract-Lithographically nano-patterned magnetic materials can result in fascinating behaviour
exploiting the interactions between individual elements creating novel functionality. The emergent
properties in such systems are distinctly different from those of their constituent components, driven
by the collective dynamics of the interacting elements and respond to external stimuli such as
magnetic or temperature. Further functionality can be realised exploiting the fact that the
periodicity and element size in such nano-patterned magnetic arrays matches well the wavelengths
of visible light.
Magnetism has for long been a fertile playground for the study of phase transitions and dynamics, as well as
the development of elaborate theoretical tools used to describe and explain related experimental observations.
This very successful approach has so far mainly focused on properties at the atomic scale and how these result in
macroscopic observations, such as magnetic order and magnetization dynamics. Here we propose a paradigm
shift and the study of magnetic phase transitions and dynamics at mesoscopic length-scales, using interacting
ferromagnetic nanostructures of size inferior to the magnetic domain in two-dimensional nanopatterned arrays.
These systems exhibit similar phase transitions and dynamics but on different length- and energy-scales,
providing also the possibility for direct real-space characterization using a variety of modern magnetic imaging
techniques[1]. Furthermore, the mesoscopic length-scales involved, matching well the wavelengths of visible
light, present an unprecedented opportunity for the development of new routes to manipulate light with
magnetism or vice versa, through plasmons.
Novel functionality can appear in nature from the combination of a large number of interacting elemental
building blocks[1]. An example of this are solid materials, where atoms through bonding interactions crystallise
in a variety of different structures that define their mechanical, thermal, electronic, magnetic and optical
properties. Physicists have attempted to describe and predict such phenomena using models, such as the famous
Ising model, where the geometry, interactions and temperature are taken into account providing a route for the
identification of phase transitions in real materials. Using the basic concepts of such models, it is possible to
engineer condensed matter systems based on thin films that are patterned and consist of a large number of ferroic
components that interact (with magnetic dipolar interactions) with each other and result in new functions and
properties. The studies of these artificial model systems and their many- particle interactions have grown
exponentially in the last few years. It has been demonstrated that these interactions dictate the magnetic order
and switching of individual building blocks on surprisingly large length-scales[2-4]. This approach benefits from
a further advantage: all the parameters in the Hamiltonian that describes the system can be varied at will during
fabrication, resulting in the epithet ‘designer matter’.
Out of the variety of systems that can be designed in this meta-material approach, one of particular interest is
artificial spin ice, named after their real material analogue, spin ice. Artificial spin ices are lattices of
nanomagnets, mimicking the proton arrangement around oxygen atoms in crystalline water ice and arranged

such that their mutual interactions are frustrated, leading to a rich phenomenology associated with the fact they
can take up a huge number of reconfigurable metastable states. Artificial spin ice structures can furthermore be
directly imaged using real-space techniques. This facilitates the direct determination of their microscopic states
experimentally and comparison to well established statistical mechanical models. These systems therefore
provide an ideal platform for the investigation of ground state ordering in the presence of frustration[4] and
excitations[4,5]. In addition excited states in artificial spin ice possess effective magnetic charges (‘monopoles’)
which might be useful as a new carrier of information[5].
Furthermore, such 2D patterned surfaces (metasurfaces) can affect the polarization/phase of free propagating
light – just as the magneto-optical (MO) effects in magnetic materials[6]. The combination of plasmonics,
metasurfaces and magnetic materials allows for new perspectives in the long-sought functionality for
waveguiding and light manipulation[6-8]. Our developed far-field methodologies already allow for the control of
plasmons and their propagation using low magnetic fields and enhancement of the magneto-optic activity due to
plasmons[9]. Furthermore, it might also be a possible route for controlling the magnetic state and excitations in
material using light that has been “trapped” on metasurfaces through plasmons.
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Abstract- We experimentally demonstrate all-optical helicity-dependent switching (AO-HDS) of
magnetization in hybrid metal-ferromagnet thin films, showing very robust AO-HDS effect for a
wide range of laser repetition rates and peak powers. The hybrid metal-ferromagnet structures
exhibit smaller coercivity and smaller remanent magnetization compared with the bare ferromagnet
film, which may facilitate the pronounced HD-AOS feature. This work paves a critical step towards
future high-speed, low-power and high-density memory and storage technologies.
The emerging Big Data Era demands the ever increasing speed and capacity of processing and storing
information. Recent research has shown that it is possible to use femtosecond circularly polarized laser to switch
the magnetization in certain magnetic materials. This helicity-dependent all-optical switching (HD-AOS) was
initially discovered in ferrimagnetic systems involving rare-earth elements [1-5], and very recently extended to
ferromagnetic materials such as CoPt multilayers [6-7]. Most remarkably, such an extremely fast and novel
reversal mechanism does not require an external magnetic field existing in conventional magnetic storage
devices such as hard disk drives, and potentially could increase the data storage speed by three orders of
magnitude. However, the fundamental mechanism of HD-AOS is still not fully understood [8,9]. In addition,
nanoscale optical control of magnetization for high-density storage remains very challenging because of the
diffraction limit in classical optics.
Plasmonic nanostructures made of noble metals, such as gold and silver, enable to confine light into deep
subwavelength scales and meanwhile significantly increase the local field intensity [10,11]. In order to realize
all-optical magnetic switching with lower power and higher density for future memory and storage devices, it
has been proposed to combine plasmonic structures with advanced magnetic materials [12,13]. Towards this goal,
in this talk we present the HD-AOS effect of CoPt multilayers coated with an additional gold thin film. We
demonstrate that this hybrid metal-ferromagnet system exhibits pronounced HD-AOS. We have conducted
systematic optical characterizations to explore the dependence of HD-AOS on different repetition rates and peak
powers. It is found that better HD-AOS results can be observed for higher repetition rates. By varying the laser
power, we have observed the CoPtAu thin films exhibit HD-AOS with a wide range of the threshold fluence
(estimated to be larger than 360.5%). This is a significant increase compared with the previous reported results in
GdFeCo alloy films [14], which shows HD-AOS only for a narrow window of threshold fluence (estimated to be
1.5%). To reveal the underlying mechanism, we have measured and compared the hysteresis curves of different
samples. The hybrid magneto-plasmonic structures show smaller coercivity and smaller remanent magnetization
compared with CoPt multilayers, which may be the cause of the pronounced HD-AOS feature [15]. Leveraging

these findings, we have also integrated plasmonic nanostructures with CoPt multilayers. Preliminary results of
the plasmonic effect on HD-AOS are obtained.
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Abstract-The magneto-plasmonic interaction is revealed in 0D, 1D- and 2D magnetic
nanostructures. The magneto-optic response is examined in the presence of localized surface
plasmons, of propagating surface plasmons and in the geometrical percolation limit. The role of the
thickness of the magnetic layer is clarified. Finally, the influence of surface plasmons on the
magnetization dynamics is discussed.
The field of magneto-plasmonics is an emergent research field that aims to explore the combination of
magnetic and plasmonic functionalities in patterned nanostructures [1, 2]. The presence of magnetic materials in
plasmonic structures offers the possibility to influence plasmonic resonances with the magnetization and an
external magnetic field. The presence of surface plasmons in magnetic nanostructures on the other side, can
boost the magneto-optic response [3].
In this work we show the evolution of the magneto-optic enhancement in zero, one and two dimensions (0D,
1D and 2D) magneto-plasmonic structures. We use Au nanoparticles, Au gratings and Au antidot structures in
combination with magnetic films to study the enhancement factor of the polar, longitudinal and transverse Kerr
effect. As magnetic films, Yttrium Iron Garnet (YIG) and Co layers are used.
We demonstrate the different degree of magneto-plasmonic interaction when localized surface plasmons
(LSPs) or propagating surface plasmons (SPPs) are excited. Furthermore, we reveal the effect on the
magneto-optical effects around the dimensionality crossover from 0D to 2D. The transition from LSPs to SPPs is
achieved close to the geometrical percolation limit.
We correlate the magneto-optic interaction not only with respect to the transition from LSPs to SPPs but also
to the dimensionality of the magnetic layer. The thickness of the magnetic layer plays a decisive role [4]. We
present that the spectral features of the magneto-optic enhancement does not only depend on the in-plane
structuring of the sample but also on the out-of-plane geometrical parameters, such as the thickness of the
magnetic layer.
We furthermore explore how the presence of LSPs and SPPs is modifying the magnetization dynamics of the
magnetic layer.
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Abstract-We have investigated surface plasmon-polaritons in graphene-antiferromagnet layered
structure. We show the possibility of resonant interaction of the graphene surface
plasmon-polaritons with the magnons of antiferromagnet.
Nowadays, in plasmonics great researchers attention is paid to investigation of graphene-based
nanostructures and perspectives of its applications in data processing and storage devices1. In our recent works
we have considered some graphene-containing structures. Some interesting results on speckle-pattern rotation in
graphene-coated optical fibers2, surface plasmon manipulation by magnetic field in the planar gyrotropic
waveguide formed by two graphene layers3, plasmonically induced magnetic field and Faraday rotation of high
order modes in graphene-covered nanowires4, 5 have been obtained.
In this work surface plasmon-polaritons in dielectric – graphene – antiferromagnet structure is investigated.
We assume that dielectric is non-dispersive one, antiferromagnet is centrosymmetric few-sublattice magnet (of
rhombic symmetry) with exchange spin excitations of electroactive type. Eigen frequencies of exchange modes
correspond to infrared and visible spectrum ranges (for example, YBa2Cu3O6+x, α-Fe2O3). Frequency-dependence
of graphene conductivity is taken into account.
Calculations are carried out in assumption of decaying length of surface electromagnetic wave is much
greater than the lattice constant and phenomenological method may be used. Properties of the structure are
depending on dielectric permittivity tensor of antiferromagnet and graphene conductivity.
Different propagation directions of electromagnetic wave with respect to antiferromagnet crystal orientation
are considered. Dispersion equations and conditions of excitation of TM- and TE- waves and components of
electromagnetic field are obtained. It is shown, that TE- waves, which are non-existing without graphene, may
propagates in the structure when some relations between parameters of mediums are satisfied in frequency
ranges of exchange modes of antiferromagnet.
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Abstract-In order to explore the non-reciprocal effects, we investigate topological magnetic
nanostructures covered with graphene-based meta-surfaces, which consist of a periodic pattern of
sub-wavelength stripes of graphene winding around magnetic (meta-)tube or (meta-)torus. We
establish the relation between the topological and plasmonic properties in these structures. Elliptical
and hyperbolic magneto-plasmonic Fabry-Perot resonances in meta-structures not only manifest the
non-reciprocity but display the giant mode splitting.

In recent years, enormous attention of researchers has been paid to metasurfaces, i.e. an artificially created
one-layer lattice consisting of sub-wavelength size elements (so-called “meta-atoms”) [1-4]. Recently, we
have shown that cylindrical graphene-based waveguide filled by gyrotropic (or magnetized) medium
demonstrate the giant Faraday rotation of high-order plasmonic modes spiraling around the nanowire axis [5].
Here work we focus on the non-reciprocal cylindrical magneto-plasmonic waveguides based on rolled graphene
meta-surfaces (meta-tubes) as well as the finite-length structures serving as meta-cavities (see Fig. 1).

Figure 1. A graphene-based meta-tube (a) is obtained by winding a bunch of n identical graphene stripes
around the cylindrical core under the fixed angle θn. A meta-torus (b) is characterized of the pair of topological
indices of the structure n and N.
A graphene meta-tube may display a giant rotation of azimuthal magneto-plasmonic modes. This structure is

intrinsically non-reciprocal, which plays a crucial role for design of plasmonic devices with one-way
propagation resulting in the disappearance of the Fabry-Perot resonances in finite-length meta-tubes. A piece of
meta-tube rolled in a torus, possesses a distinct spectrum of azimuthal cavity modes with a large splitting for
clock- and counterclockwise propagation directions. Interestingly, the electromagnetic, magnetic and
geometrical topological indices of the structure obey simple analytical expressions. Therefore, our results are not
limited for graphene-based structures and pave the way for topological non-reciprocal magneto-plasmonics.
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Abstract— We present a versatile magneto-optical di↵ractometer, with ellipsometric capabilities, designed for investigating changes mediated by nano-engineered magnetoplasmonic crystals
on the polarization state of the incident light. This facilitates a detailed characterization of
metasurface light-tailoring as a function of wavelength and incidence angle, further enabling fundamental studies as well as exploring avenues for potential applications within the flat-optics
framework.

The combination between plasmonic resonances, magnetism and nano-scale structuring has
opened up exciting possibilities, by which the interplay between these three ingredients can enable
an enhanced tailoring of the polarization state of light[1]. This active magnetoplasmonic framework
can lead to numerous applications within the flat-optics playground[2]. However, in order to fully
capture, quantify and understand the e↵ects of this interplay, an in-depth characterization of the
properties of the light scattered from such magnetoplasmonic metasurfaces is necessary. Of a particular interest are periodic arrangements of ferromagnetic nanostructures, for which well-defined
grating-coupled plasmonic resonances can arise, given that a Laue-like momentum-matching condition is fulfilled. Such resonances have proven to enhance optical and magneto-optical activities[3]
and are characterized by specific dispersion relations within the wavelength-incidence angle parameter space, which can be engineered by the choice of the materials and lattice geometry. For an
experimental investigation, however, high-precision angular and wavelength-dependent measurements are required in order to properly identify and further quantify the e↵ects of these plasmonic
excitations.
We have developed a modular magneto-optical di↵ractometer designed to excite such plasmonic
resonances while simultaneously characterizing, within a far-field picture, their impact on the polarization state of the incident light[4, 5]. Through the combined use of a high-precision goniometer
stage and a supercontinuum laser source, the state of the reflected or transmitted light can be
monitored as a function of incidence angle and wavelength, covering the visible and near-infrared
ranges. This setup is highly versatile, capable of functioning in di↵erent operation modes and it
can be regarded as a generalized di↵ractometer with ellipsometric capabilities. The reflectivity[6],
transmission, rotation and ellipticity of the light can thus be recorded and the dispersion relations
of e↵ectively propagating plasmonic resonances or surface plasmon polaritons can be directly measured. The e↵ects of complex unit cell geometries and phase gradients can also be investigated.
Furthermore, the sample holder is equipped with a quadrupole coil system, enabling measurements
under applied magnetic field. This option brings in the possibility of measuring the magneto-optical
activity, such as the Transverse Magneto-Optical Kerr E↵ect (TMOKE) asymmetry[7], as well as
exploring the potential for active magnetic tuning of the state of the light.
By using of this instrument, we have been able to experimentally highlight the fingerprints
of these network-mediated plasmonic resonances on the optical and magneto-optical properties of
di↵erent types of two-dimensional magnetoplasmonic crystals. Specifically, we’ve been able to track
and quantify the dispersion relations of grating-coupled plasmonic modes, for both collinear and
non-collinear alignments[4, 5, 6], in good agreement with theoretical predictions[8](see Figure1).
Furthermore, the role played by the geometry of the lattice element in defining the overall behavior
as well as the shape of the plasmonic resonances can been examined and quantified.
In conclusion, this versatile setup allows for an in-depth characterization of light scattered
from magnetoplasmonic metasurfaces, incorporating both ellipsometric and magneto-optical functionalities, and can provide a detailed understanding of the underlying plasmonic excitations and
dispersions.

Figure 1: Examples of two-dimensional map representation of simulated (a) and experimental (b) reflectivity
responses as a function of wavelength and incidence angle for a Ni/Au-capped hexagonal antidot magnetoplasmonic crystal (sample details in ref.[6]), with incident p-polarized light aligned with the next-nearest
neighbor direction of the lattice. The positions found for the dispersion relations are in good agreement with
the predicted dispersion relations. (c) Reflectivity and TMOKE asymmetry responses for the same sample
for a wavelength of 636nm showing an enhanced magneto-optical activity mediated by the surface plasmon
polariton modes.[7]. Figures taken from ref.[4, 5].
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Abstract-The possibilities of fabrication of magnetic nanostructures using ion irradiation will be
exampled with the recent achievements in FeAl and FeRh. Magnetization of both alloys at room
temperature is highly sensitive to the structural state (ordered or disordered). This opens a way for
lateral patterning of nanoscale ferromagnets embedded in paramagnetic (FeAl) or antiferromagnetic
(FeRh) ordered matrix and to study the effect of planar geometry of magnetic interfaces.
Nanostructuring of magnetic materials is of vital importance for novel technological applications based on
spin and magnon transport, manipulation of domain walls, and artificial spin textures and magnetic
metamaterials. A variety of magnetic effects arising on the interfaces in multilayers composed of ferro-,
antiferro- and non-magnetic materials boosted the breakthrough in spin-dependent phenomena. Further exploit
of nanoscale effects in ferromagnets requires the planar structuring of thin films and lateral patterning. Several
binary transition metal based alloys offer a unique opportunity for fabrication of laterally patterned
ferromagnetic nanostructures using the structural disordering. The magnetization of Fe60Al40 was shown to be
highly sensitive to the transition of structure from B2 (ordered) to A2 (bcc, or disordered) [1]. The nearly
paramagnetic at room temperature ordered alloy can be turned into a ferromagnet with a saturation
magnetization of up to 800 kA/m when the structural disorder is introduced. Similarly, antiferromagnetic in B2
ordered state Fe50Rh50 alloy turns into a ferromagnet in disordered state [2].
In this talk, we demonstrate the possibility of a fabrication of embedded ferromagnetic nanostructures using
irradiation with neon ions. The magnetic domain structure of the patterned objects can be controlled by the
variation of the lateral sizes of the structures and their shape. The fabrication of array of single domain islands
surrounded with paramagnetic (FeAl) or antiferromagnetic (FeRh) media might find a response in the emerging
field of nanomagnet logic and other applications where nanoscale magnets are required, such as spin-wave
propagation materials, artificial spin ice and the lattices of arranged ferromagnetic nanoislands with
matrix-mediated coupling.
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Abstract We employ femtosecond laser pulses to excite magnetization precession in thin films of
magnetostrictive metal galfenol Fe0.81Ga0.19, grown on (311)- and (001)-GaAs substrates. We
demonstrate unambiguously that dynamical strain, generated due to picosecond lattice temperature
increase, can alter magnetic anisotropy of the galfenol film. This dynamical strain-induced change of
anisotropy allows excitation of magnetization precession even in relatively high magnetic fields, when
the conventional contribution to the magnetic anisotropy change from the temperature increase itself
becomes inefficient.

Changing magnetic anisotropy of a medium at the (sub)picosecond time scale can pave the way to the
ultrafast control of magnetization orientation [1-3] and excitation of spin waves [4-8]. Ultrafast change of
magnetic anisotropy of various media can be achieved via rapid increase of lattice temperature in response to the
femtosecond laser pulse [4,5]. Such impact of laser pulses is usually treated as a rapid decrease of
temperature-dependent magnetocrystalline anisotropy constants and manifests itself in triggering precession of
magnetization. Another approach to change the magnetic anisotropy at ultrafast time scale is based on an effect
of inverse magnetostriction. It has been demonstrated that picosecond strain pulses propagating through a
magnetic material can change anisotropy of the latter and thus launch magnetization precession [6-8]. These two
ways to control magnetic anisotropy are typically considered as alternative to each other.
When the thin magnetic film is excited directly by a femtosecond laser pulses, rapid increase of the lattice
temperature sets up a thermal stress, which results in emergence of dynamics strain with complex temporal and
spatial profile [9]. Thus, one can expect that in the optically-excited magnetic metallic film dynamical strain can
contribute to the magnetic anisotropy change and compete to the conventional thermal change. However, the
role of this strain in triggering ultrafast magnetization dynamics upon direct excitation of magnetic media
remains unexplored.
Here we report on experimental and theoretical study of the magnetic anisotropy change in the
magnetostrictive metallic galfenol (Fe0.81Ga0.19) films grown on GaAs substrates subjected to the action of
femtosecond laser pulses [10]. By performing optical pump-probe experiments we demonstrate excitation of
magnetization precession in the galfenol film, which originate from ultrafast magnetic anisotropy change.
Unexpectedly, the trajectories of magnetization precession in the films grown on the high-symmetry (001)- and
low-symmetry (311)-GaAs substrates appeared to be very different, indicating that magnetic anisotropy change

in these two cases rely on distinct mechanisms.
The most important result is that in the case of the low-symmetry (311)-galfenol film the ultrafast change of
magnetic anisotropy results from both, thermal change of anisotropy constants, and on abrupt emergence of
dynamical strain, which modifies anisotropy via inverse magnetostriction. We show that, by tuning applied
magnetic field strength, we can change contributions from these two mechanisms to excitation of magnetization
precession. While the thermal change of anisotropy allows to launch precession in relatively low magnetic fields,
the strain-induced mechanisms remains efficient at fields upto et least 0.5 T. In experiments, competition
between these two mechanisms manifests itself in nontrivial changes in magnetization trajectory.
We also show that the impact of optically-induced strain appears to be efficient in the case of low-symmetry
film only, while in the high-symmetry (001)-galfenol film the excited precession relies solely on the ultrafast
change of magnetic anisotropy parameters occurring due to laser-induced heating. This highlights importance of
dynamical shear strain for manipulating magnetization, which occurs in low-symmetry structures only, in
contrast to high-symmetry ones, allowing only longitudinal dynamical strain generated under optical excitation.
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Abstract-Using ultrafast small-angle x-ray scattering at an x-ray free-electron laser, the
magnetization dynamics of FePt nanoparticles embedded in a carbon matrix after excitation by an
optical femtosecond laser pulse is investigated. It is found that some individual FePt nanoparticles
neither switch nor demagnetiz, the origin of which is identified as the near-field modification of the
incident laser radiation around FePt nanoparticles, as demonstrated by Finite Difference Time
Domain simulations.
Light-matter interaction at the nanoscale in magnetic materials is a topic of intense research in view of
potential applications in next-generation high-density magnetic recording. Laser-assisted switching provides an
eficient pathway for overcoming the material constraints of high-anisotropy and high-packing density media,
though much about the dynamics of the switching process remains unexplored. Using ultrafast small-angle x-ray
scattering at an x-ray free-electron laser, the magnetization switching dynamics of FePt nanoparticles embedded
in a carbon matrix following excitation by an optical femtosecond laser pulse was investigated. We observe that
the combination of laser excitation and applied static magnetic field, one order of magnitude smaller than the
coercive field, is sufficient to overcome the magnetic anisotropy barrier separating the “up” and “down”
magnetic states. However, this magnetic switching is found to be inhomogeneous throughout the material, with
some individual FePt nanoparticles neither switching nor demagnetizing. The origin of this surprising behavior
is show to be the result of the near-field modification of the incident laser radiation around FePt nanoparticles, as
demonstrated by Finite Difference Time Domain simulations of the film’s optical response.
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Abstract: We show how the combination of optical nanoantennas and ferromagnets produces
the sensitivities of the magneto-optical detection down to sub-atomic monolayer amounts of
material. This combination also gives the 100%+ dynamic tunability to plasmonic surfaces by
introducing the magnetically-tunable optical elements to the 2D plasmonic nanoantennas.
A major challenge facing the plasmon-based nanophotonics is the poor dynamic tunability. A functional
adaptive nanophotonic element would feature the real-time large tunability of transmission, reflection of light
intensity and/or polarization over a broad range of wavelengths, and would be robust and easy to integrate.
Several approaches have been explored so far including mechanical deformation [1-3], thermal [4] or refractive
index [5, 6] effects, and all-optical switching [7, 8]. Building on our previous advances of the combination of
the plasmonic and ferromagnetic materials (magnetoplasmonics) [9-13], here we devise an ultra-thin chiroptical
surface, built on 2D nanoantennas, where the chiral light transmission is controlled by the externally applied
magnetic field. The magnetic- field induced modulation of the far-field chiroptical response with this system
exceeds 100% in the visible and near-infrared spectral ranges, opening the route for nanometer-thin
magnetoplasmonic light-modulating surfaces tuned in real time and featuring a broad spectral response.
We further design the nanoplasmonic antennas to produce tightly confined spot of the optical near-field
enhancement. Positioning the magneto-optical dielectric in this spot produces largely enhanced magneto-optical
signal from this material, allowing the reliable detection of the sub-atomic monolayer quantities of the material
on cm2-large surfaces.
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Abstract - The reversal of magnetization solely with the help of femtosecond laser pulses is an
expanding area of research with more and more materials that can be switched, and various
mechanisms responsible for switching. Here we concentrate on switching in rare-earth - transition
metal alloys, where the inter-sublattice exchange is responsible for switching, as well as magnetic
garnets, where the precessional switching is driven by the local change of anisotropy.
While the basic possibilities for direct laser manipulation of magnetization have been indicated a long time
ago, only recently was it possible to apply such control in magnetically ordered materials [1,2].
The question was immediately triggered whether one could use the same mechanism for practical switching
of the magnetization in e.g. recording media. A seemingly straightforward answer came very soon afterwards,
with a direct demonstration of all-optical light helicity-dependent magnetic recording in thin films of metallic
GdFeCo alloys [3]. In spite of the fact that the switching was clearly reproducible and robust, the exact process
and mechanism of it remained elusive for a long time. The most obvious explanation via the inverse Faraday
effect could only very qualitatively account for the observed features. Taking into account several factors,
all-optical switching of the magnetization in rare-earth - transition metal alloys was assigned to a completely
different effect: a combination of ultrafast laser-induced demagnetization with the angular-momentum
conservation in the exchanged-coupled sublattices of a ferrimagnet, on a sub-picosecond time scale [4].
In spite of the recent extensive work on all-optical switching of magnetization in a variety of samples [5,6],
confusion persists as to its mechanism. Here we demonstrate, using various time-resolved imaging techniques,
that this confusion may be largely due to the fact that this phenomenon involves behavior on multiple scales,
both in space and time. At 100's fs, independent demagnetization of sublattices is observed accompanied by spin
diffusive processes at <10 nm distances, as shown by time-resolved X-ray scattering [7]. This is followed by the
exchange spring driven behavior [4] with reversal and formation of skyrmion-like domains [8] at a few ps times.
In order to tune the exchange interaction between the sublattices, the alloyed samples were replaced with
multilayers. Intriguingly, very large scale coherent precession could be observed that accompany the growth of
large domains [9]. The presence of the compensation point added an extra spatial feature to the reversal
dynamics in the multilayer samples.
To be technologically meaningful, the all-optical switching must be able to compete with the bit densities of
conventional storage devices, restricting optically-switched magnetic areas to sizes well below the diffraction
limit. We have recently demonstrated reproducible all-optical switching of magnetic domains of few tens of nm
size [10], in a ferrimagnetic TbFeCo alloy using gold plasmonic antenna structures. It has also been found that
the focusing of light to a nm-sized area can be helped by the light interference effects occurring within the
magnetic structures themselves [11].

To summarize, such ultrafast exchange-driven ultrafast magnetization dynamics is not only potentially
useful, but also provides us with invaluable information about the behavior of magnets away from their
thermodynamic equilibrium.
However, the switching mechanisms in these materials are directly related to laser-induced heating close to
the Curie temperature. Although several possible routes for achieving all-optical switching in magnetic
dielectrics have been discussed, no recording has hitherto been demonstrated. Very recently, an ultrafast
all-optical photo-magnetic recording in transparent films of the dielectric cobalt-substituted garnet was
demonstrated [12]. A single linearly polarized femtosecond laser pulse resonantly pumps specific d−d transitions
in the cobalt ions, breaking the degeneracy between metastable magnetic states. By changing the polarization of
the laser pulse, we deterministically steer the net magnetization in the garnet, thus writing ‘0’ and ‘1’ magnetic
bits at will. This mechanism outperforms existing alternatives in terms of the speed of the write–read magnetic
recording event (less than 20 picoseconds) and the unprecedentedly low heat load (less than 6 joules per cubic
centimetre).
To summarize, this is an exciting area that combines speed potential of photonics with the robustness of
magnetic materials.
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Abstract- We utilize resonant phonon modes of phononic ferromagnetic nanostructures to
manipulate their magnetization. Coherent phonons of the resonant frequencies excited by a
femtosecond laser pulse remain localized inside a ferromagnetic layer and drive the magnetization
precession. By tuning the precession frequency by external magnetic field, we achieve conditions of
magnon-phonon resonance, which results in the drastic increase of the precession amplitude and
lifetime.
Applications based on magnetic materials have confidently reached the nanoscale. An information bit in
conventional magnetic recording or spin torque oscillators in spintronic devices are of nanometer sizes. Phonons
are typically considered as a detrimental factor for nanoscale magnetism as they may induce spontaneous reverse
of magnetization or spin decoherence. However, phonons may be also an effective instrument. In this research,
we utilize coherent phonons for driving magnetization of ferromagnetic nanostructures and demonstrate
interplay of phononic and magnetic properties at the nanoscale.
We study experimentally the ferromagnetic structures, whose design leads to formation of high-Q phonic
resonances in sub-THz frequency range. As a ferromagnetic material we use Galfenol, which is an alloy of iron
and gallium with enhanced magneto-elastic interaction [1]. In our first attempt [2], we examine a ferromagnetic
layer of 59-nm width deposited on GaAs/AlAs superlattice. The superlattice serves as phononic Bragg mirror for
narrow frequency band. Together with open surface of a ferromagnetic layer they form phonic Fabry-Perot
nanoresonator with a ferromagnetic cavity. Such a structure possesses several narrow phonon resonances with
frequencies between 10 and 40 GHz. In the second attempt, we use lateral nanogratings produced by the focus
ion beam lithography in 100-nm Galfenol film. The gratings possess narrow phonon resonances with frequencies
between 15 and 20 GHz depending on their structural parameters and orientations.
At experiment, we use conventional magneto-optical pump-probe technique to monitor in time-domain the
response of magnetization on femtosecond optical excitation. In the structures of both types we observe
dominant contribution of the optically excited coherent phonons to the time evolution of magnetization. The
phonons with resonant frequencies remain localized inside the studied structures and drive the magnetization
precession within their lifetimes. The phonon driving achieves maximum efficiency (largest amplitude and
longest lifetime of precession) at the resonant conditions when the frequencies of ferromagnetic and phonon
resonances are equal.
The suggested approach has prospective uses for sub-THz spin pumping and generation of high-amplitude
microwave magnetic fields at the nanoscale.

The presented work is result of collaboration between the Ioffe Institute (A.S. Salasyuk, A.V. Rudkovskaya,
A.V. Scherbakov), the University of Nottingham (A.W. Rushforth, A.V. Akimov), Technical University of
Dortmund (J. V. Jäger, A.V. Danilov, D.R. Yakovlev, M. Bayer), the Lashkaryov Institute of Semiconductor
Physics (B. A. Glavin and S. M. Kukhtaruk) and the Institute of Nanotechnology for Microelectronics (P.A.
Nekludova, S. V. Sokolov, A. A. Elistratov)
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Abstract-We describe our recent work on electron-phonon scattering in spin-degenerate and
ferromagnetic model systems. For the latter, we employ a ferromagnetic Rashba model, in which
the exchange interaction and spin-orbit coupling both contribute to the spin splitting. We show that
a novel torque matrix element controls the spin-flip that is achievable in a system without
precession around effective internal spin-orbit fields. For a combined magnetic and spin-orbit
splitting, such precessional dynamics play an important role.
In 3d-ferromagnets, excitation by an ultrashort linearly polarized pulse can reduce the magnetization, as
observed by the magneto-optical Kerr effect or X-ray magnetic circular dichroism, by 50% and more, even
reaching a complete “quenching” of the magnetization for higher fluences. The spin angular momentum, as
determined experimentally, is thus dramatically reduced. Despite the magnitude of this effect, no consensus has
been reached as to the microscopic mechanism responsible for it on ultrafast timescales. A similar question has
arisen more recently in the context of deterministic optical switching, where there is a contribution from the
polarized optical field.
One possible microscopic mechanism for electronic dynamics that leads to a change in magnetization is
electronic spin-flip scattering. In the context of demagnetization dynamics, spin-flip scattering is often called
Elliott-Yafet scattering after a similar mechanism, which has been identified for semiconductors in the 1960s: In
it, electronic spin flips occur due to scattering events with a phonon that connect initial and final states, which
have different spin mixtures due to the momentum-dependent spin-orbit coupling.
Studies by Oppeneer and coworkers [1] and by us [2] of electronic density dynamics in ab-initio
band-structures of ferromagnetic metals have shown that spin-flip electron scattering with phonons is rather
inefficient and cannot explain the experimentally observed ultrafast magnetization dynamics. If one uses a model
that includes a time-dependent (mean-field) exchange splitting, the effect of spin-flip scattering of electrons with
phonons and other electrons can be amplified to reach the magnitudes observed in experiments [3], but the
physics of how the spin angular momentum is “lost” in scattering transitions is hidden in the interaction matrix
elements, because in these matrix elements the effects of the interaction and the spin-orbit induced spin mixing
cannot be separated.
In this contribution, we describe our recent work on how to correctly describe electronic spin dynamics
with spin-orbit coupling and electron-phonon interaction at the level of reduced spin-density matrices. Using this
approach, we have reexamined electronic spin dynamics for two cases: (1) the original Elliott-Yafet problem
where electronic spin flips occur in a pair of spin-mixed degenerate bands [4,5], and (2) a ferromagnetic model
system, which contains the contributions of a ferromagnetic exchange “interaction” (at the mean-field level) and
spin-orbit coupling.

We show explicitly how spin dynamics due to electron phonon scattering occurs in these cases. For case (1),
the spin-dependent part of the electron-phonon interaction plays the most important role, which can be quantified
using a torque matrix element. This approach allows us to generalize the original Elliott-Yafet spin relaxation
time, so that it also works for strong spin mixing. For case (2), the spin diagonal electron-phonon interaction
matrix element is mainly responsible for the spin dynamics. This case bears some resemblance to the
Dyakonov-Perel mechanism, and we show in microscopic detail how spin dephasing contributes to the
magnetization dynamics in the ferromagnetic Rashba model.
We acknowledge support from the DFG through the SFB/TRR 173 “Spin+X”. Svenja Vollmar was supported
by the Excellence Initiative (DFG/GSC 266).
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Abstract- We report on the latest developments in our studies on ultrafast magnetism, which reveal
very intriguing spin switching phenomena by employing a novel experimental approach combining
the femtosecond laser excitation with an ultrafast, element-specific X-ray probing of spins. In
particular, by investigating the laser-driven magnetization dynamics in ferrimagnetic iron garnets,
we observe an ultrafast magnetization switching process occurring over an extremely long lived
(>>100 ps) transient ferromagnetic-like state. These findings challenge the current understanding of
laser-driven magnetization switching phenomena.

Using light to control the magnetic order parameter on ultimate time and length scales is a core research
activity of modern magnetism [1]. Of particular interest for both fundamental and applied science is the use of
femtosecond (fs) laser pulses to fully switch the magnetization orientation of a spin ensemble on ultrashort time
scales [2, 3].
Recent time-resolved XMCD investigations of ferrimagnetic GdFeCo alloys revealed the existence of a
transient ferromagnetic-like state mediating the ultrafast magnetization switching of antiferromagnetically
coupled Fe and Gd spins [2]. In a subsequent study, this transient ferromagnetic state was shown to drive a novel
magnetization reversal mechanism where spin switching is purely thermal, i.e. without using any magnetic field
[3]. Although groundbreaking, these experiments leave open several intriguing questions on the microscopic
driving mechanism of the ultrafast magnetization reversal in the ferrimagnetic compounds. For instance, how
does the symmetry and strength of the exchange interaction affect the magnetization switching process? What is
the influence of the magnetization damping factor on the duration of the highly non-equilibrium transient
ferromagnetic state and implicitly on the ultrafast spin switching? What is the role of the electronic structure of
the host material, i.e. going for instance from a metallic to an insulating host?
Here, we report on a combined experimental and theoretical study that addresses these questions by
investigating insulating ferrimagnetic iron garnets Ho3Fe5O12 and Gd3Fe5O12 in the close proximity of their
magnetization compensation temperatures, Tcomp=127 K and 291 K, respectively. Using advanced experimental
(femtosecond optical excitation combined with ultrafast X-ray measurements) and computational (atomistic spin
simulations) approaches, we reveal that femtosecond laser-induced heating of an insulating iron garnet leads to:
1) an ultrafast magnetization switching process over an extremely long lived (hundreds of picoseconds)
transient ferromagnetic-like state involving all the constituent magnetic elements of the sample

2) very distinct dynamics of the antiferromagnetically coupled Fe3+ (otherwise electronically identical) ions
that generates a time lag of about 100 ps between their transient evolution
Moreover, in iron garnets the ferrimagnetic coupling between the iron species (i.e. Fe3+ ions with tetrahedral
and octahedral coordination) and between Fe3+ ions, and the rare earth Ho3+ and Gd3+ sublattices is mediated by
super-exchange interaction via the oxygen anions. Therefore, by monitoring the laser-driven spin and electron
dynamics in an element- and site-specific manner we obtained, for the very first time, a direct view on the
dynamics of the exchange interaction itself during the magnetization-switching event.
These highly unexpected and counterintuitive insights challenge the current understanding of ultrafast,
laser-driven spin reversal and open new ways for manipulating spins in magnetic solids. Possible implications
for the magnetic switching phenomena in ferrimagnetic alloys and heterostructures will be discussed.
Acknowledgements: I.R. and S.E. acknowledge funding from German Ministry for Education and Research
(BMBF) through project 05K16BCA Femto-THz-X. T.A.O acknowledges the Marie Curie incoming
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Abstract-We reveal a linear crossing dispersion in a multilayered structure containing two kinds of
single-negative metamaterials. Distinct from the elliptical dispersion or the hyperbolic dispersion,
linear crossing dispersion can bring about a variety of new phenomena such as beam splitting and
negative-refraction imaging.
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], negative refraction [2], and
collimation [3-4]. In fact, the topological transition can also occur when a hyperbolic curve changes from a
dielectric-type hyperbolic curve (Fig. 1(a)) to a metal-type hyperbolic curve (Fig. 1(c)). At the transition point,
the hyperbolic dispersion becomes a linear crossing dispersion, as is shown in Fig. 1(b). This linear crossing
dispersion is very interesting because it has only two (positive and negative) slopes. In this work, we realize the
linear crossing dispersion in a multilayered structure composed of ε -negative (ENG) metamaterial ( ε < 0, µ > 0 )
and µ -negative (MNG) metamaterial ( ε > 0, µ < 0 ) (i.e. two kinds of single-negative metamaterials). The
thickness of each layer is deep subwavelength, which ensures the validity of effect-medium description. Owning
to the linear crossing contour, the structure can split the normal incident light along two fixed directions (Fig.
2(a)). Moreover, combining two multilayered structures in which the growth direction of layer is perpendicular
to each other, one can realize the negative-refraction imaging, as is shown in Fig. 2(b).
Figures:

Fig. 1 The topological transition from a dielectric-type hyperbolic curve (Fig. 1(a)) to a metal-type hyperbolic
curve (Fig. 1(c)). At the transition point, the hyperbolic dispersion becomes a linear crossing dispersion (Fig.
1(b)).

Fig. 2 (a) The schematic diagram of the beam splitting when a light is normally incident on the ENG/MNG
multilayer structure. (b) The negative-refraction imaging in a composite multilayered structure.
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Abstract Plasmon nanostructures with ultrasmall mode volume can enhance light-matter
interactions in nanostructure based cavity quantum electrodynamics. In the strong coupling regime,
taking the evanescent mode provided by single mode nanowire as electromagnetic vacuum, we
theoretically demonstrate the enhanced reversible photon-exciton interaction and fluorescence
collection. In the weak coupling regime, we theoretically investigate the efficient photon emission
of single emitter with metallic nanorod-coupled nanofilm structures. Furthermore, utilizing the
liquid crystals, high-contrast switching of spontaneous emission is obtained.
Electromagnetic vacuum engineering plays a fundamental role in controlling light-matter interaction in
quantum optics, cavity quantum electrodynamics (CQED), and quantum information devices. In previous studies,
evanescent optical modes are thought of as cavity modes rather than providing an electromagnetic vacuum
environment that the cavity resides in [1]. Taking the evanescent vacuum provided by a metallic or dielectric
single-mode nanowire as the electromagnetic environment, in which a resonant Ag nanorod (AgNR) is embeded,
we theoretically demonstrated the enhanced photon-exciton coupling and the increased fluorescence collection
efficiency through the careful optical mode design [2]. The AgNR is too small to effect the evanescent optical
mode of the nanowire, thus the evanescent mode is taken as the electromagnetic background and the AgNR as
plasmon nanocavity, forming the nano-CQED system in evanescent vacuum (Fig. 1(a)). Due to the exponential
decay of the evanescent wave (Fig. 1(b)), more localized field at the nanogap is obtained with nanowire (Fig.
1(c,d)). Naturally, the coupling coefficient g0 at the nanogap with nanowire is 4.2 times larger than that without
nanowire (Fig. 1(e)). Rabi splitting is signature of strong interaction (Fig.1 (f)). Moreover, 47% of the emitted
photons can be collected via the evanescent wave of the nanowire. This CQED in subwavelength-confined
quantum vacuum holds promise for exploring the fundamental physics as well as the applications related to
on-chip quantum information and scalable quantum networks.

1

Fig. 1 (a) Schematic diagram of nano-CQED system in evanescent vacuum. (b) Simulation of evanescent
electromagnetic mode for Ag nanowire. Electric field distributions of longitudinal modes (c) with nanowire and (d) without
nanowire. (e) The coupling coefficient along the central axis of nanorod for µ=0.2 enm. (f) Normalized spontaneous
emission spectra for different dipole moments.

The study of single photon emission is of fundamental interest for research in CQED, single photon sources,
and cavity-basedlasing processes. Here, combining the advantages of ultrahigh photon emission rates achievable
in the gap surface plasmon polaritons with high extraction decay rates into low-loss nanofibers, we theoretically
investigated the efficient photon emission of a single emitter and one-dimensional nanoscale guiding of emitted
photons in metallic nanorod-coupled nanofilm structures coupled to dielectric nanofibers [3]. Due to the
ultra-strong hot spots of gap plasmons, the total decay rates and surface plasmon polariton channel decay rates
are orders of magnitude larger than those characteristic of metallic nanofilms alone. Moreover, propagating
single photons with decay rates of 290γ0–770γ0 are guided into the phase-matched low-loss nanofibers. The
proposed mechanism promises to have an important impact on metal-based optical cavities, on-chip bright single
photon sources and plasmon-based nanolasers.
Furthermore, combining the gap surface plasmon with the liquid crystals and low index materials, we
theoretically demonstrated both the ultrahigh spontaneous emission rate and a high-contrast switching of
spontaneous emission rate [4]. With varying the optical axis of the liquid crystals, total spontaneous emission
rate can be switched from 103γ0 to 8750γ0 with the contrast ratio of 85, among which the spontaneous emission
rate of surface plasmon part is from 42γ0 to 3726γ0 with the ratio of 88. The proposed mechanism offers
high-contrast, active switching of the spontaneous emission rate, which has potential application for on-chip
quantum devices.
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Abstract- The generation of optical vortex beams, which carry orbital angular momentum, has
emerged as a vital approach to applications ranging from high-capacity optical communication to
parallel laser fabrication. Here, we propose and experimentally demonstrate volumetric
three-dimensional vortex array with space variant topological charges based on dielectric geometric
metasurface. By employing the concepts of Dammann vortex gratings and spiral Dammann zone
plates, 3D optical vortex arrays with micrometer spatial separation is achieved from visible to
near-infrared wavelengths. Importantly, we show that the topological charge distribution can be
spatially variant and fully controlled by the design.
Flat optics have attracted great interest for being a promising alternative to control light waves by
implementing ultrathin planar elements, namely metasurfaces, with spatially varying phase response instead of
relying on phase accumulation along optical paths [1-2]. Metasurfaces have shown the ability to overcome the
limitations of conventional optics with a wide range of applications in wave front engineering, information
processing, and spin controlled photonics. An important application for metasurfaces is the control and
modification of optical beam profiles, and in particular the generation of orbital angular momentum (OAM) for
light, which is pivotal in terms of both fundamental physics and practical applications [3-4]. The optical vortex
beam has received increasing attention for its various applications, ranging from optical manipulation of
microscopic particles and biological cells to free-space optical communication system.
Here, we propose and experimentally demonstrate the generation of a volumetric three-dimensional vortices
with independently controllable topological charges that is based on a single ultrathin dielectric metasurfaces [5].
We employ the concepts of Dammann vortex grating (DVG) and spiral Dammann zone plate (SDZP) together
with a lens factor to generate the metasurface phase profile with sub-wavelength pixel size. Figure 1 illustrates
the generation and reconstruction procedure of such a 3D vortex array. The design technique allows for a
well-defined, quantized, and fully controllable spatially variant topological charge distribution.
Such metasurface-based vortex generators can achieve truely 3D vortex arrays over a large volume with high
uniformity. Furthermore, the geometric nature of the phase profile (based on a Pancharatnam-Berry-Phase)

enables the reconstruction of the vortices over a broad spectral bandwidth in the near infrared and visible
wavelength range. Importantly, the metasurface can be designed to possess the remarkable capability of vortex
beam detection. The flexibility of our approach enables on-chip parallel processing to 3D micro- and
nano-fabrication, and offers the possibility of ultrahigh-capacity and miniaturized nanophotonic devices for
harnessing angular momentum multiplexing and mode sorting.

Figure 1. Illustration of the 3D vortex array based on metasurface and the reproducing procedure.
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Abstract- To generate Cherenkov radiation (CR) in natural medium, the electron energy threshold is
higher than hundreds of keV. Even though various approaches were adopted, the high-energy electrons
as high as tens of keV is still required in experiment. We demonstrate in hyperbolic metamaterial that the
electron velocity threshold for CR is eliminated, and meanwhile, with this threshold-less CR, the first
on-chip integrated free electron light source was realized.
To generate Cherenkov radiation (CR)1 in natural medium, the electron energy threshold is higher than
hundreds of keV2. Even though various approaches were adopted, the high-energy electrons as high as tens of
keV3 is still required in experiment. Here we proposed to eliminate the threshold of electron energy to generate
CR with the help of hyperbolic metamaterial (HMM). The analytical and simulation results indicate that, even
though electron energy is lower than 0.1keV, the CR could be obtained in HMM in a visible and near-infrared
frequency region. Further, the on-chip integrated threshold-less CR source, consisted with a planar electron
emitter, Au-SiO2 multilayers HMM, and periodic metal nano-slits, has been realized. It is demonstrated that,
with low-energy electrons (0.25-1.4keV), the CR is generated covering λ0=500~900nm. The electron energy
generating CR experimentally is two~three orders of magnitude lower than that in natural media and artificial
structures. As we know, this is the first on-chip integrated free electron light source benefiting from the
threshold-less CR. Although less than 1% of the light energy could be coupled to free space, the total output
light power still reaches 200nW, which is two orders of magnitude higher than free electron light source by
using other nanostructures. This work provides a way to realize threshold-less CR, opens up the possibility of
exploring high performance on-chip integrated free electron light source and optoelectronic devices, and offers
the platform to study the interaction of flying electrons with nanostructures on chip.
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Abstract- We report our recent experimental and theoretical works on strong couplings among
triple Fano resonances in a 3D metamaterial, which is formed by integrating vertical asymmetric
split-ring-resonators (aSRRs) along a planar metallic hole array with extraordinary optical
transmission (EOT) built by means of homemade focused-ion-beam (FIB) manipulations.

In this talk, we report our recent studies on strongly coupled triple Fano resonances in a 3D metamaterial
(MM). The 3D MMs are formed by integrating vertical asymmetric split-ring-resonators (aSRRs) along a planar
metallic hole array with extraordinary optical transmission (EOT) built by means of homemade
focused-ion-beam (FIB) folding technique. In such a configuration, the plasmonic system stably supports triple
Fano resonance states. More importantly, the induced Fano resonances are widely tunable and strong coupling
among triple Fano resonances occurs during the tuning process. These 3D MMs with significant and robust Fano
resonances exhibit an extremely high sensitivity to refractive index of the environments in the near infrared
wavelength region.
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Abstract-The resonance behavior of optical antennas is commonly attributed to the excitation of a
localized surface plasmon resonance (LSPR), which can be theoretically defined as the quasi
normal mode (QNM). To clarify the physical origin of the LSPR, we build up an analytical model
of the LSPR by considering a multiple scattering process of propagative surface plasmon polaritons
(SPPs) on the antenna arms, which establishes explicit relations between the concepts of the LSPR
and the propagative SPP.
Plasmonic optical nanogap antennas can efficiently accelerate the radiation of emitters such as molecules or
quantum dots in the nanogap, or reciprocally, allow giant enhancement of near field in the nanogap under
far-field illumination. They can be widely used in nonlinear optics, white light super-continuum generation,
single-emitter fluorescence enhancement and surface enhanced Raman scattering [1]. The resonance
enhancement is commonly attributed to an excitation of LSPR as the illumination frequency matches the
eigen-frequency of the LSPR [2]. Theoretically, the LSPR can be defined as the QNM by treating the metallic
nano-antenna as an open cavity [3].
To propose an insightful and effective theoretical treatment of nanogap antennas, here we build up an SPP
Fabry-Perot model for the QNM of nanogap antennas by considering a multiple scattering process of SPPs on
the antenna arms [4] [see Figs. 1(a)-(c)]. The existence of slightly-damped QNMs that cause the resonance
nature of nanogap antennas is demonstrated with the model by seeking the solutions of two transcendental
equations. The model sets a solid electromagnetic foundation for the intuitive picture that the LSPR (i.e. QNM)
of the antenna actually arises from the Fabry-Perot resonance of SPPs at the complex eigen-frequency. With a
few assumptions on the frequency-dependence of the field and with the use of complex pole expansion of
meromorphic functions (Mittag-Leffler theorem), the field of the nanogap antenna excited by a nearby point
emitter can be expanded upon the basis of QNMs, thus providing an analytical description of the frequency
response of the field [Figs. 1(d)-(e)]. For calculating the Purcell factor, the model provides a new analytical
expression of the mode volume of QNM in terms of the SPP scattering coefficients, which avoids the difficulty

in calculating the mode volume caused by the divergence of the QNM field at infinity that is overcome recently
[3]. The present model establishes explicit relations between the concepts of the LSPR and the propagative SPP,
and integrates the advantages of the Fabry-Perot and QNM formalisms in understanding the resonance of
nanogap antennas, which may inspire new design strategies of antenna devices with different geometries.

Figure 1 (a) Sketch of the SPP model for the QNM of the nanogap antenna, which is composed of two gold
nano-wire arms of length L (with a square cross section of side length D=40nm) separated by a nano-gap (gap
width w=30nm). a1, a2, b1 and b2 denote the complex amplitude coefficients of SPPs at the complex
eigen-frequency of QNMs. (b)-(c) Field distributions of the first order symmetric and anti-symmetric QNMs. (d)
Nanogap antenna excited by an x-polarized electric point source located at the center of the nanogap. (e)
Spontaneous emission rate (normalized by the value in air) of the source versus illumination frequency ω. The
results in (b), (c) and (e) are obtained with the full-wave aperiodic Fourier modal method (a-FMM) and the SPP
model for L= 0.6µm.
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Abstract-Plasmonic cavity resonators are designed by noble metal nanorod or nanotube
metamaterials. A hybrid mode appears due to near-field coupling between plasmonic silver nanorod
metamaterials and gold-film substrate. Additionally, T–L hybrid plasmonic modes resulted from the
near-field coupling between transversal and longitudinal resonance modes with different order
harmonics are found in gold nanotube metamaterials, performing electric fields partially localized
into pores and at two ends based on extraordinary optical transmission coupling effect through
inner-nanochannels of the gold nanotubes.

Plasmonic resonant cavities are capable of confining light at the nanometer scale due to both enhanced local
electromagnetic fields and lower mode volumes, which exhibit promising applications in sources[1], sensing[2],
enhanced nonlinear effects[3] etc. It has been noted that the conventional metal nanostrips as cavities with single
metal-dielectric interfaces have large Ohmic losses. Whereas enhancement of plasmonic near-field coupling by
designing two or multi metal-dielectric interfaces can decrease the Ohmic losses[4-6].
We have studied the near-field coupling of plasmonic nanorod metamaterials consisting of silver nanorod
arrays embedded in anodic aluminum oxide (AAO) membranes[5]. Reflectance measurements reveal the
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Figure 1. (a) SEM image of silver nanorod metamaterial, (b,c) Reflectance spectra and electric field distributions
of the 420 nm long metamaterial, (c) Electric field distributions with the gaps between nanorods and substrate.

existence of multiple resonance modes of the nanorod metamaterials (Fig. 1b). Furthermore, FDTD numerical
simulations display that the electromagnetic fields of the higher-order longitudinal resonance modes are focused
at the interface between silver nanorods and aluminum oxide, and the electric fields at the interface form
standing waves, which indicates that the silver nanorod metamaterials can work as plasmonic cavity resonators
(Fig. 1c). An open plasmonic nanocavity exhibits sharp half-wave harmonics with the symmetric distribution of
electromagnetic field in the interior of the cavities. A new hybrid mode resulting from the coupling of silver
nanorod metamaterials with the gold substrate, and the resonance of the coupling mode gradually become
weaker as the gap between the silver nanorod arrays and the gold film substrate increases (Fig. 1d).
On the other hand, plasmonic resonators based on a metamaterial consisting of periodic arrays of gold
nanotubes embedded into AAO has been presented[6], and strong confinement of local fields with low losses is
demonstrated. Higher-order resonance modes of surface plasmons localized in the gold nanotubes when the
nanotube length exceeds some critical values are observed. The FDTD numerical simulations indicate that, the
electric fields are associated with some higher-order longitudinal modes for the long nanotubes and some
lower-order longitudinal modes for the short nanotubes or the nanotubes with thin walls, odd and even
harmonics with standing-wave modes are tuned by the nanotube length. We find a new T-L hybrid plasmonic
resonant cavity modes in the gold nanotube metamaterials resulting from the near-field coupling of both
transversal and longitudinal modes (Fig. 2 b, c and d), furthermore, the T-L hybrid cavity modes dependent on
the wall thickness and the length of the nanotubes, perform electric fields partially localized into pores and at
two ends based on extraordinary optical transmission coupling effect through inner-nanochannels.
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Figure 2. (a) SEM image of gold nanotube metamaterial, (b-d) Electric field distributions of the longitudinal
resonance modes of the 5th order harmonics for the 17 nm, 10 nm and the T-L hybrid plasmonic mode for 5 nm
thick nanotube walls, respectively.
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The Purcell factor (PF) quantifies the change (relative to free space) of the radiative decay of a
quantum dipole coupled to an open optical system. For example, the photon emission rate of an
optical transition in a quantum dot can be strongly enhanced when the electron (or exciton) level
is resonant to a photon cavity mode in an optical resonator, such as a planar microcavity or a
dielectric microsphere. Consequently the light-matter interaction is also enhanced. That is why
designing the PF is at the heart of photonics technology, striving to develop ever smaller or less
lossy optical resonators. Although this well-known effect of enhancement of the spontaneous
emission rate was discovered by E. M. Purcell [1] early in 1946, no general exact theory of the
Purcell effect was available until recently.
We present here a general analytic theory of the Purcell effect [2], which is based on the
expansion of the PF into all relevant resonances of the cavity and exact calculation of their
effective mode volumes. We show that the expressions for the mode volumes so far known and
used in literature (see e.g. Ref. [3]) are only approximately valid for modes of high quality
factor, while in general they are incorrect. We rectify this issue, introducing the exact
normalization of modes which we have used earlier to formulate the resonant-state expansion
(RSE) [4]. To illustrate and verify our theory of the Purcell effect we use analytically solvable
examples of homogeneous dielectric and metal spheres in vacuum.
We also present some illustrations of using the RSE in different geometries. The RSE is a
rigorous perturbation theory of resonances in open optical systems, which we have recently
invented [4] and subsequently applied to finite one-dimensional (1D), 2D and 3D systems, such
as perturbed planar [5,7], cylindrical [6] and spherical resonators [8] with various perturbations,
and recently generalized to include frequency dispersion [9], photonic-crystal structures [10] and
light propagation in non-uniform waveguides [11]. We have demonstrated the ability of the RSE
to accurately and efficiently calculate resonances of a perturbed open optical systems using the
spectrum of a simpler, unperturbed one. Furthermore, we have compared the performance of the
RSE with commercially available solvers, such as those using the finite difference in time
domain (Lumerical) and finite element methods (ComSol), and showed on 2D and 3D examples
that the RSE can be several orders of magnitude more computationally efficient [8,10]. The RSE
is capable of calculating a numerically complete set of RSs for a given optical system – and this
is required by the exact theory of the Purcell effect we present: Indeed, the full Purcell factor is a
sum over all RSs of the optical system.
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Abstract- Photonic crystals are well known for exhibiting band gaps that block electromagnetic
waves. Here, by designing the nonlocal effective parameters of photonic crystals to have special
values, we demonstrate the ultratransparency effect [1] of photonic crystals, which can enhance the
transparency of photonic crystals to an extreme level beyond any existing solid materials on earth.
In an optimized example, near 100% transmission rate have been realized for almost any incident
angle within (-90, 90) degrees. A proof-of-principle microwave experiment has been performed to
demonstrate near 100% transmission within (-60, 60) degrees. The ultratransparency effect of
photonic crystals opens a new route to approach the ultimate transparency. Its applications include
generalized transformation optics, microwave transparent wall, etc.
Transparent media are the foundation of almost all optical systems. However, due to general reflection
caused by impedance mismatch, transparency is not perfect in natural materials like dielectrics. In the past
decades, artificial electromagnetic materials like photonic crystals (PhCs) and metamaterials have been proposed
to realize unusual electromagnetic properties beyond natural materials. However, transparent solid material with
the same level of transparency as air or free space is still an extremely difficult task to realize.
In this work, we propose to use pure dielectric PhCs to realize perfectly transparent media with the rare
property of omnidirectional impedance matching, which allows 100% transmission of light at all incident angles.
Unlike local media with equal frequency contours (EFCs) centered at the Brillouin Zone center, such PhCs are
designed to exhibit elliptical EFCs “shifted” in the k-space, and thus contain strong spatial dispersion.
Interestingly, the combination of perfect transparency, which eliminates all reflection, and elliptical EFCs, which
eliminates aberration in virtual images, satisfies the two essential requirements of optical media for ideal TO
devices. As a result, such perfectly transparent PhCs provide a low-loss and feasible platform for transformation
optics devices at optical frequencies. Moreover, the “shift” of EFC enables new freedom of phase manipulation
beyond the original framework. Since such PhCs are superior to normal transparent media like dielectrics in two
major aspects: allowing maximal amount of light to pass through and creating aberration-free virtual images,
they are hereby denoted as “ultra-transparent” media.
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Abstract-In this presentation, we will report the mass fabrication of lithium niobate microdisk
resonators on a chip. The quality factors for the fabricated resonators can be higher than one million.
Nonlinear effects including second harmonic generation, electro-optic effect, and thermo-optic
effect were observed in these resonators.
Lithium niobate whispering gallery mode (WGM) micro-resonators provide a platform for the study of
nonlinear effects with low pump threshold and photonic devices allowing for active control. Although
millimeter-sized lithium niobate WGM resonators with quality factor of the order of ten million can be
successfully produced by using traditional optical fabrication techniques, it is difficult to fabricate on-chip
lithium niobate micro-resonators with ultra-high quality factors. The fabrication of on-chip lithium niobate
resonators recently made a great progress benefiting from the production of lithium niobate film on insulator [1].
In this presentation, we will report the mass fabrication of lithium niobate WGM resonator from lithium
niobate film by photolithography, reactive ion etching, and wet etching following the recipe used by Loncar’s
group [2,3]. Besides, we also made lithium niobate silica hybrid resonators by depositing a layer of
polycrystalline lithium niobate film on an inverted-wedge silica resonator [4], that is partially a bottom up
method. In the hybrid resonators, thermo-optic effect induced by the absorption of a pump beam and
electro-optic effect were realized. Meanwhile, second harmonic generation, electro-optic modulation [2], and
two kinds of thermo-optic effects with opposite coefficients [5] were demonstrated in monocrystalline lithium
niobate micro-disk resonators made from lithium niobate film. These lithium niobate micro-resonators are good
candidates for active photonic devices having potential to be integrated.
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Abstract – I will discuss our earlier and recent study on the light scattering response, photoluminescence
and nonlinear optical properties of several plasmonic nanocavities comprised of metal film-coupled
nanosphere monomers and dimers. Together with 3D full-wave electromagnetic simulations, the plasmon
hybridization theory and multipole expansion model will be used to theoretically understood the observed
experimental results such as single-particle scattering, polarization-resolved one-photon and two-photon
photoluminescence and second-harmonic generation.
Main text – In this talk, I will first review our earlier investigation on the light scattering properties of
two particle-on-film systems: a gold nanosphere on top of and partially embedded in a thin gold film [1].
Using polarization-resolved dark-field excitation, we revealed the coexistence of multiple gap plasmon
modes in the two systems and the evolution of their scattering intensity and radiation pattern with incident
polarization. Our results showed that the former system supports three plasmon resonances, originating
from highly confined gap plasmons at the interface while the latter supports two dipolar modes having
different orientation and damping rate. Secondly, I will show our recent results on using the polarizationresolved dark-field spectroscopy to study a nanosphere dimer-on-film system [2]. In addition to the two
dipole-like plasmon modes sustained in the monomer-film system, the dimer-film system supports two
new plasmon modes, one strong yet narrow resonant mode corresponding to a net bonding dipolar
moment polarized along the dimer axis and one hybridized high-order resonance mode. Thirdly, I will
show that that the spectral linewidth of the dipolar plasmon resonance of a gold nanosphere dimer on
silica can be narrowed by a factor of ~4.6 by replacing the substrate with a gold mirror [3]. The measured
linewidth is even smaller than its monomer counterpart (~30% reduction). Comprehensive theoretical
analyses using multipole expansion model and full-wave electromagnetic simulations reveal that the
observed linewidth shrinking originates from gold film-mediated intense plasmon hybridization between
the bonding dipolar and quadrupolar gap modes. The intense dipolar-quadrupolar gap plasmon
hybridization in the film-coupled system leads to a giant photoluminescence intensity enhancement (~200
times) and a dramatic emission linewidth narrowing in comparison with the dimer on silica. Finally, I will
present our preliminary results on the TPL and SHG in a single gold nanosphere-on-film nanocavity,
including polarization-dependent nonlinear emission spectroscopy and mapping [4]. We find that the
emission pattern of the nanocavity appears as a double-lobe shape, with the axis of the two lobes aligned
in the input polarization direction. The emission spectrum of the nanocavity is featured by a narrow SH
emission peak and a broad TPL emission peak, and their emission patterns possess a similar double-lobe
feature, indicating a same nonlinear emission enhancement mechanism.
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Abstract - We present the experimental investigation of transverse spin angular momentum engineering
in the evanescent fields of whispering-gallery modes in integrated micro-ring resonators. The spin-orbit
interactions of light in the transversely confined fields and the cylindrical vector vortices in this structure
are exploited for the manipulation of light within the degrees of freedom of optical angular momenta.
Transverse spin angular momentum (T-SAM) of light has been unveiled by recent advances in optics as a new member
in the optical angular momentum (AM) family. In sharp contrast to the well-known longitudinal spin angular momentum
(SAM), it exhibits spinning directions orthogonal to the propagation of light [1, 2]. T-SAM can typically be studied in
highly inhomogeneous structured light fields, including surface plasmon polaritons [3], evanescent fields of guided and unguided modes [4]. Light fields possessing T-SAM can enable various applications in bio-sensing, nano-photonics, etc. In
particular, T-SAM in evanescent fields gives rise to robust spin-controlled directional coupling at optical interfaces [5] also
known as the quantum spin Hall effect of light [6]. This effect has its origin in the spin-orbit interaction (SOI) of light,
which universally occurs in transversely strongly-confined fields [7].
In this paper, we further introduce a more comprehensive platform for studying and manipulating SOI of light, by
including the ability to engineer both the total angular momentum (TAM) and T-SAM in the near-field. The platform
combines a whispering-gallery mode (WGM) resonator based optical vortex emitter [8] with precisely controllable global
topological charge, and precisely engineered local T-SAM in the evanescent fields of the WGM modes. Enriched SOI
effects in this platform can lead to the global conversion between the spin and orbital components of angular momentum in
the emitted vortex [9]. The inherent local SOI in vortex emission/reception and global AM conversion allow for nanophotonic chiral interfacing in the full AM domain between travelling and bounded light.

Fig. 1. (a) Device schematic, (b-d) field components of the WG mode, (e) SEM picture of device, and (f) calculated T-SAM density across the waveguide.

The schematic of the structure is shown in Fig. 1(a), where a micro-ring resonator consisting of a close-loop singletransverse mode waveguide is embedded with second-order gratings on the inner sidewall. The micro-ring is coupled with a
two-port access waveguide (WG) [8]. In particular, for the quasi-TE mode supported in the high-index ring waveguide, a
local tangential component (Eφ) along the sidewalls exists in quadrature phase with respect to the radial component (Er), as
shown in Fig. 1(b-c). Consequently, the local T-SAM of the evanescent field, with the spin axis in the z direction being
orthogonal to the local propagation direction (+φ or -φ) of the WGM, is determined by iEφ/Er (Fig. 1(d)), or in the form of sz
∝ Im[E* φEr] [10]. The T-SAM at the inner sidewall can be flip-flopped by injecting light from the alternative ports 1 or 2.
The embedded sub-micron grating elements (Fig. 1(e)) scatter the evanescent fields near the inner sidewall, collectively
producing a vortex beam travelling perpendicular to the resonator plane [8]. The locally coupled spin and orbital angular
momentum (OAM) at each grating point [5] is directed to free-space and transformed into the globally interacting angular
momenta in the emitted vortex. We have previously shown that the total angular momentum (TAM) is defined by the nearfield topological charge lTC which is only decided by the resonant wavelength and the number of grating elements [8, 9].
The polarization of the emitted field, on the other hand, is defined by the local T-SAM at each grating element, which can
be engineered simply by changing the WG geometry. The AM states of the vortex <l, s>, where l+s=lTC [9], can therefore

be manipulated to traverse the full higher-order Poincare sphere [11]. By reciprocity, this structure can also be used to
selectively receive AM-carrying beams [12] providing a chiral interface between bound and travelling vector vortices.
The simulations and experiments in this paper were both performed with the silicon nitride (SiNx) resonator/WG
fabricated on the silicon wafer. SiNx is used for its moderate refractive index (n~1.9) so that a larger range of T-SAM
density can be accessed over Silicon WGs. An SEM image of a fabricated device of R = 80µm is shown in Fig. 1(e).
The effects of WG geometry on the T-SAM density in the evanescent fields is shown in Fig. 1(f), where the hashed area
indicates the WG cross-section as three different widths of WG (w = 0.8µm/1.2µm/1.6µm) are considered. The calculated
electric contribution of quasi-TE mode T-SAM density across the WG is plotted along the radial direction also with various
WG heights (h = 0.4µm/0.6µm/0.8µm). The T-SAM density generally decays away from the WG sidewalls in accordance
with the evanescent fields. However, the peak density in the vicinity of WG sidewall surfaces is strongly dependent on the
WG dimensions. Notably, positions of local circular polarizations (CPs) or sz = ±1 (also referred to as C-points in singular
optics [13]) can be found at the sidewalls with specific WG designs (e.g., as shown in the cases of w = 0.8µm in Fig. 1(f)).
Therefore, various T-SAM density values can be achieved with routine WG design.
The measurement of engineered T-SAM and SOI in the emitted vortices was performed with the setup shown in Fig.
2(a). The quasi-TE WGM is excited by launching horizontally (TE) polarized light into one of the ports 1 or 2, and the
vertically emitted beam is collimated with a 20X objective lens. Here we employ two separate techniques to measure the
SAM state of the global beam. First, a radial polarization converter (RPC) [14] is used to measure the Eφ and Er contribution
in the beam, as the RPC can convert these two spatially variant components into uniformly x- and y-polarized fields,
respectively. By detecting the power of the converted fields after a linear polarizer, the polarization ellipticity for various lTC
values is obtained and plotted in Fig. 2(b-c), with two different WG heights (0.4µm/0.6µm) and four widths
(0.8µm/1.0µm/1.2µm/1.4µm). A wide range of polarization ellipticity (0.3~1.0) is achieved by tailoring the WG width. In
particular, light of ellipticity σ ≈ 1 can be observed (e.g., w = 0.8µm in Fig. 2(c)). We also verify these results by comparing
the power of left- and right-hand circular-polarized (LHCP/RHCP) components in the light using quarter-wave plate (QWP)
and linear polarizer. A ratio ranging from 1 to 16dB can be obtained as shown in Fig. 2(d-e), and the ratio can be inverted
by injecting light into the opposite access WG port. These results show that the SAM in the global beam agree well with the
local near-field T-SAM density in Fig. 1(f).
The OAM component in the vortices is demonstrated by the interferograms shown in Fig. 2(f). As TAM is only defined
by lTC, OAM is subject to the near-field T-SAM manipulation as it decides the far-field SAM. When the local near-field is
linearly polarized, the emitted beam is an equal split of states <lTC-1, +1> and <lTC+1, -1> [8, 9]. Whereas with particular TSAM values, for example the C-point of s=+1 as shown in Fig. 2(g), the OAM component of lTC-1 becomes dominant.
Vector vortices of arbitrary state <l, s>, where l+s is an integer, can be generated/received with this structure.

Fig. 2. (a) Experimental setup, (b-c) measured ellipticity, (d-e) measured circular polarization ratio, (f) inteferograms, and (g) polarization purity.

Overall, the two-fold spin-orbit interaction of light is demonstrated which is utilized to manipulate the spin and orbital
angular momenta carried by complex vortex light fields. Potential applications include chiral waveguide couplers for vector
vortices in quantum and classical information systems, as well as particle manipulation.
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Abstract- Balanced gain and losses in geometries beyond those of mere trivial compensation have
prompted a series of optical counterparts evoking the fascinating physics of parity-time symmetry.
We will expose two more complex variants. Firstly, those that arise when tackling such a simple
issue as apodizing a complex periodic index sequence. And secondly a very disordered version
whereby statistics of the outcome becomes nontrivial, in relation with non-ergodicity and so called
Geometric Brownian Motion (GBM), i.e., random walk in multiplicative space.
A bird’s view of the dominant paradigms in optoelectronics should undoubtedly emphasize optical
coherence. Consequently to that state of matter, it can be said that the phase is commonly seen as the crux of
most modern optics. Correspondingly, altering the phase through electro-optics, and thus tuning of the real part
of the index of refraction, has been the main paradigm for the tuning of the current generation of functional
devices. In this picture, a somewhat implicit trend emerged that gain and losses should be felt as related to the
“incoherent” part of the process, and for instance the laser phenomenon of phase/amplitude coupling as a side
complexity.
It is one of the merits of the flourishing of the Parity-Time symmetry concept in optics to trigger a deep
revision of this state of matter. The basic enticing characteristics of PT-symmetric operators is to behave, up to a
point, as conservative ones even though they have non-Hermitian (gain and loss) character. From this new
paradigm, even with fixed material losses – as arise in most instances of envisioned miniature plasmonic
devices,– it is possible to build up couplers and other sophisticated “coherent” optoelectronic functions based on
tunable gain rather than tunable index [1]. While the case for this approach is now clearer, leading to revisit
coupled laser physics for instance, opportunities to explore the role of complex gain and loss spatial
distributions can be also revisited.
We explore in this paper two roads that, according to our belief, could go beyond mimicking existing
functions.
We first discuss more complex form of gain/loss organization: firstly in the case of PT-symmetric Bragg
grating [2], known for their unidirectional reflection we show that various flavors of local PT symmetric Bragg
gratings that stem from apodization concepts bring rich optogeometric variants. Namely, by considering

separately the apodization of real and imaginary parts of the PT-symmetric Bragg grating, a set of interesting
filtering properties can arise, spanning various configuration from flat-top filters to “unilateral” functions with
enhanced sidelobe suppressions. Furthermore, we discuss what changes of local “binary” guide properties such
as width or gain/loss is most appropriate to implement these effects. This leads us to consider the merits of
various “supersymmetric” variants of the real+imaginary index distribution.
Next, we give a hint of unexpected synthetic properties in the case of disordered systems. We do not look at
PT-symmetric systems but rather at a simple chain of alternate gain and loss regions. In case the spatial phase
evolution can be forgotten (as would be the case for extreme miniature plasmonic resonators), we are essentially
left with a multiplicative random walk, also called a Geometric Brownian Motion (GBM) : in such distributions,
the logarithm of the intensity evolves like a random walk, and could take the classical Gaussian shape in its more
basic form. Thus the intensity distribution is the exponential of a Gaussian, also known as the log-normal
distribution. Within some assumptions that can be drawn from recent considerations on such GBM in other
fields [3,4], there are non-ergodic effects, with the mean along a given walk not taking the same limit as the
mean of an ensemble of walks at a given finite distance from their start. Carrying this concept to gain and loss
and plasmonics, we envision a set of plasmonic guides, so that each of them embodies a single random walk. As
a consequence of non-ergodicity, the opportunity arises of an information-rich optical output that can carry
interesting features from the (plasmonic) disorder, which might be a tunable disorder eventually.
Along this line, we will explore how the core GBM paradigm is modified when minimally realistic
ingredients are taken into account rather than the elementary GBM: the phase and the possible coupling between
individual walks, i.e. between gain/loss individual channels in our analogy.
We hope to give a different light on disordered systems in plasmonics from such an interdisciplinary
perspective.
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Abstract - We demonstrate visible frequency, room-temperature, ultra-narrow-linewidth lasing of
surface plasmon polaritons (SPPs) propagating along the floor of a metallic open-cavity
Fabry-Perot resonator formed by template stripping and coated with a subwavelength-thick layer of
dye gain medium. The lasing threshold is lowered by pumping the gain medium with an SPP
standing wave, generated using a low-profile grating located on the cavity floor. Darkfield
transmission sampling of the lasing SPP mode via a recessed nanoslit enables high-contrast,
high-figure-of-merit refractive-index sensing of analytes interacting with the open cavity.
Ongoing miniaturization of the footprint of optical systems and circuits requires development of wavelength
scale optical elements able to efficiently generate, manipulate and detect light. Achieving coherent optical
sources with narrow linewidth and nanoscale mode-confinement in one or more dimensions has been central to
this quest. More recently, metal based resonators sustaining surface plasmons have emerged as a promising route
to achieve stimulated emission or lasing at nanometer-scale dimensions. For example, optically-pumped lasing
plasmon modes formed by localized surface plasmons on dye-coated resonant nanoparticles and nanoparticle
arrays (1–3), or by gap plasmons confined to a dielectric layer of nanoscale thickness between a metal surface
and a semiconductor gain medium (4–8), have been recently demonstrated.
Here, we show, for the first time, lasing of propagating surface plasmon polaritons (SPPs) confined to an
open Fabry-Perot cavity. Ultra-narrow linewidth, visible frequency lasing is achieved at room-temperature. The
cavity consists of a template-stripped (9) ultra-smooth flat Ag surface orthogonally bound by a pair of Ag
sidewalls (10, 11), forming a trough-shaped, micron-scale width resonator for SPPs exhibiting a record-high
quality factor, and a figure-of-merit for refractive-index sensing that is an order of magnitude higher than that of
a state-of-the-art surface-plasmon resonance (SPR) sensor (12, 13). By incorporating a subwavelength thickness
of DCM-doped (3mM) polymer film on the trough floor, and optically pumping the dye from the open side of
the cavity, we demonstrate room-temperature SPP lasing in the red (14). We show (Fig. 1) how the lasing
threshold and linewidth can be lowered by incorporating a low-profile tapered grating in the cavity floor to
couple the excitation beam into a pump SPP, providing strong modal overlap with the gain medium. The record
narrow lasing linewidth (≈ 0.24 nm) achieved here is substantially smaller than that of localized–plasmon lasers
(1–3) and comparable to that of the best semiconductor-based gap–plasmon lasers (5, 7) demonstrated to date.
Transmission-configuration sampling of the lasing intensity with minimum perturbation to the both pump and
emission SPPs is achieved via an evanescently coupled nanoslit recessed below the cavity floor, opening the way
to active, multiplexed platforms for high figure-of-merit refractive index sensing and surface-analyte detection,
in which arrays of open-cavity SPP lasers are directly integrated onto electronic imaging chips.

Figure 1: Experimental characterization of grating-decorated SPP-pumped SPP laser. (A) Schematic
diagram of a template-stripped, open-cavity SPP laser with cavity metal (Ag) thickness 300 nm, cavity width l’
= 4.4 µm and height 2 µm, decorated with a low-profile grating of periodicity p = 350 nm, amplitude d = 40
nm, and offset ξ = 320 nm from the cavity center, coated with a 260-nm thick layer of PMMA:DCM gain
medium, illuminated an normal incidence with a nanosecond pulsed pump-beam of wavelength λP = 480 nm,
intensity IP, and linear polarization perpendicular to the grating. The schematic blue-green and red standing
waves illustrate the grating-coupled pump SPPs and cavity-trapped lasing SPPs, respectively. A 50-nm-wide slit,
recessed 50 nm below the cavity floor, offset ζ”= 1.5 µm from cavity center, evanescently samples the lasing
SPP mode and transmits a wave of proportional intensity, IE, into the far-field on the other side of the device
(glass substrate). (B) Tilted-view SEM image of the template-stripped cavity resonator illustrating the
grating-decorated cavity floor. Inset: top-view SEM image of the device, where the nominal location of the
buried recessed sampling slit is indicated by the dotted black line. (C) Evolution of the SPP emission linewidth Δ
with increasing pump intensity IP. Inset: representative emission spectra of IE for IP below (IP = 4.0 MW/cm2)
and above (IP = 6.0 MW/cm2) the lasing threshold (Ith = 5.6 MW/cm2). (D) SPP lasing turn-on characteristics IE
vs. IP on a linear scale for grating-decorated and grating-free devices as a function of in-plane pump polarization.
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Abstract-This paper presents for the first time experimental results of a metamaterial antireflection
coating designed to work in contact with human tissue. The metamaterial performance is tested
using two patch antennas operating between 59 GHz and 62 GHz that send and receive signals
through a human hand. The measurements show an average of 4.4 dB enhancement in transmission
when the metamaterial is added in front of the hand.
The high value of relative permittivity of the skin compared to air creates an impedance mismatch. This
impedance mismatch is present in most of the non-invasive biomedical applications that use electromagnetic
radiation (EM). Solving this impedance mismatch problem would help to develop more accurate and less power
consuming devices. For example, the sensitivity and specificity of microwave imaging systems would be
improved and their limitations, high false negative rate and
high false positive rate, would be significantly reduced. The
accuracy of microwave hyperthermia treatment would be
enhanced, permitting to focus heat on the exact location of
the tumor target, without burning healthy tissue. The power
(a)
levels used in electrosurgery would also be reduced providing
Metamaterial
a more efficient way of coagulating small blood vessels. And,
finally, the precision and reliability of non-invasive blood
glucose monitoring would be improved, allowing sensing the
blood properties in a more accurate way.
To solve this impedance mismatch, the authors propose
(b)
(c)
to use an antireflection (AR) coating with a similar design
Figure 1: (a) Cross section (not to scale) of the schematic design
than the one presented in [1]. Previously, in [2,3] the authors
consisting of an AR metamaterial unit cell placed in contact with a
presented an AR coating design optimized to work in contact
skin-blood-skin slab and excited using patch antennas. (b) Photo
of tissue, comprised by 0.5 mm of skin, 1 mm of blood and
showing the experimental setup. (c) Photo showing the
0.5 mm of skin. In [2] the authors presented simulations
metamaterial film
results of this AR metamaterial that achieved 1.4 dB
enhancement in the transmitted power. This metamaterial design was fabricated and tested in an in-vivo
experimental study using pig subjects, [3], and it achieved 1.9 dB improvement in the transmitted signal.
Here we present in-vivo measurements of this AR metamaterial film when used in presence of human skin.
For these measurements, the metamaterial film was placed in front of the skin and two patch antennas,

operating between 59 GHz and 62 GHz, were used as an excitation source (Figure 1a). The antennas were
transmitting and receiving signal through the boneless part of the hand located between the index finger and
the thumb (Figure 1b). To help the flattening of the skin surface, the antennas were enclosed inside two custom
made plastic holders, capable of adjusting the antenna-sample distance.
The experimental study was performed at University of
Roehampton, London, UK. The transmitted and received signal
was measured using a Vector Network Analyzer (Keysight
Technologies’ E8361A PNA).
To quantify the performance of the metamaterials, two
different types of measurements were recorded: (i) antennas
transmitting through the tissue without metamaterial; (ii)
same as (i) but adding the metamaterial film between the
antenna and the hand (Figure 1). Between measurements the
holders were slightly moved using micropositioners to
facilitate the placement or the removal of the metamaterial
Figure 2. Comparison of the S21 recorded signal with and
between the antenna and the hand.
without the presence of the AR metamaterial.
Figure 2 shows the transmission coefficient (S21) for the
two different types of measurements on a single human
subject. The error bars represent the standard deviation of two sets of five measurements. Between these two
sets the metamaterial was removed and placed again. Between 59.3 GHz and 61 GHz the average increase in
transmission achieved when the metamaterial is added is 4.4 dB.
The main reason for the differences between measurements is the possible movement of the hand when
the holder was removed to insert or remove the metamaterial. Note that the error bars are more significant on
the measurements with the metamaterial. This could be because the position of the metamaterial changed
between the two sets of measurements affecting differently to the bending produced on the metamaterial
when conforming to the hand shape; and therefore, creating accidental air gaps between the metamaterial and
the tissue.
The authors thank Richard Mackenzie and his team from University of Roehampton and Nadine Geddes for
their contribution in the human trials. The authors would also want to thank George Palikaras for his support
and scientific guidance. Moreover, the authors acknowledge the financial support of InnovateUK and EPSRC for
this study.
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Abstract- Metasurfaces have become a new paradigm in the studies of artificial subwavelength
structures due to their potential to overcome many challenges typically associated with
metamaterials. However, a majority of demonstrated metasurface structures possess fixed
properties, e.g. fixed operational bandwidth or functionality. An active control of metasurface
functionalities and bandwidth is highly desirable for engineering an advanced electromagnetic and
photonic devices. Here, we suggest and demonstrate experimentally a novel type of tunable
metasurface capable of dramatic enhancing the image quality.
Metasurfaces [1] are artificial ultrathin structures representing a planar realisation of metamaterial concept
[2]. One important application of metasurfaces is the enhancement of image quality which is crucially
important in different fields of biology, medicine and nanotechnologies. In particular it was demonstrated
experimentally that the metasurface lens, designed for optical frequencies, can be used to provide diffraction
limited focal spots [3] and to resolve features with subwavelength spacing, while parity-time symmetric nonlocal
metasurfaces allow ideal aberration-free optical images [4]. Another field where metasurfaces can potentially
help is related to Magnetic Resonance Imaging (MRI), known to be one of the most important clinical modalities
for detection of various diseases in human bodies. More precise, MR image quality is limited by signal to noise
ratio (SNR) that is relatively low for the majority of current machines and therefore MR image acquisition is
usually a very time consuming process. Recently a new conceptual idea has been suggested to substantially
increase SNR of commercial MRI with the aid of metasurfaces made by resonant metallic inclusions [5]. Later,
this effect was confirmed during in-vivo imaging and spectroscopy of the human brain [6].
In this talk, we will review our recent activities with metasurfaces application for MRI and also present a
novel hybrid tunable metasurface capable to enhance substantially the MR-image quality, allowing to resolve
smaller features of images, e.g. tumours, much faster and more efficiently.
Acknowledgements, This research was supported by the Russian Science Foundation (Grant 15-19-20054)
and partially by Ministry of Education and Science of the Russian Federation (Zadanie No. 3.2465.2017/ПЧ).
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AbstractIn this talk, we will present results on van der Waals materials for active infrared photonics, with a
focus on graphene and few-layer black phosphorus. We take advantage of the electrostatically
tunable optical properties of graphene to design active devices for controlling absorption, emission,
and phase. We additionally consider ultrathin black phosphorus as a novel platform for IR
optoelectronics, demonstrating gate-tunable transmittance due to an ambipolar Burstein-Moss and
Quantum Confined Franz-Keldysh effect.
van der Waals materials provide an excellent platform for tunable photonics in the infrared (IR). By
electrostatically gating these ultrathin materials, tunable absorption, emission, polarization, and phase can
be achieved. In this talk, we will present several experiments that take advantage of this dynamic response,
establishing new physical mechanisms for achieving tunability, and demonstrating progress towards
reconfigurable mid-IR metasurfaces.
Graphene, a monolayer Dirac semi-metal, is an ideal platform for tunable plasmonics in the mid-IR. With
a charge carrier density of ~1012 cm-2 which can be controlled with an electrostatic gate, graphene
supports IR plasmons which can be spectrally tuned. In this talk, we will present results demonstrating
highly confined, tunable plasmons in graphene with confinement factors up to λ0/λp ~ 100 and
electromagnetic simulations implying a local density of optical states more than 106 larger than free
space.1 This tight confinement results in very strong interactions of the plasmons with their environment,
leading to coupling with phonon polaritons in neighboring materials, including other monolayers such as
hexagonal boron nitride, which we observed experimentally2. By combining these graphene resonators
with a quarter-wavelength thick dielectric spacer layer of SiNx and a gold back reflector, also known as a
Salisbury Screen, absorption in the graphene resonators is enhanced up to 24.5%, an order of magnitude
higher than without this design.3 We will also comment on the use of this structure for actively
modulation thermal radiation, with kHz switching speeds.4
Metasurfaces offer significant potential to control far-field light propagation through the engineering of
amplitude, polarization, and phase at an interface. We will present an extension of tunable graphenebased nanophotonics platforms for applications to reconfigurable metasurfaces. Using a gate-tunable
graphene-gold resonator geometry, we demonstrate highly tunable reflected phase at multiple
wavelengths and show up to 237° phase modulation range at an operating wavelength of 8.50 µm. We
observe a smooth monotonic modulation of phase with applied voltage from 0° to 206° at a wavelength of

8.70 µm. Based on these experimental data, we demonstrate with antenna array calculations an average
beam steering efficiency of 50% for reflected light for angles up to 30°, relative to a ideal metasurface,
confirming the suitability of this geometry for reconfigurable mid-infrared beam steering devices.5
Finally, we will present results on field effect optoelectronic modulation of quantum-confined carriers in
black phosphorus. We report measurements of the gate-tunable infrared optical response of thin black
phosphorus. We interpret the observed spectral changes as a combination of an ambipolar Burstein-Moss
(BM) shift of the absorption edge due to band-filling under gate control, and a quantum confined FranzKeldysh (QCFK) effect, phenomena which have been proposed theoretically to occur for black
phosphorus under an applied electric field. Distinct optical responses are observed depending on the flake
thickness and starting carrier concentration. Transmission extinction modulation amplitudes of more than
two percent are observed, suggesting the potential for use of black phosphorus as an active material in
mid-infrared optoelectronic modulator applications.6
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Abstract-This paper reviews recent advancement on the research toward graphene-based active
plasmonic metamaterials for terahertz (THz) light emission. The dual-gate graphene channel
transistor structure serves carrier population inversion, promoting spontaneous broadband THz
emission. Active plasmonic meta-surfaces implemented into the gate structure can transcend the
incoherent light-emitting action to the amplified stimulated emission of THz radiation.
Carrier-injection pumping of graphene can enable negative-dynamic conductivity in the THz spectral range,
which may lead to new types of current-injection THz lasers [1]. The dual-gate graphene channel transistor
structure serves carrier population inversion in the lateral p-i-n junctions under complementary dual-gate biased
and forward drain-source biased conditions, promoting spontaneous broadband incoherent THz light emission. A
distributed feedback (DFB) laser cavity structure implemented into the gate electrodes can transcend the
incoherent broadband light-emitting-diode (LED) to the single-mode lasing action. We fabricated the test
devices and confirmed aforementioned LED and single-mode laser operations at 100K [2, 3].
To increase the operating temperature and output radiation intensity, further enhancement of the THz gain is
mandatory. Asymmetric dual-grating-gate meta-surface structures may promote plasmonic superradiance [4]
and/or plasmonic instabilities [5, 6], giving rise to giant THz gain enhancement at plasmonic resonant
frequencies. Dyakonov-Shur type instability owing to the Doppler-shift effect at the plasmonic cavity boundaries,
Ryzhii-Satou-Shur type instability owing to the carrier transit-time effect in the periodically modulation-doped
channel, and plasmonic-boom instability are the possible mechanisms.
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Abstract-The ability to engineer the optical phase at subwavelength dimensions has led to
metasurfaces that provide unprecedented control of electromagnetic waves. To reach their ultimate
potential, metasurfaces must incorporate reconfigurable functions. The central challenge is
achieving large tunability in subwavelength elements. Here, we describe two different approaches
for achieving order-unity refractive index shifts: free-carrier refraction and thermo-optic tuning
We experimentally demonstrate wide tuning of single-particle infrared Mie resonances through doping1, and
demonstrate simulations of electrically reconfigurable III-V heterojunction metasurfaces based on these effects2,3.
We conclude with recent experimental demonstrations of dyamic, ultrawide tuning of Mie resonators based on
two distinct thermo-optic effects: 1) modifying the electron mass and carrier density in InSb and 2) exploiting
the anomalous temperature-dependent bandgap of PbTe.
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Abstract- Rectifying stripe-teeth metasurfaces, consisting of microantenna arrays with infrared resonances,
coupled to vertical Metal-Insulator-Metal (MIM) diodes having an insulating barrier layer, were designed,
fabricated, and characterized with FTIR microscopy and current-voltage (I-V) measurements.

Resonances

agreed well with FDTD models and the electrical measurements showed that the NbOx-based diodes have
modest large barrier heights and nonlinear I-V curves, allowing for prediction of their rectification response.
These, and Al2O3-based 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.

Absorption in a semiconductor is limited by the band gap.

An array of “microrectennas” could theoretically

efficiently rectify from near- to far-infrared frequencies, converting the incident THz voltage to direct current via a
nonlinear receiver.

Vertical metal-insulator-metal (MIM) diodes have produced power from optical-frequency fields,

produced by a metamaterial planar stripe-teeth Al or Au antenna array lying above the vertical diode.

We have

recently published a model of MIM diodes and their predicted current-voltage (I-V) characteristics and rectification1.

(b)

(a)

Figure 1: (a) Model of the MIM diode. Region 1 is the metal with larger barrier height, region 2 is the barrier layer (thickness t) with the
trapezoidal potential function U(x), and region 3 is the metal with lower barrier height. (b) Predicted I-V curves as a function of barrier
thickness and temperature, for both forward bias (V < 0) and reverse bias (V > 0), predicting Fabry-Perot resonance effects.

These stripe-teeth arrays are similar to stripe arrays that have demonstrated, (Wu (2011)) near-perfect absorption
in the infrared, except that “teeth” break the left-right symmetry at normal incidence and produce a net a.c. voltage
into the substrate, similar to “optical rectification” except that direct current also flows.

We designed, fabricated,

and analyzed these stripe-teeth microrectenna arrays in the near- and short-wave infrared and planned for LWIR.
Stripes extracted the direct current; teeth lay along the x-axis and, when excited by the incident electric field,

produced the resonant a.c. field, determined by the spacing of the teeth along the y-axis. The antenna-amplified
z-component of the electric field, was rectified by Atomic-Layer-Deposited (ALD) Au/NbOx/Nb, Al/Al2O3/Au, or
Al/Al2O3/Al diodes.

(a)

(c)

(b)

Figure 1: (a) Electron microscopy (EM) image of chirped microrectenna arrays designed at NSRDEC and MITLL (b) Stripe-teeth
resonances (normalized absorption) for E-field || x, as a function of wavelength and y-pitch (the vertical line is the fixed cross-stripe
resonance); infrared microscopy measurements confirmed this. (c) Transmission EM image of novel NbOx-Nb based MIM diode.

(a)

(b)

Figure 3: Dependence of I-V curves on visible wavelength excitation for Au nanowire antenna (bright lines)-coupled-Al/Al2O3/Au diodes.
(b) Plan view EM image of these nanorectennas.

Vertical diodes form where the transmissive Al stripe and the Au antennas cross.

I-V measurements from Al/Al2O3(22 nm)/Al test diodes gave current densities in the range of µA/cm2 with an
application of +/- 6V, while Au/NbOx(20 nm)/Nb test diodes produced similar current densities with smaller voltages,
due to their smaller (< 1 V) barrier heights. Al/Al2O3/Au diodes were much more conductive than their Al/Al2O3/Al
counterparts, suggesting a reduced barrier height due to a different ALD barrier layer.
These microrectenna arrays are currently being illuminated with visible and infrared cw lasers.

For the

Au/NbOx/Nb, and Al/Al2O3/Au diodes, if 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/! is the photon energy divided by electronic charge and Idc(V0) is the direct current under a bias of V0).2
R=

!!" !! !ℏ! ! - !!!" !! ! !!" !! -ℏ! !
ℏ!
!!" !! !ℏ! ! -!!" !! -ℏ! !
!

(1)

For the Al/Al2O3/Al diodes, it is possible that the formula for classical responsivity may be used instead.2 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.1
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-We present a comprehensive study of radiative heat transfer in ångström and
nanometer-sized gaps from both an experimental and theoretical point of view. Our results establish
the fundamental validity of fluctuational electrodynamics in modelling near-field radiative heat
transfer (NFRHT) down to single-nanometer gaps. Furthermore, our work suggests that
unexpectedly large thermal conductances found in previous works are due to the presence of
surface contamination.
Radiative heat transfer between objects at different temperatures is of fundamental importance in applications
such as energy conversion, thermal management, lithography, data storage, and thermal microscopy [1]. It was
predicted long ago that when the separation between objects is smaller than the thermal wavelength, which is of
the order of 10 µm at room temperature, the radiative heat transfer can be greatly enhanced due to the
contribution of evanescent waves (or photon tunneling). In recent years, different experimental studies have
confirmed this long-standing theoretical prediction. However, in spite of this progress, there are still many basic
open questions in the context of near-field radiative heat transfer (NFRHT). Thus, for instance, recent
experiments exploring the radiative thermal transport in nanometric gaps have seriously questioned the validity
of fluctuational electrodynamics [2,3], which is presently the standard theory for the description of NFRHT. In
this work, we address the issue of radiative heat transfer in the extreme near-field regime when objects are
separated by nanometer-size distances. In particular, we have accomplished a very detailed comparison of novel
NFRHT experiments performed with scanning thermal probes with state-of-the-art simulations based on the
fluctuating-surface-current formulation of the heat transfer problem. The ensemble of our results clearly show
that fluctuational electrodynamics provides an adequate description of the NFRHT between both metals and
dielectrics all the way down to nanometer-size gaps [4]. Besides, our analysis of NFRHT in sub-nanometer gaps
suggest that past reports of large deviations from the predictions of fluctuational electrodynamics are probably
due to surface contamination effects. We also demonstrate, from measurements of apparent tunneling barrier
heights, that such deviations can be systematically attenuated by carefully cleaning the surfaces as indicated by
an increase in the apparent barrier height [5].

500 nm

Figure 1. Schematic of the experimental set-up, in which an Au-coated scanning thermal microscopy probe
is brought into close proximity of a heated Au substrate. The right inset shows a SEM image of the tip, which
has a diameter of 300 nm.
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Abstract- We demonstrate a dual-channel, CMOS-compatible metamaterial thermopile detector, exhibiting
near-ideal peak absorptivity values (A=0.99), and narrowband absorption characteristics (Q = 15.1 at 4.29 µm).
The ultra-thin metamaterial perfect absorber (MPA) makes additional blackening layers and filter elements
obsolete, allowing for highly integrated, low-cost optical gas sensing systems. Employed in a non-dispersive
gas sensing setup, the MPA detector leads, in comparison to a non-structured thermopile, to a 3.9-fold increase
in analyte resolution, with a simultaneous 6.5-fold decrease in humidity cross sensitivity.
The ubiquitous trend towards low-cost integrated sensing solutions, e.g. for medical or automotive applications, drives
the demand for efficient and selective mid-infrared (mid-IR) detectors [1]. Thermopiles (TP) are well known as low-cost
detectors for the mid-IR wavelength range and are widely used in non-dispersive infrared (NDIR) gas sensors. However, they
suffer from a low spectral selectivity due to their thermal detection principle, and from the low absorptivity values of typical
TP membranes. This makes additional filter elements and blackening layers necessary, which limit the size, cost and speed of
these detectors. Recently, metamaterials have been investigated as a promising candidate to overcome those limitations by
resonantly enhancing their absorptivity in the mid-IR to values close to unity, over a potentially narrow bandwidth [2].
However, the limited resonance quality factors of actually demonstrated metamaterial absorbers restrict their use for selective
gas analysis, and the integration of a sufficiently narrowband metamaterial absorber on a thermal detector has not been shown
for far. In this paper, we monolithically integrate for the first time narrowband metamaterial perfect absorbers (MPA) on
thermopile detectors and demonstrate their performance for sensitive and selective gas analysis in the mid-IR.
The structure of the MPA detector and the MPA unit cell are shown in Figure 1(a). The metamaterial absorber area
(270×300 µm2) is centered on the dielectric TP membrane and comprises a periodic arrangement of subwavelength unit cells.
Each unit cell consists of a cross-shaped metal resonator (Cu), separated from the metal backplane (Cu) by means of a

Figure 1. (a) Schematic of the metamaterial detector and details of MPA unit cells. (b) Simulated and measured absorptivity of the MPA structure. Inset:
frequency response of the MPA detector in comparison to thermopiles with carbon-black (“BB”) and without (“Bare”) absorber structure. (c) CO2 resolution
of sensing systems employing MPA, non-structured (“Bare”) and dielectrically-filtered (“BB + Filter”) thermopiles. Inset: Schematic of non-dispersive gas
sensing setup.

dielectric spacer layer (Al2O3). Geometrical parameters of the unit cell have been optimized by full-wave simulations for
resonant absorption at λc = 4.26 µm, yielding in a = 2 µm, l = 1.03 µm, w = 192 nm, tmetal = 100 nm, and tdielectric = 90 nm. The
MPA structure has been fabricated in a series of post-processing steps on top of commercial thermopile substrates. Details on
the employed optimization and fabrication processes can be found in [3]. The measured absorptivity of the MPA structure is
shown in Figure 1(b). The structure yields a peak absorptivity A = 0.99 at the center wavelength λc = 4.29 µm, in very good
agreement with the simulation results. In the inset of Figure 1(b), the frequency response of the MPA detector is compared
against the frequency response of a carbon-black coated TP and a TP without absorber layer. Due to its low thermal mass, the
MPA does not impair the dynamic properties of the underlying detector (f-3db = 95 Hz), in contrast to a conventional carbonblack absorber, which increases the detector time constant by a factor of two. Besides its efficient blackening and low thermal
mass, the high quality factor Q = 15.1 of the MPA enables sensitive and selective gas analysis without the need for additional
filter elements, which has been demonstrated in a series of non-dispersive gas sensing experiments using CO2 (absorption
resonance: λCO2 = 4.26 µm) as an analyte. The experimental setup is displayed in the inset of Figure 1(c). A hotplate emitter
(EM) is positioned opposite to the detector under test (DET), separated by a metal-coated absorption channel (l = 18 mm).
The emitter is driven by a signal generator (AWG), and the TP signal is lock-in amplified (AMP). The performance of the
MPA detector in such a setup has been compared against a TP without absorber coating, as well as a TP with carbon-black
absorber coating and a commercial dielectric filter (λf = 4.26 µm, FWHM = 180 nm). The measured absolute CO2 resolution
of each system configuration, as derived from the relative analyte sensitivity of the detector signal at various CO2
concentrations, is shown in Figure 1(c). For the MPA detector system, a resolution of 8.99 ppmCO2 at cCO2 = 400 ppm has
been measured, outperforming the non-structured TP by a factor of 3.9 and reaching the resolution of the reference,
dielectrically-filtered absorber system. Furthermore, the MPA detector system exhibits a 6.5-fold reduced humidity cross
sensitivity (6.4 ppmCO2/%rH) in comparison to the non-structured TP (41.8 ppmCO2/%rH), which can be directly attributed to
the narrowband absorption characteristics of the MPA structure. To demonstrate the high integration density of the MPA
concept, we realized a dual-channel MPA detector by incorporating two spatially separated MPA areas on the same TP
membrane, as shown in the inset of Figure 1(b). The center wavelengths correspond to a sensing (λ1 = 4.26 µm) and a reference
(λ2 = 3.91 µm) channel, with their measured absorptivity spectra shown in Figure 2(a) relative to the atmospheric absorption.
The resulting difference signal between both TP areas exhibits excellent stability with virtually no drift, even over extended
measurement periods, Figure 2(b), which showcases the MPA technology’s potential for advanced detection schemes.

Figure 2. (a) Absorptivity of sensing (λ1) and reference (λ2) channel as measured on the dual-channel MPA detector together with the atmospheric attenuation
(40 %rH, 400 ppmCO2, at 25°C). (b) Dual-channel detector signal together with the applied gas concentration. Inset: schematic of dual-channel MPA detector.
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Abstract – Plasmon emission is predicted to be a highly efficient decay mechanism of photoexcited
hot carriers in graphene, competing with optical phonon emission. To facilitate coupling of emitted
plasmons with photons, we created graphene nanoribbons whose resonances live above, below and
near the optical phonon energy. We observe carrier density-dependent graphene plasmon-assisted
light emissions in the mid-infrared under femtosecond laser excitation. We explore how plasmonic
modes alter decay pathways for photoexcited hot carriers and affect the resulting infrared radiation.
The decay dynamics of excited carriers in graphene have attracted wide scientific attention, owing to the
much lower relaxation rate of excited ‘hot’ carriers than is seen in many three-dimensional materials. However,
plasmons can significantly reduce the photoexcited charge carrier lifetime in graphene, and this plasmon effect
on excited state decay gets larger with increasing carrier density, as indicated by recent theoretical calculations
and angle-resolved photoemission experiments.1,2,3,4 We report experimental results suggesting that graphene
plasmons excited by ultrafast pumping affect the radiative emission rate. This work has important implications
for achieving ultrafast optical control of mid-infrared light emission. While traditionally achieving control of
infrared radiation has required heating and cooling of an object – a relatively slow process – plasmon-assisted
light emission resulting from sub-100fs decay of hot carriers could provide a method for ultrafast generation and
modulation of infrared radiation.
The reported lifetimes of excited carriers in the presence of graphene plasmon emission range from a few
femtoseconds to 100s femtoseconds.3,4 Such timescales suggest that plasmon emission is a decay channel with
whose strength is comparable to optical phonon emission, which is widely considered to be the dominant decay
mechanism at carrier energies above the “phonon bottleneck” (i.e., the optical phonon energy). In planar
continuous graphene sheets, plasmon emission is difficult to observe because emitted plasmons decay
non-radiatively, owing to the large momentum mismatch between graphene plasmons and free space light.
Radiative emission of graphene plasmons can be dramatically increased by defining nanoribbons in graphene to
allow detection of plasmon-coupled light emission. The confined plasmonic resonances of graphene nanoribbons
are tunable by changing sizes and carrier densities of graphene nanoribbons, enabling us to spectroscopically
tune the detected plasmon energy across the mid-infrared wavelength regime.5 By creating plasmon resonances
above, below and near the optical phonon energy, we can observe how graphene plasmon modes affect the decay
mechanisms of photoexcited carriers via measurement of mid-infrared light emission. Photoexcited hot carriers
are created in graphene nanoribbons with a 100-fs pulsed laser excitation at λ = 850 nm, and the resulting
infrared emission is collected and analyzed with a Michelson interferometer for varying graphene carrier
densities.

Figure 1. Carrier-dependent emission from bare graphene (left) and 50nm nanoribbons (right) under 100-fs pulsed
laser excitation at λ = 850 nm. The higher gate voltage means higher carrier density. The vertical purple lines indicate
the optical phonon energy (200 meV).

Figure 1 shows carrier density-dependent emission spectra from bare graphene (left) and patterned graphene
(right). In both cases, the emission intensity is larger for higher graphene carrier density, which is controlled via
the changes in applied gate voltage. The emission spectra of bare graphene are broad and show features across a
wide energy range – both above and below the optical phonon energy. By contrast, the emission spectra from
50nm ribbons show relatively narrow peaks exclusively at the resonance frequency (λ ~ 7.5um), and the peaks
blue shift with increasing carrier density. By comparing the emission spectra of bare and patterned graphene, we
study the effects of propagating plasmons and confined plasmons on hot carrier decay mechanisms and the
resulting light emission.
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Abstract— We discuss recent work on topological plasmonic states in two-dimensional electron
gases under an applied magnetic field. By periodic nanostructuring, new high-frequency topological
edge states can be synthesized beyond the conventional low-frequency edge magnetoplasmon.
In moderately doped graphene, these high-frequency unidirectional edge plasmons can exist at
frequencies up to tens of terahertz, reaching the far-infrared regime.
Spurred by the contemporary topological understanding of the quantum Hall effect in fermionic systems, a
broad class of nontrivial topological bosonic phases have emerged in recent years. Among these, time-reversalsymmetry (T ) broken topological bosonic systems—proposed in a variety of quasiparticles, spanning photons,
phonons, excitons, polaritons, and magnons—which host unidirectional and backscattering-immune edge states
along structural terminations, hold great promise for the development of nonreciprocal and defect-tolerant
devices. So far, however, the achievable operating frequencies of these T -breaking platforms are low, typically
in the GHz regime. This restriction, which represents a severe obstruction to applications, is ultimately due to
the scarcity of workable high-frequency T -breaking mechanisms.

Recently, efforts to expand the zoo of topological bosons have encompassed plasmonics as well. Notably,
it was recently shown [1] that the conventional low-frequency edge magnetoplasmons, which exist along
the terminations of two-dimensional electron gases, arise as a consequence of a nontrivial topology of the
underlying bulk bands. We will discuss our recent proposal [2] for a new class of high-frequency T -broken
topological edge plasmons enabled by periodic nanostructuring of the underlying two-dimensional system.
Specifically, in a triangular antidot lattice etched into graphene, we find that a new high-frequency topological
edge plasmon emerges under a magnetically induced gapping of a bulk Dirac-degeneracy. This edge plasmon
is unidirectional, immune to backscattering by structural defects, and exists at frequencies up to tens of THz,
even in moderately doped graphene. Graphene is a particularly attractive candidate material for topological
plasmonics by virtue of its low intrinsic loss, tunable carrier density, and chiefly, by its large magneto-optical
response. This finding identifies a practical path to topological T -broken operation in the far-infrared
regime, and simultaneously enriches the field of topological photonics with the characteristics hallmarks of
plasmonics—strong optical confinement and enhanced light–matter interaction.
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Abstract- Terahertz (THz) responses of topological insulator Bi2Se3 exhibit a strong interaction
between Dirac surface plasmon and optical phonon near 2 THz. Employing time-resolved THz
spectroscopy, we investigated the spectral manifestation of plasmon-phonon interaction after
photoexcition. Ultrafast THz measurements in Bi2Se3 micro-ribbon reveal the ultra-high
modulation depth of 2,400% assisted by Fano-like plasmon-phonon-destructive interference. When
plasmon frequency is controlled by changing the dimension of Bi2Se3 micro-slits, we observe the
different relaxation dynamics of hot optical phonon after photoexcitation.
Engineering surface plasmon provides an efficient tool to modulate THz wave. A high modulation depth is
expected to be emerged in topological insulator (TI) Bi2Se3 due to the strong optical modulation capability of
Dirac plasmons [1]. In this work, we explore the ultrafast optical modulation of Dirac plasmons in a
micro-ribbon array of Bi2Se3 by using time-resolved optical-pump THz-probe spectroscopy. Under optical pulse
injection, the surface plasmon frequency is shifted beyond the phonon frequency in the THz range, which
significantly changes the extinction spectra. As a result, an unprecedented, giant modulation depth up to 2,400%
is obtained with very low ﬂuence of optical control pulse (45 µJ/cm2). Our theoretical calculations show that the
plasmon frequency shift arises from the photo-doping of the non-topological two-dimensional electron gas
(2DEG) formed due to downward bending of the bulk bands near the surface [2, 3]. Unlike conventional
semiconductor-based plasmonics, various species of quantum states, such as Dirac electrons, massive 2DEG and
semiconductor-like bulk, which together with plasmon–phonon interference lead to dynamic spectral modulation
in TIs, provide a novel platform for controlling plasmons.
The atomic composition of Bi2Se3 poses a limit to the control of the phonon resonances. Although prior
studies have found that the electron-phonon coupling is a way to manipulate the phonon resonances [4], these
methods require a complicate experimental system. Here, using the strong interaction of Dirac surface plasmon
and optical phonon [1, 5], we demonstrate a simple methodology of altering the phonon resonances by
lithographically-engineered surface plasmons in Bi2Se3. Our ultrafast terahertz investigation reveals that the
phonon cooling is suppressed when the Dirac plasmon energy exceeds the phonon resonance, resulting in
anomalous phonon stiffening. On the other hand, we observe that the phonon cooling is greatly accelerated
(within 1 ps) when the plasmon energy is smaller than the bulk phonon, leading to phonon broadening. This
observation suggests that engineering the plasmon-phonon coupling provides an alternative to dynamically
control the phonon energy without atomic modification. These results thus provide a promising laboratory for
novel topological insulator applications, ranging from topological thermoelectric effects to tunable terahertz
plasmonic devices.
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Abstract- We theoretically, numerically and experimentally demonstrate hollow core fibres with
hyperbolic metamaterial cladding having more than double the single-mode bandwidth of metallic
waveguides. In the THz such fibres offer a unique combination of being mechanically flexible, with
low optical loss and large single-mode bandwidth.

An essential component in developing compact terahertz devices are waveguides [1]. Among several
waveguide solutions proposed for guiding THz radiation, hollow-core waveguides are one of the best options
due to low losses of THz waves in air [1]. However, these waveguides usually have diameters of the order of
several wavelengths and consequently are rigid, multimode pipes for guiding THz radiation rather than flexible
fibres. The emergence of metamaterial opens a new avenue to overcome some of the limitations of hollow-core
THz waveguides, by providing new guidance mechanisms and extreme birefringence that guide a single
polarization [2,3]. We have demonstrated that fiber-drawing techniques can be used to produce large quantities
of metamaterials with electric and magnetic responses [5,6]. Fibers containing arrays of thin metal wires have
been produced, which have an electric response depending on the size and spacing of the wires. In this
presentation, first we will discuss the characteristic equations for guided modes and the relevant mode existence
conditions of a hollow-core waveguides with uniaxial metamaterial claddings [7,8]. Then we will show that a
hollow-core waveguide with wire metals in the cladding can only confines transverse magnetic (TM) modes due
to extreme anisotropy of wire metamaterials [9]. Finally, we will show experimental results demonstrating how
utilizing metal wires in the cladding of a THz hollow-core waveguide can lead to flexible fibres with large single
mode operating bandwidth (0.22-0.34 THz), 2.5 times larger than that which can be achieved using metallic
hollow core waveguides [9].
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Abstract— A monolayer graphene is able to produce a Faraday rotation of several degrees in
modest magnetic field at terahertz frequencies. Using a metallic metasurface of sub-wavelength
optical resonators placed in strong proximity to graphene, an increase of the non-reciprocal e↵ect
can be achieved over a broad range of frequencies. We demonstrated via simulations that increasing the geometric symmetry of the single resonator the performances of the device improved. The
combination of both a huge polarization rotations (more than 20 degrees) accompanied by a large
transmission amplitude, candidates this device as a prototype for sub-wavelength non-reciprocal
element, like Faraday rotator and optical isolator.

Among the unique properties of graphene, its giant Faraday rotation (⇠6 ) at terahertz (THz)
frequencies [1] has attracted a lot of attention in order to approach a new prototype of nonreciprocal element with sub-wavelength dimensions. Focusing on the THz radiation, several works
have succeeded to further enhance the non-reciprocal behavior of graphene [2], but most of them
achieving this result at the price of losing the intrinsic two-dimensional character provided by
graphene itself.
Triggered by the observation that (magneto-)optical response of graphene is strongly influenced by
the presence of a planar square array of split-ring resonators (SRRs) at a distance of a few tenths
of nanometers from it [3], we have been motivated to investigate by full wave simulations how the
non-reciprocal polarization rotation can be greatly enhanced adopting this structure (Figure 1a).
We observed that the planar geometry of the specific resonator which constitutes the metasurface
has a strong influence on both Faraday rotation angle (✓F ) and transmittance (T) of the system.
Even just for common square electric-SRR shape, the hybrid metasurface provides an increase of
the Faraday rotation in correspondence of the metasurface resonance. This result, however, comes
at the expense of T which results to be very small even after an optimization of the geometric
parameters. Nevertheless, devices that aim to work as a Faraday isolator or rotator need to have
both high ✓F and T. Their performance can be indeed defined by a dimensionless parameter F
sin ✓F |2
which is a function of the transmittance T and of ✓F [4]: F (T, ✓F ) = |2T
. In order to have F
(1 T2 )2
as large as possible, several other shapes have been studied. During this process of optimization,
we found that shapes characterized by a higher degree of symmetry imply an improvement of the
performances. If we take into account also the FWHM of F as function of frequency and we define
F)
as figure of merit the product FWHM(
⇥ F , where ⌫( Fmax ) is the frequency of maximum F ,
⌫( Fmax )
the improvement of the performances of the system for three symmetry group (C2 ,C4 and C8 ) can
be seen in Figure 1b. Following this trend, the geometry of the resonators which is observed to
have the largest value of F is that reported in Figure 1a, belonging to C8 group. The electric
and magnetic field spatial distributions of the resonator is shown in Figure 1c. The impact of
the real part of the refractive index (n) of the substrate on the device performance has also been
investigated. We found that lower values of n provide a larger value of the figure of merit, as it
clearly appears from the comparison between the red and blue curves in Figure 1b, calculated for
n equal to 1.5 and 2.5, respectively. In the fabricated device, the used substrate is Cyclic Olefyn
Copolymer (COC), which has n⇠1.5 and optical losses under 3 cm 1 at THz frequencies. The
measured transmission spectrum (in the absence of external magnetic field) is shown in Figure 1d

in comparison to the corresponding simulation.
Obviously, also the graphene Drude parameters highly influence the non-reciprocal properties. In
panel e and f, the curves for ✓F and F as function of frequency are shown for four values of the
Fermi energy, respectively.
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Figure 1: a) Device sketch showing the layers of the structure. Graphene, placed on the top, is separated by a 200 nm thick
layer of oxide (SiO2 ) from the 100 nm thick and 3⇥3 mm2 wide metasurface of periodically arranged and interconnected (25
µm long) square resonators. An optical image of the resonators of a fabricated sample is shown. At the bottom a 100 µm thick
layer of Cyclic Olefyn Copolymer (COC) is placed as substrate. b) Simulated figure of merit of the system for three di↵erent
planar geometry of the resonators belonging to the symmetry group C2 , C4 and C8 , respectively. The three geometric shapes
are also shown at the bottom of the figure. d) Spatial distribution inside the unit cell of the x and y components of the electric
~ and of the z component of the magnetic field H
~ for the excited optical mode of a single resonator belonging to C8 .
field E
d) Comparison between measured transmission spectrum of fabricated sample in absence of external magnetic field and the
corresponding full-wave simulation. In panels e and f, the simulated Faraday angle ✓F (rad) and dimensionless F factor as
function of frequency for the metasurface belonging to the C8 symmetry group are inserted, respectively. The same quantities
are studied for di↵erent values of graphene Fermi energy (0.1, 0.2, 0.3 and 0.4 eV). In all simulations the bias magnetic field is
set to 7T and the graphene mobility is fixed at 4.000 cm2 /Vs.

In conclusion, we have studied a system consisting of a resonant metasurface put in close proximity to a graphene monolayer at THz frequencies. We demonstrated by simulations that this
sub-wavelength structure strongly enhances the graphene Faraday rotation and that the performances can be strongly improved by increasing the symmetry of the unit resonator geometry. Its
scalability allows to tune this operating region over the whole THz range, or, provided it is arranged
in a connected fashion, it can be used as a back gate to change the Fermi energy of graphene, adding
another powerful functionality for the tunability of the system.
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Abstract-We present an analytical, classical electromagnetic description of the nonlinear optical
response associated with tunable plasmons in graphene nanostructures. Our model uses
two-dimensional graphene conductivities as input to obtain the nonlinear response of the desired
nanostructures. The results are shown to be in excellent agreement with realistic
quantum-mechanical simulations based on a tight-binding description of electrons in graphene
combined with the random-phase approximation for the response functions.
Graphene exhibits a remarkably high intrinsic nonlinearity that can be pushed even further when the
optical frequency is tuned to the plasmon resonances of the material [1-4]. Atomistic simulations provide
an accurate description of these phenomena, although their computational cost is prohibitive for large
graphene nanostructures [3,4]. An alternative formalism consists in relying on classical electromagnetism,
using the local nonlinear conductivities extracted from models of extended graphene. We show that both
of these approaches are in excellent agreement for sufficiently large structures (10s of nm in lateral size)
when describing second- and third-harmonic generation, as well as the Kerr effect. Additionally, we
exploit an eigenmode decomposition of the optical field in the classical formalism to obtain analytical
expressions for the plasmon-driven resonant response of the graphene ribbons and finite islands, in
excellent agreement with full numerical calculations. This analytical description constitutes a valuable
asset to explore nonlinear optical phenomena in the context of graphene plasmonics, and can also be
applied to model nonlinearities in other planar plasmonic materials, such as thin metal layers.
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Figure 1. Linear and nonlinear optical response of graphene nanoribbons. We present the linear absorption (top
graphs) and the third-order susceptibilities associated with third-harmonic generation (center graphs) and the Kerr
nonlinearity (bottom graphs) for graphene nanoribbons of (a) fixed doping of EF=1.0 eV and varying width
indicated by the numbers in the top graph (in units of nm) and (b) fixed width of D=20 nm and varying Fermi
energy indicated by the numbers in the top graph (in units of eV). Solid curves correspond to atomistic simulations
of zigzag-edge-terminated ribbons, dashed (dot-dashed) curves to results from the semi-analytical model employing
purely intraband (full inter- and intra-band) graphene conductivities.

Periodic Systems with Glide Symmetry
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Abstract-Any planar structure can be superimposed with its mirror image. Despite lacking
conventional chirality, planar metamaterials exhibit stronger and more diverse chiral optical effects
than conventional materials. Planar chirality associated with the twist of flat spirals and mirror
asymmetry introduced by the direction of illumination give rise to directional transmission
asymmetries, giant linear and nonlinear optical activity, circular polarization reflectors and perfect
absorbers as well as wavevector selective spectral filters.
It is a common misconception that chiral optical effects require chiral materials, i.e. materials that cannot be
superimposed with their mirror image. In fact, chiral optical effects occur in chiral experiments.
A flat spiral does not have conventional chirality as it can be superimposed with its mirror image by flipping
it over. Nevertheless, circularly polarized waves of opposite handedness will interact differently with a planar
twisted object. As the planar twist reverses for opposite directions of observation, the handedness of the optical
effect reverses for opposite directions of illumination, resulting in directionally asymmetric transmission [1]. An
effective planar twist can result from oblique incidence onto any planar pattern and thus directionally
asymmetric optical properties should be expected for any lossy planar metamaterial [2]. The effect can be
engineered to yield perfect absorption for one circular polarization, while the other is reflected without
polarization change, providing an opportunity to develop circularly polarized cavities for sensing and lasers [3].
A chiral experiment with an effective three-dimensional twist can result from oblique incidence onto any
planar structure lacking two-fold rotational symmetry. For planar metamaterials, this can lead to exceptionally
large optical activity for both transmitted [4] and reflected light [5] and exploiting nonlinearity enhancement in
plasmonic metamaterials 10-million-fold larger nonlinear optical activity than in natural materials has been
observed [6]. The effects are inherently tuneable due to their dependence on the angle of incidence and they
allow the realization of switchable circular polarization perfect absorbers [7] as well as resonant spectral
passband filters that are directional notch filters [8].
An overview over concepts developed over the last decade and associated experimental breakthroughs will
be given.
Acknowledgements. The authors acknowledge fruitful discussions with Vassili A. Fedotov. This work is
supported by the Leverhulme Trust, the UK's Engineering and Physical Sciences Research Council (grants
EP/G060363/1 and EP/M009122/1) and the MOE Singapore (grant MOE2011-T3-1-005).
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Abstract— After discussing the consequences of band dispersions of glide, screw and timereversal symmetries, I will show examples of 2D photonic crystal waveguides and 3D photonic
crystal waveguides with glide and time-reversal symmetries. Then I will go over the discovery
of Weyl points in a nonsymmorphic photonic crystal. At last, I will present a 3D magnetic
topological photonic crystal hosting a single surface Dirac cone, protected by glide reflections.
Such a gapless surface state is fully robust against random disorder of any type.

Bulk bandstructure of BPI photonic crystal
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Figure 1: Bulk band structures of the BPI photonic crystal in bcc lattice. A) The GDP is between the
first four bands. B) The cubic unit cell of length a consisting of four identical dielectric rods oriented along
the bcc lattice vectors of (111) (red), (111̄) (yellow), (11̄1) (blue) and (1̄11) (green). The rods go through
(0,0,0)a, (0,0.5,0)a. (0.5,0,0)a and (0,0,0.5)a respectively. There are two glide reflection planes (Gx and Gy )
in the structure, invariant on the (001) surface. The top-view schematic illustrates the relations between
the rods under operations of Gx and Gy . C) The bcc BZ and its projection onto the (001) surface BZ. The
transparent red box outlines the volume in the bulk BZ that projects to half of the surface BZ. D) Bulk
band structure showing that the GDP opens when magnetization is applied on the rods without breaking
Gy .
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Abstract- Metasurfaces have recently gained popularity for designing lens antennas. Particularly,
fully metallic metasurface lens antennas present low losses and are ideal for space applications. In
this work, we present a novel asymmetric unit cell that can be employed for the design of
anisotropic lenses. The unit cell consists of two glide-symmetric layers. A rectangular hole is edged
at the bottom layer, which is periodically mirrored and translated in the top layer. This unit cell
provides low dispersion over a wide band and produces anisotropic high refractive index as
required for typical lenses in antennas.
Metasurfaces are two-dimensional versions of metamaterials [1, 2]. By using metasurfaces as in [1-3], flat
lenses can be designed, proving high directive beam scanning antennas. These antennas find application for
wireless communications, especially at the very high frequencies, where array have a high cost, due to their need
of phase shifters [4].
In [3], glide symmetric metasurfaces were proposed to obtain stable refractive indexes over an
ultra-broadband frequency range. Those proposed structures were fully metallic, which is an asset for space
applications, and inherently have low loss capabilities. Additionally, using this glide-symmetric based approach,
it has been demonstrated that glide-symmetric can be employed to produce bandgaps which can be employed for
gap waveguide technologies [5].
Glide-symmetric metasurfaces consist of two layers, which are translated half period and mirrored [6-10],
and they were extensively studied in the ‘60s and ‘70s in the one dimensional configuration. Although the first
studies of two-dimensional glide-symmetric unit cells have provided promising properties [3,5], only isotropic
configurations have been proposed.
Here, we propose rectangular holey structures that can be employed to produce an anisotropic response. Our
asymmetric unit cell consists of two layers as shown in Fig. 1 with rectangular holes, which are glide-symmetric.
Fig. 2 shows the simulated dispersion diagram of the proposed asymmetric unit cell in both x and y directions,
with the variation of the depth of the rectangular hole. It is noticed that for the propagating wave along the x
direction, the fundamental mode varies with the depth of the hole, but for the waves propagating in y direction,
no significant variation is observed. In both cases, the mode is non-dispersive, opening possibilities for the
design of ultra wideband anisotropic flat lenses.

Fig. 1: (a) Bottom layer (b) top layer (c) overall unit cell [L= 4mm, g= 0.15 mm].

Fig. 2: Dispersion diagram for different h values: (a) x direction (b) y direction.
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Abstract— The e↵ect of twist symmetry, a special kind of higher symmetries, in a one dimensional periodic structure has been studied. It has been shown that by adding twist symmetry,
achieving less dispersive and denser materials is possible. Moreover, it has been shown that
the location of bandgap is changed by adding twist symmetry or changing the degree of twist
symmetry.

Glide and twist (screw) symmetries are a certain class of higher symmetries. A glide-symmetric
structure is a structure which coincides with itself under a half-period translation followed by
mirroring with respect to a glide plane [1]. A p-fold twist-symmetric structure is a structure which
coincides with itself under a translation of d/p and a rotation of 2⇡/p around the twist axis,
where d is the period of the unit cell [1]. Here, we name p as the degree of the twist symmetry.
By generalizing the Floquet theorem, periodic structures possessing these higher symmetries were
studied in the 1960’s and 70’s [1, 2, 3, 4].
Recently, glide-symmetric metasurfaces have been proposed. These metasurfaces present low
frequency dispersion [5, 6] and can be used to implement wideband flat lens antenna [5]. In
these works, it has been shown that a metasurface with glide symmetry acts as a medium with a
constant equivalent refractive index over a broad range of frequencies. Moreover, compared to the
conventional metasurfaces, higher equivalent refractive indices are achievable by glide-symmetric
metasurfaces [5]. Glide-symmetric structures can also be employed in gap waveguide technology
[7].
Here, we study the e↵ect of adding twist symmetry to a coaxial waveguide with periodic holes.
For this purpose, three di↵erent periodic configurations with the same periodicity are investigated.
The first one is a coaxial waveguide, composed of an inner and outer conductor, separated by air,
with holes located periodically on the inner conductor. Since this structure can be considered as
a translation of the holes, it does not possess higher symmetries. However, the second and third
configurations are the same coaxial waveguide with 2-fold and 4-fold twist symmetric holes on
the inner conductor. The inner conductors of all the cases and their dispersion diagrams have
been illustrated in Figure 1. In all cases the inner and outer radii of the coaxial waveguide are,
respectively, 1.49 mm (D/2 in Figure 1) and 1.59 mm; the periodicity is 12 mm and the sides of
the holes L = 2.4 mm and A = 4.69 mm (A is the length of the arc part of the hole).
The results demonstrate that the dispersive nature of the lowest propagation modes in the
coaxial waveguide with periodic holes (Single hole configuration in Figure 1) is reduced or even
removed by adding twist symmetry. Moreover, the results reveal that by increasing the degree of
the twist symmetry, higher e↵ective refractive indices are achievable. Furthermore, it is clear that
the location of bandgaps can be changed by adding twist symmetry or by changing the degree of
the twist symmetry. For instance, in the single hole case, there is a bandgap from 10.05 GHz to
13.45 GHz and in 2-fold case, there is a bandgap from 18.26 GHz to 25.91 GHz, whereas, for the
frequencies below 30 GHz there is no bandgap in 4-fold case.
In conclusion, by adding glide or twist symmetry to periodic structures, we will have more control
on the propagation characteristics of periodic structures. This e↵ect could be used in designing
travelling wave antennas such as leaky-wave antennas. Moreover, periodic structures with higher
symmetries can be used to realize wideband flat antennas.

Figure 1: (Left) Inner conductor of a coaxial waveguide with periodic holes (Single hole) and the same
coaxial waveguide with 2-fold and 4-fold twist-symmetric holes. In all structures the inner and outer radii of
the coaxial waveguide are, respectively, 1.49 mm (which is D/2) and 1.59 mm; the periodicity is 12 mm, and
the sides of the holes L = 2.4 mm and A = 4.69 mm (A is the length of the arc part of the hole). (Right)
Dispersion diagrams of a coaxial waveguide with periodic holes (Single hole) and the same coaxial waveguide
with 2-fold and 4-fold twist-symmetric holes.
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Abstract- Here, we present a cost-effective and easy method to manufacture integrated waveguide
circuits at high frequencies. Glide-symmetric holey EBG structure enables us to realize
gap-waveguide technology economically since it only requires drilling holes on metallic plates and
larger periodicity of it with respect to the pin-type EBG at the same frequency results in higher
accuracy of manufacturing at high frequencies. Introducing this method provides a way for mass
production of gap waveguide technology at high frequencies.
Hollow metallic waveguides are one of the earliest types of transmission lines. They have been popular
because of their properties like high power handling capacity, low-loss and cross-talk free characteristics.
However, these waveguides are expensive and difficult to manufacture at high frequencies. To overcome this
problem, substrate integrated waveguide (SIW) [1] and gap waveguide technology [2] were proposed during last
years. Although SIW structures are compact and can be manufactured using PCB technology, they are not
efficient at high frequencies due to the losses originated by dielectrics. Additionally, SIW requires of metallic
vias with diminutive periodicity to minimize leakage, increasing their total cost at high frequencies. Gap
waveguide technology is new alternative to hollow metallic waveguides at high frequencies. In gap waveguide,
there is no need to have contact between upper and lower plate, due to the use of pin-type EBG at the sides of the
wave-guiding region, which is an advantage for manufacturing. Furthermore, waves are guided in the air, which
results in less lossy transmission lines. However, at high frequencies thin and tall metal pins are required to
prevent leakage in this technology, which increases the costs of manufacturing. To solve this problem,
half-height pin-type EBG was proposed [3].
Here, we propose an alternative solution, glide-symmetric holey EBG structures. Manufacturing our
proposed EBG structure is easier than pin-type EBG since it only requires drilling holes on metal. Periodicity of
this EBG structure is about 3 times larger with respect to pin-type EBG, which results in higher accuracy of
manufacturing at high frequencies. A glide-symmetric unit cells is created after a periodic mirror and translation
[4-8]. Glide-symmetric structures has demonstrated to produce non-dispersive responses [9] and extraordinary
bandgaps [10].
Fig. 1 (a) and (b) present the structure of square lattice of this unit-cell and dispersion diagram over its
Brillouin zone, respectively. According to this figure, this EBG structure has a stop-band from 40 GHz to77 GHz.
Therefore, this EBG structure can be used with standard rectangular waveguide (WR-19) in U-band (40 GHz- 60
GHz). Fig. 2(a) presents the proposed waveguiding structure. The glide-symmetric holey EBG at the location
of gap prevents leakage and provides almost perfect transmission similar to shielded rectangular waveguide
(RW). Fig. 2(b) compares transmission in a perfect RW with our proposed waveguiding structure and a

waveguide, which is made in two parts and EBG structure is not placed at the location of gap . Considering Fig.
2(b), a small gap at side walls creates significant leakage, while by placing EBG structure at the location of gap,
we can have almost perfect transmission.

(a)

(b)

Figure 1. (a) Structure of the glide-symmetric holey unit-cell. (b) Dispersion diagram over the Brillouin zone, when r=1.4 mm,
h=2mm, a=5 mm, g=0.05 mm.

(a)

(b)

Figure 2. a) Proposed waveguiding structure. b) Normalized electric field at 50 GHz in perfect RW (top), proposed waveguiding
structure (middle) and a waveguide with airgap of 0.05 mm but without EBG (bottom).
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Abstract-Resonant particle arrays have been considered as waveguides for various applications.
We present a general theory for analyzing the breach of geometrical symmetries required to allow
for non-reciprocal guiding and optical isolation. Both, the unit cell symmetry and the properties of
the particles themselves play a role in this study. The structure symmetry can be combined with
specific particles properties to yield various wave phenomena. Their role in achieving non
reciprocity, non-even dispersion, and one-way guiding, will be discussed.
In the context of polarizability theory and discrete dipole approximation, particle arrays response is governed
by the difference equation [1]

pn

G( rn

n

rm ) pm

n

E inc (rn )

m n

where pn and n are the equivalent dipole response and polarizability tensor of the n-th particle, located at rn .
Here G ( r ) is the free space dyadic Green’s function. The formulation above holds for any set of particles as
long as the particles are electrically small, and the inter-particle distance is large compare to the typical particle
size. Specifically, we are interested in cases where at least part of the particles possess non-symmetric
polarizability tensor that supports Faraday rotation. This property can be achieved, e.g. by using ferrite particles.
In the optical regime, particles made of plasmonic Drude-like material under magnetic bias would possess such
properties.
Examples of the particle arrays studied under the present framework are shown in Fig. 1. Any periodic
planar strip-like array belongs to at least one group of the seven Frieze symmetry groups schematized in Fig.
1(a). It has been shown, however, that if the particles are merely spherical, then bias magnetization (and the
ensuing Faraday rotation) are not sufficient to achieve non-even dispersion and one-way behavior; the associated
particle array must possess at least two parallel chains in order to achieve these appealing properties. This
observation stems from the obvious geometrical fact that a periodic particle array that consists of a single chain
of spherically symmetric particles is “too symmetrical”; it belongs to most of the seven Frieze groups. Non-even
dispersion and one-way guiding can reside only in the p1 and p1m1 groups [2].
A single chain particle array can be forced to reside in the aforementioned groups only, if one assign to each
particle a property that is not preserved under any type of reflection. A geometrical rotation may provide the
solution, in which case the particles must not be spheres, in order to render the rotation meaningful. Indeed, it
has been shown that magnetized particle chains of the types shown in Figs. 1(b) and 1(c) possessing
conventional and longitudinal chiralities, provide the desires breach of EM symmetries [3,4]. Of particular
interest is the structure of Fig. 1(c) as it can be made completely flat, thus it is more convenient for fabrication.

It is interesting to examine the structure’s dependence on the rotation step angle
. When observed in the
/
“laboratory” frame, these structures seem periodic only for rational
. However, it can be shown that by
observing the system in a rotating coordinate system rn
Tn rn where Tn is a matrix of rotation by n
/ , rational or not. To
about the z axis, the chain in Fig. 1(b) can be made periodic with period d for any
contrast, there is no coordinate transformation under which the longitudinal chirality chain in Fig. 1(c) can be
/ is not a rational number. This structure, thus, is much richer in terms of spectral and
made periodic if
geometrical features, and optional realizations. Furthermore, it suggests a testbed to study a plethora of
fundamental physical phenomena. For example, the passage from a completely symmetric structure, to a one that
provides only the basic breach of symmetries permitting one-way behavior, and then on to the case of
/ ), are all encapsulated within the same structure. The
non-reciprocal quasi-periodic structure (irrational
passage is provided by a slight change of parameter. Figure 1(d) shows the spectral properties of the chain in Fig.
1(c), in the
/ , plane, under magnetization. A reminiscent of the Hofstadter’s butterfly is seen, where
the one-way property is color coded into the plane.

Figure 1. Particle arrays and one-way guiding. (a) The seven Frieze group for strip-like particle
arrays. (b), (c) Single chains that provide the required breach of symmetries for one-way guiding (d)
Spectral properties of the chain in (c), color coded according to the allowed propagation direction.
Black points represent two-way guiding. Red or blue points represent only left or right-way guiding.

In this work the symmetry properties of these interesting structures will be discussed and illuminated via
examples.
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Abstract— In this talk I shall discuss the theory of glide symmetry and its generalization to
include mixtures of translation and polarization transformation, or translation and time reversal.
I shall discuss an example where a wave propagates through a sequence of anistropic slabs,
showing how generalized glide symmetry can be used to control the frequency gaps at the Brillouin
zone boundary. Following from this I shall discuss the existence of edge states at the interface
between two such stacks of slabs, finding the relationship between the Zak phase and the surface
impedance of each stack.

Our understanding of wave propagation through periodic media is founded on Bloch’s theorem [1]: translation through one spatial period leads to a phase di↵erence, '(x + a) = eiKa '(x).
Typically the frequency increases until K reaches the edge of the first Brillouin zone, where there
is a frequency gap before the next band of propagation.

Figure 1: An an example of generalized glide symmetry we consider a series of thin anisotropic slabs characterised by tensors ↵i . In general such a sequence of slabs exhibit a band gap at K = ±⇡/a as shown in panel
(a) (color indicates direction of power propagation, red positive and blue negative). Panel (b) shows a case
where we have imposed a translation–polarization glide symmetry, closing the band gaps at the Brillouin
zone boundary.

But this isn’t the full story. As usually defined, the first Brillouin zone is only the correct choice
if symmetry under translation by a is the most basic symmetry operation. An obvious case where
this doesn’t hold is a badly chosen unit cell, which might e.g. contain two periods of the structure.
In this case the unit–cell transfer matrix T can be written as the square of another transfer matrix
t1/2
T = t21/2
and the eigenvalue of T , eiKa is the square of the eigenvalue of t1/2 , eiKa/2 , the band gaps closing
at the false Brillouin zone boundary K = ±⇡/a. There are other less trivial cases where there

is a more basic symmetry of the structure, equal to a translation by a/N in addition to another
symmetry operation U
T = U · t1/N

N

= ...U

2

· t · U2 · U

1

· t1/N · U · t1/N

(1)

One kind of symmetry operation U is a rotation of the structure by an angle 2⇡/N . When N = 2
such structures are said to exhibit glide symmetry. This symmetry has attracted some recent
interest [2, 3], both in the context of the design of broadband metasurface lenses, and as a useful
symmetry in topological photonics. However, it is clear that U is not restricted to spatial rotations.
In this talk I shall explore such generalized glide symmetry operations where U can represent a
time reversal operation or a transformation of the polarization. In the former case I shall connect
generalized glide symmetry with PT–symmetry, and shall illustrate how band gaps can be closed
by suitable design of a unit cell, even though the unit cell exhibits no purely spatial sub–division.
As a simple system where we can explore applications of generalized glide symmetry we consider
a wave propagating through a sequence of anisotropic plates (see figure 1),
✓ ◆
✓
◆✓ ◆
d 2 Ey
Ey
2 ✏yy (x) ✏yz (x)
+
k
=0
0 ✏ (x) ✏ (x)
Ez
zy
zz
dx2 Ez
P
where the permittivity tensor is represented as a sequence of delta functions ✏x) = 1 + n ↵n (x
xn ). I shall discuss how to implement generalized glide symmetry in this system.
Following on from the discussion of glide symmetry I shall cover the criteria for the existence of
edge states at an interface between two di↵erent sequences of such anisotropic slabs. In this part
of the talk I shall discuss a generalization of the result of Xiao et al. where it was found that the
closure of a band gap leads to a change in a topological quantity known as the Zak phase, which
can be used to characterize layered media that support edge states at their interface.
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Abstract-We demonstrate that an acoustic Kagome lattice formed by an array of interconnected resonant
cavities exhibits a new class of topological states protected by C3 symmetry. This acoustic topological
metamaterial exhibits a topological transition when a detuning is introduced between the inter-cell and
intra-cell hopping amplitudes. The edge states emerge on either truncated ends of the lattice terminated by
a cladding layer or at the domain walls between topologically nontrivial and trivial domains.
Recently there has been a significant surge of interest in topological states supported by classical
systems, which was inspired by their unique properties such as robustness against various forms of
perturbations, as well as the ability to emulate exotic quantum states of matter. A variety of topological
systems have been emulated with great success in mechanical, acoustic and electromagnetic structures,
encouraging the use of their exotic characteristics in practical applications.
In this work, we study the emergence of a topological state in an acoustic Kagome lattice [33]
induced by altering inter-cell and intra-cell hopping amplitudes; the system represents the twodimensional analogue of the well-established 1D SSH model [1]. We develop a rigorous analytical
approach, which allows characterizing the topological state of the system by calculating its topological
invariant. The presence of topological edge states on the truncated end interfaced with the cladding layer
and at the domain wall, respectively, validates the prediction of existence of the described topological
transition. Numerical simulations on the existence of topological edge states and the robustness of edge
states to the structure defects with and without C3 symmetry at the boundary are performed and also
agree with our analytical prediction.
As in the case of one-dimensional SSH arrays, we expect that in two-dimensional Kagome system the
topological transition will be accompanied by the emergence of edge states when a finite system is
considered. To verify their existence from first principles, we performed FEM simulations of a supercell
with different boundary conditions. A periodic boundary condition was imposed on connectors in the
√3 1

horizontal direction to form an acoustic ribbon that is infinite in the ( 2 , 2 , 0) direction and has a finite
width in the vertical (0,1,0) direction. We examined both situations of topologically trivial and
topologically nontrivial lattices, and found that only in the topologically nontrivial case (characterized by
topological invariant 𝑤 = 1) the bulk band gap hosts additional acoustic modes localized at the opposite
truncated ends of the ribbon. Figures 1(a) and (b) show the dispersion of the acoustic ribbon for both
respective cases. As shown in figure 1(a), edge states are absent inside the bandgap, while figure 1(b)
reveals the presence of the pair of the edge states (shown by red and blue lines, localized at zigzag and
armchair cut, respectively) inside the complete acoustic band gap of the bulk acoustic bands (shown by
black lines). The field profiles corresponding to the two modes localized at the interfaces of the ribbon are
shown in Fig. 1(c). Note that while there are also other non-topological edge modes that appear at the
interface of the ribbon in both situations, and which are shown by pink colour bands in Figs. 1(a) and (b),
these modes are always present, and coexist with the bulk modes regardless of topological phase

transition, which are similar to Tamm surface states in condensed matter. They therefore represent
topologically trivial edge modes not of interest in this paper.

Fig. 1: Two situations of topologically trivial and topologically nontrivial lattices. (a) Trivial band
diagram – no edge states go through the complete band gap (green); (b) nontrivial – edge states present
inside the complete band gap; and (c) two field profiles corresponding to the blue and red bands in (b),
respectively. Pink colour bands show topologically trivial edge modes.
In summary, we have demonstrated the emergence of a topologically nontrivial acoustic phase in
distorted Kagome lattices of acoustic resonators. The topological classification based on a tight-binding
description and the consequent definition of a meaningful topological invariant were applied to predict the
topological transition of this acoustic metamaterial and the existence of topologically protected edge
states. To support our analytical results, we performed numerical simulations confirming the presence of
topological edge states on both interfaces of the lattice terminated by cladding layer and at domain walls
separating topological and trivial crystals. The proposed structure is amenable to physical implementation
and the topological edge modes of the Kagome lattice discovered here are worth further investigation
based on the real experimental system.
Acknowledgements This work was supported by NSF with a CMMI and an EFRI grant, and by the
Simons Foundation. Numerical analysis of the edge states was supported by the Russian Science
Foundation (grant No. 16-19-10538).
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Abstract-Mesoscopic crystals or three-dimensional metamaterials with deep-subwavelength unit
cells can be designed to manipulate the effective electric permittivity tensor over a broad frequency
bandwidth. Especially, crystals with glide planes can have a giant macroscopic electric
displacement while the mesoscopic electric displacement field averaged over the dielectric region in
a unit cell is very small. The relative magnitudes of the individual elements of the resulting
effective permittivity tensors are affected by the symmetry of the crystal. This effect can be used to
control linear and nonlinear susceptibilities in unconventional ways.
For the last decade, numerous artificial electromagnetic materials with diverse range of sub-wavelength unit
cell designs have been proposed and their unusual properties have been investigated. Though the shapes and
sizes of the motifs vary greatly, many of them share the common fact that they are designed for electromagnetic
waves with temporal frequencies near specific resonances (often interpreted as the inductor-capacitor
resonances in analogy with electric circuits) controlled by the constituent materials and their geometries. Direct
utilization of the resonances makes it easy to obtain extreme values of effective material properties such as very
negative, near zero, or very positive values, but it also imposes constraints on their frequency responses:
typically more extreme designs are also more dispersive in frequency, making it challenging to achieve
broadband operations.
On the other hand, metamaterial designs with inherently broadband properties have also been explored [1-4].
This class of metamaterials relies on the quasi-static boundary conditions of electric and magnetic fields to
control the effective medium properties of an array of deep-subwavelength-scale unit cells. As the phase
retardation over a unit cell scale is almost negligible, the effective properties are potentially very broadband. One
possible source of frequency dispersion is the absorption and dispersion of the constituent materials themselves:
for example, the electric permittivity of metals is a strong function of frequency and it might influence the
effective parameters. However, in many cases, the large absolute value of the permittivity of metals minimizes
the fields inside the metal and the resulting effective parameters are not very sensitive to the exact values of
metal permittivity, showing near-constant values over broad frequency range unless the dielectric is lossy or the
metallic region constitutes too much part of the unit cell.
When a 2D crystal has a mirror line like Fig. 1(a) and the macroscopic electric field is parallel to the line, the
conductors A and B (C and D) have the same electric potential and the dielectric region between them has
negligible electric fields. By contrast, a crystal with a glide reflection like Fig. 1(b) has different mesoscopic
field profiles under the same macroscopic electric field condition: the conductors A, B, C, and D have
progressively different electric potentials and there can be strong electric fields in all regions of the dielectric.
Moreover, if the metallic regions have flat geometries parallel to the mirror line, the mesoscopic electric fields in

the region between two flat metals are almost perpendicular to the mirror line and the direction of the fields is
alternating up and down within a unit cell. Hence, if the electric displacement is averaged over the dielectric
region in a unit cell, it is nearly cancelled. However, the macroscopic electric displacement can be very large in
this situation. This difference in the macroscopic behavior of the two structures in Fig. 1 can be utilized in three
dimensional crystals as well. The increased dimension allows many different mirror and glide symmetry
configuration possibilities in 3D and it can result in highly anisotropic effective electric susceptibility tensors.

Figure 1 Structures with (a) mirror symmetry and (b) glide symmetry.
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Abstract— In this paper we investigate the e↵ect of twist symmetries on guiding structures.
A reduced dispersive nature of the structure can be seen when the structure possesses twist symmetry. The analysis yields that higher twist-symmetric structures can be used for low dispersive
wave guiding. A promising application of this kind of structure is leaky-wave antennas, which
can utilize the low dispersion of the structure.

The limitations of metamaterials, e.g the narrow operational bandwidth, reduces the usefulness
of such materials in microwave components. Some of these limitations can be addressed by various
methods, one of which is to introduce additional symmetries into the structure. If these symmetries
are arranged such that the unit cell coincides with itself after more than one linear or angular
translation or reflection, the structure can be said to possess higher symmetries [1, 2, 3]. The
e↵ective period of a structure possessing higher symmetries is smaller than the actual period of the
unit cell [1]. There are mainly two types of higher symmetries discussed in the literature so far,
glide and twist symmetries. A structure possesses glide symmetry if the initial unit cell is mirrored
in a plane and then translated half its period. Similarly, a structure possesses twist symmetry if
instead of a mirroring, a rotation around its axis of symmetry is made together with a translation
[1]. The number of rotation operations, p, executed to compose the full unit cell determines the
order of twist symmetry, the structure is p-fold twist-symmetric. Several studies on glide symmetry
has been presented [4, 5, 6, 7]. Here, we focus on studying the propagation characteristics in a
coaxial twist-symmetric structure.
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Figure 1: Configurations: (a) Without pins,
(b) One pin, (c) 2-fold twist-symmetric structure,
(d) 4-fold twist-symmetric structure.

Figure 2: Dispersion diagram for the proposed
structures. The dimensions are: D1 = 2 mm,
D2 = 4.62 mm, D3 = 0.6 mm, r = 1.3 mm and
d = 8 mm.

The structures considered are variations of a coaxial cable. The symmetries are introduced by
placing pins on the inner conductor, terminating close to the outer conductor. There is a small air
gap between the pins and the outer conductor. Four twist-symmetric structures are used for the
study and they can be seen in Fig. 1. One of the structures, Fig. 1a, is an ordinary coaxial cable.
For the rest of the configurations, 1b-d, the rotation between two adjacent pins in the unit cell is
360 , 180 and 90 , respectively.
The chosen dimensions are D1 = 2 mm, D2 = 4.62 mm, D3 = 0.6 mm, r = 1.3 mm and d = 8
mm. Using these dimensions, the air gap between the pins and the outer conductor becomes 0.1
mm. Simulation with these structures are carried out in CST Microwave Studio. The resulting
dispersion diagram from these structures is presented in Fig. 2.
If no pins are used, i.e the structure is a coaxial cable, the dispersion diagram is coincident
with the light line. When the rotation is either 90 or 180 between two adjacent pins, the guiding
structure experiences low dispersion, resulting in a wide operational bandwidth. Since the apparent
period is smaller in a twist-symmetric structure, modes from neighboring Brillouin zones are present
without band gaps at the Brillouin zone boundaries. These results show similarities with results
from studies made on 1D- and 2D-glide symmetry [8, 9, 10]. If only one pin is placed in each unit cell,
the structure is periodic by only a translation of the pin and does not possess higher symmetries,
the actual period of the structure is the same as the period of the unit cell. The mode is then
dispersive and we have band gaps at the Brillouin zone boundary. By placing more pins in each
unit cell, the medium is made denser with a higher e↵ective refractive index, thus the structure can
be tailored to exhibit the desired propagation characteristics. Promising applications of structures
utilizing twist symmetries are leaky-wave antennas, which can utilize the low dispersion as well as
the increased control of the e↵ective refractive index.
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Unidirectional emission microcavity lasers have been realized by directly connecting an output
waveguide to circular and polygon microcavities. However, mode Q factors reduce greatly for
circular microcavities connecting an output waveguide. In this talk, we propose and demonstrate
semiconductor microlasers with curve-side polygon resonators, which can still have ultra-high Q
factors even as it connected an output waveguide.
For a curve-side square resonator (CSR) in Fig. 1(a), which is a hybrid of circular and square,
mode Q factors can be greatly enhanced as the transverse mode field patterns are well confined as
shown in the inset of Fig. 1(b) with near zero vertices radiation loss. The circular sides can work
as concave mirrors for focusing the mode light beam in the CSR. With the enhancement of mode
Q factors, lasing spectra transfer from single mode at δ = 0.9 µm to dual-mode lasing at δ = 1.1,
1.3, and 1.5 µm as shown in Fig. 1(b). Stable dual-mode lasing was realized with frequency interval of subTHz suitable for photonic generation of THz wave [1].

(a)

(b)

Fig. 1. (a) Schematic diagram of the CSR with a vertex output waveguide, and (b) lasing spectra of CSR
lasers at 31 mA with a = 16µm and w = 1.5µm and δ = 0.9, 1.1, 1.3, and 1.5 µm.

For a curve-side hexagonal resonator (CHR) connected an output waveguide, we can have much
higher Q factor than a microdisk resonator connected with an output waveguide at the same size.
For a CHR microlaser with a side-length of 7.5 µm, deformation δ = 0.51 µm, and an output
waveguide width of 2 µm, single mode operation is realized with a side-mode suppression ratio of
43 dB [2]. The results indicate that single transverse mode operation is easy to realize for CHR
microlasers. Furthermore, flat small signal modulation responses are obtained with a 3-dB
bandwidth of 13 GHz.
In conclusion, we have proposed and demonstrated that curve-side polygon microcavites for
enhancing mode Q factor and controlling lasing spectra.
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Abstract-We study the field enhancement in lasers with spatial modulations showing PT-symmetry
and axial symmetry including a central defect. The merge of these two symmetries created by the
modulation of the complex index, strongly directs light to the central point obtaining important
localization effects. The concentration capabilities of these potentials is implemented in the
Complex Ginzburg-Landau equation as a simple VCSELs model to generate very narrow and bright
beams when a central defect is included to avoid field saturation given by the nonlinearities.

The spatial modulation of the complex refractive index, i.e. refractive index and gain-loss modulations, has
demonstrated strong capabilities to tailor light dispersion, including diffraction and diffusion, showing different
spatial effects in linear light propagation along this kind of potentials1-3. Further, the same modulations in
nonlinear systems introduce the management of spatial instabilities that intrinsically appear in laser systems and
amplifiers4-6. One of the most interesting symmetries of complex spatial modulated materials is the
PT-symmetry, where the real part of the modulation shows even symmetry while the imaginary part shows odd
symmetry7.
In this work we propose PT-axisymmetric potentials including a central defect for field localization and enhancement in
laser systems. The localization of light in a central beam with small width and high intensity opens the possibility to obtain
laser light sources with very narrow and bright beams. An important characteristic of PT-potentials is that the coupling
between left-propagating modes and right-propagating modes can be strongly unidirectional when the real and gain-loss
modulations are balanced leading to new features on light waves such as asymmetric unidirectional reflectors or
invisible materials8. The merge of the PT-symmetry and axial-symmetry can derive in complex potentials leading to a
unidirectional coupling to the left on the right half-space and to the right on the left half-space in the one-dimensional case
and equivalently radial inwards couplings in two-dimensional system (see Fig.1a and Fig.1b). The coupling between
harmonics always directed to the axis at x=0, allows the field concentration.
The linear light propagation through PT-axisymmetric potentials creates an extreme localization at x = 0 , exhibiting an
exponential temporal growth due to the system linearity9. On the contrary, the application of such potentials to
laser models, and in particular to the Complex Ginzburg-Landau equation as a simplified VCSEL model, shows
typical turbulent states with no field concentration. The system nonlinearities introduce field saturation and limit
the maximum intensity of the output beam. The inclusion of a central linear defect in the structure avoids
saturation and allows the field concentration.

Figure 1. (a)One-dimensional PT-axisymmetric potential with an axial defect of width wd at x=0. Index
modulations (blue) and shifted gain-loss modulations (red) creates the PT-potential and introduce the
directional coupling to the axis.(b)Two dimensional PT-potential with a linear central defect (black).(c)
Stationary field for the VCSEL model with pump above threshold and (d) temporal evolution of the field at the
central point.
We explore such potentials in 1D and 2D, scanning the main parameters as laser pump, linewidth enhancement factor of the
semiconductor, amplitude of the PT-modulated potential, i.e. refractive index amplitude and gain-loss amplitude, as well as
the width of the defect. Results show field concentrations 10 times larger than the saturated laser intensity with stationary
behaviors and pulsed regimes. Finally, we include losses in the central part of the VCSEL model to consider the field
coupling to an output fiber.
Acknowledgement, the work is financially supported by Spanish Ministerio de Educación y Ciencia
through project FIS2015-65998-C2-1-P, NATO project SPS-985048 and Erasmus Mundus Doctorate Program
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Abstract-Here we report on an analysis show scaling laws for optoelectronic devices, and how
various types of optical cavities directly influence the performance of three classes of photonic
devices, namely laser sources, electro-optic-modulators, and photodetectors. The device-underlying
optical cavities show Purcell factor maxima as a function of cavity length exceeding 1000, 20, and
200 for a micro ring resonator, Fabry Perot, or plasmonic nanocavity, respectively highlighting the
physical tradeoff between optical loss management and field confinement.
Scaling laws based on fundamental physics predict a high potential to improve optoelectronic devices relative to
the state-of-the-art applying the FOM = {Datarate/bit} / {Power/bit x Area x Cost}. Ignoring engineering-limited
device design constrains, basic physics dictates a lower-bound power consumption for optoelectronic devices of
about 0.1aJ/bit. The general switching speed depends on the chosen switching effect, and both the optical and
electrical dynamics penalty. The uncertainty principle gives an upper bound for the device speed and can be
femtosecond fast in tunnel-based systems. We discuss scaling laws and benchmarks [1] of three prominent
opto-electronic devices, namely, laser [2-4], electro-optic modulator [5], and photodetector. The work is based
on underlying light-matter-interaction enhancement via optical resonators to include the microring, Fabry-Perot,
and plasmonic nanocavity. We raise questions towards establishing a roadmap for optical information processing
(i.e. logic and communication) including noise considerations at the detector, quantum entanglement, and
realistic integration aspects such as technology hybridization [6] at the link level for high bit-flow-density
metrics.
With previous investigations being ad-hoc in their approach to exploit nanoscale device functionality, an
understanding leading to fundamental scaling behavior for this new class of devices is outstanding. Here we
investigate the fundamental scaling laws for Nanophotonics as a function of nominal device length. Performance
criteria of three critical interconnect devices are analyzed with respect to their scaling behavior. Underling to all
devices are three types of optical cavities that support enhancing the fundamentally weak interaction between
light and matter, namely, microring resonators, Fabry Perot cavities, and plasmonic metal particle-based cavities.
An interesting, but actually expected find is, that all cavity types do not perform well for vanishing cavity
lengths due to dominance of loss channels. However this critical length is strongly dependent on the cavity
properties and varies by more than two orders of magnitude. With the high Purcell factors that can be realized
despite high losses in nanoscale cavities, we investigate fundamental achievable optoelectronic device
performance.
1

In our device performance scaling laws results we find that the thought ‘smaller-is-better’ is not true for
nanophotonics and non-monotonic scaling laws are found. With a goal for down-scalability in mind, key results
show the possibility the ability to design; 1) laser sources with threshold currents at 1 uA and 100 GHz fast
modulation, 2) electro-optic modulators with 10’s aJ/bit energy efficiencies and THz fast modulation speeds, and
3) photodetectors with responsivities approaching 1 A/W and ~ps-fast response times. Understanding the
potential and limits for Nanophotonics will be a guiding insight not only for device designers, but increasingly
also at the circuit level, since a true comparison between both the electronic and photonic technology options is
now possible [7-9].
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Abstract-This paper discusses nanoscale engineered metal-dielectric-semiconductor

resonant gain geometries confined in all three dimensions used to create a new type of
nanolasers and light emitters. When these emitters are driven in a pulsed regime, dynamic
hysteresis is observed and characterized.
Achieving the most compact footprint for photonic components is an important factor in the design
of integrated optical devices. As the size of a conventional dielectric semiconductor laser is decreased
towards λ0, three effects adversely influence the lasing process. Firstly, the roundtrip path of the
optical wave in the gain medium is shortened, secondly radiative losses are increased and finally the
field confinement inside the resonator is reduced, resulting in less overlap of the optical mode with the
gain medium. All of these effects serve to increase the lasing threshold, so that lasing cannot be
achieved below a certain size limit. One approach for alleviating these issues is to incorporate metals
into the structure of dielectric cavities, because metals can suppress leaky optical modes and effectively
isolate them from their neighbouring environment. The ultimate challenge is to reduce the size of the
laser resonator in all three dimensions. A wide spectrum of resonator architectures has been explored,
including circular [1, 2] metallo-dielectric cavities, metal-semiconductor coaxial cavities [3],
nanopillar/nanowire cavities [4, 5] and plasmonic cavities (SPASERs) [6-9]. To date, the majority of
studies on nanocavity lasers have focused on the proof of concept demonstration of lasing behavior. In
particular, the measurement of a "kink" in the light-out versus light-in curve (LL-curve) is prevalently
used as affirming evidence for lasing and is often the only method adopted to identify the lasing
threshold [1-8]. However, it is well known that the "kink" in the LL-curve diminishes as β increases.
Therefore, for high-β nanocavity lasers, LL-curve measurement alone can neither fully characterize
lasing nor unambiguously identify the lasing threshold. On the other hand, measuring the second
order intensity correlation function g 2 (τ ) = I (t ) I (t + τ )

I (t )

2

, where

I (t )

represents the expectation

value of the nanolaser output intensity at time t , is a more definitive method to confirm lasing [9].
Recently, we demonstrate [10] that by employing nanosecond pump pulses, different emission regimes
of a nanolaser can be characterized via the full width at half maximum (FWHM) of a g 2 (τ ) peak. We
demonstrate the applicability of this technique with a high-β metallo-dielectric nanolaser and further
report the first coherence measurement on this type of nanolaser operating at room temperature. We
show that while g 2 (τ ) peaks narrow in the spontaneous emission (SE) and amplified spontaneous
emission (ASE) regimes as stimulated emission increases in proportion, their FWHMs increase in the
lasing regime due to dynamical hysteresis (DH), a phenomenon triggered when a laser is driven across

its threshold. The usage of nanosecond pulses is the key to the observation of DH and, therefore,
essential to this characterization technique.
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Abstract: Surface plasmon polariton (SPP) nanolasers have recently emerged as a promising
candidate to generate coherent light source in nanophotonics integration circuit. The
properties of SPP nanolaser such as group velocity, mode area, modulation speed and
threshold performance are able to manipulated by the dispersion relation. In this paper we
have investigated the characteristics of SPP nanolaser and managed to approach the limit of
surface plasmon amplification by stimulated emission radiation (SPASER).
Recently, the development of nanolaser involving surface-plasmon-polariton (SPP) operation has attracted
the attention to construct ultra-compact integrated photonic devices and systems [1]-[3]. The characteristics of
SPPs can be determined by the dispersion relation of the device structure, which is influenced by the material’s
permittivity and structural parameters. One straight forward way to manipulate the dispersion relation of the
SPP nanolaser relies on the thickness control of the insulator layer in between the semiconductor and the metal
thin film for the semiconductor/insulator/metal (SIM) nanolaser structure, which becomes one of the most
popular plasmonic structure to confine the optical field and potentially break the optical diffraction limit.
However, the tailoring range of the dispersion relation was mainly limited by the materials. To investigate the
characteristics of SPP nanolasers with significant dispersion difference, we chose the SPP nanolasers with
different metals to compare the properties difference between SPP lasers operating nearby the SP frequency and
the SPP laser operating far away from the SP frequency. For more reliable SPP laser operation, ZnO nanowire
provides exciton binding energies larger than thermal energy at room temperature (25.6 meV) and strong
oscillation strength to interact with SPP. Thus, the ZnO nanowire was chosen in our study for stable SPP laser
operation under different circumstances. Since the active emitter was chosen to be ZnO, operated in the near UV
range (370-390 nm), aluminum and silver are used to properly generate SPPs. Typically, aluminum has a
relatively high surface plasmon frequency. The ZnO nanolaser on Al is operated away from the SP frequency,
rendering itself operating as a typical SPP nanolaser with low threshold condition. On the other hand, since Ag
has an interband transition at around 350 nm, the dispersion relation of surface plasmon near 370 nm will be
significantly bent, leading to ZnO nanolasers operating approaching the limit of surface plasmon amplification
by stimulated emission radiation (SPASER). By investigating characteristics of Al- and Ag-based ZnO
nanolasers, intriguing phenomena such as the quantum plasmonic effect, ultrafast modulation, strong interaction
between the exciton and surface plasmon [4], and high characteristic temperature operation [5] will be discussed.
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Abstract. This talk will describe how to engineer different combinations of nanolasing modes by
controlling the structural parameters of the multi-scale plasmlnic nanoparticle arrays.
Band structure engineering is critical for controlling the emission wavelengths and efficiency in electronic
and photonic materials. Single band-edge states that show trapped slow light have been used as high-quality
optical feedback for lasing from photonic bandgap crystals and metal-dielectric waveguides. Recently, we
demonstrated that single band-edge lattice plasmons in periodic metal nanoparticle arrays could contribute to
single-mode lasing at room-temperature with directional emission. However, the manipulation of more than a
single band-edge mode for nanolasing has not been possible because of limited cavity designs. This talk will
describe a new architecture based on plasmonic superlattices—finite-arrays of nanoparticles grouped into
microscale arrays—to achieve multi-modal lasing. The underlying mechanism was found to depend on trapped
slow light at both zero and non-zero wavevectors. We will discuss how the spectral separation and spatial
emission angles of the lasing modes can be tuned by changing patch periodicity. Such characteristics may enable
multi-frequency multiplexing and fast-processing of nanoscale coherent light for on-chip photonic integration.
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Nanowire (NW)-based light sources, owing to their strong light localization [1, 2], ultra-small footprint [3],
high mechanical flexibility [4], large aspect ratio [5, 6], high photoluminesence efficiency and large
fractional evanescent field [7], have shown huge potential in areas including communication, diagnosis,
and environmental monitoring [8-10]. Optimization of the parameters of NW light sources, such as the
emission spectrum and efficiency, is significant for their practical applications. Recently, we have
systematically investigated controlling of parameters of nanowire light emitting devices. Using the
absorption-emission-absorption effect, we have achieved broad wavelength controlling and tailoring of
single NW laser (40 nm for pure CdSe NW and 119 nm for CdSSe bandgap graded NW) (Fig. 1a) [11, 12].
We have also greatly enhanced the external quantum efficiency (up to 0.9%) for a Schottky junction-based
NW ultraviolet light emitting diode (LED) by hybridizing single Ag NW with p-GaN substrate (Fig. 1b)
[13]. Moreover, we have deeply investigated the modulation of the polarization and emission mode for
NW/nanobelt laser sources [14]. Finally, we have successfully applied NW based light sources to break the
bottleneck in nanoscopy and achieved the first nanoscale light source-based wide-field and far-field labelfree sub-diffraction imaging by hybridizing ring-shaped fluorescent NWs with subwavelength film
waveguides (Fig. 1c-d show an experimental result for a 150 nm slot, 100 nm spacing sub-wavelength
structure). The reliability and versatility of our approach have been demonstrated by imaging integrated
chips, Blu-ray DVDs, biological cells, and various subwavelength 2D patterns, with a viewing area of up to
1000 µm2, one order of magnitude larger than previous far-field and full-field nanoscopy reports [15]. Our
investigation will greatly expand the flexibility of NW based light sources for practical applications in
biology, physics, materials science, and so on.

Figure 1. (a) Lasing spectra obtained from a bandgap graded CdSSe NW with a forward cutting process. (b)
Emission spectra of the Schottky junction-based NW ultraviolet LED under injection currents from 500 nA
to 25 µA and the PL spectrum of p-GaN under 355 nm pulsed laser excitation. Inset: a typical optical
microscope image of the emission of the LED. (c) Scanning electron microscope image of a 150 nm slot,
100 (is it 100? Or 150? Ur text says 100) nm spacing sub-wavelength structure. (d) Image of the structure
under NW ring illumination. A conventional optical microscope image is shown in the lower inset for
comparison.
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Abstract-Nanoscale light sources operating efficiently at low powers are required for future optical
interconnects. Here, we present, both theoretically and experimentally, the carrier dynamics in
metal-dielectric cavity nanopillar light-emitting diodes. The nanoLEDs operate at
telecommunications wavelengths, featuring tens of nanoWatt waveguide-coupled powers and
GHz-range modulation bandwidths. Furthermore, an extremely low surface recombination velocity
of 260 cm/s in passivated InGaAs nanopillars is reported, a result of crucial importance for the
development of efficient nanoscale optoelectronic devices for nanophotonic integrated circuits.
Electronic data connections are increasingly becoming a bottleneck in the exponential growth of data traffic
worldwide. Future optical interconnects are the obvious successors but will require ultrasmall light sources with
sub-micrometer sizes to achieve low energy consumption (<10 fJ/bit), and ultrafast speeds [1]. Nanoscale light
sources have been developed recently using either metal, metallo-dielectric or photonic crystal nanocavities [2].
Despite much progress, nanolasers and nano-light-emitting diodes (nanoLEDs) operating efficiently at low
powers and suitable for photonic integration are lacking. Among numerous challenges, in both light-emitting
diodes and lasers, radiative and nonradiative recombination rates play a key role in the efficiency. Radiative
recombination (both spontaneous and stimulated) is affected by the small mode volume in nanoLEDs and
nanolasers, potentially leading to strong Purcell enhancements and higher speed [3,4]. On the other hand,
nonradiative recombination rates, specifically surface recombination rates, are also very high due to the high
surface-to-volume ratios [5], typically leading to low radiative efficiencies.
Here, the authors present recent work on waveguide-coupled metal-dielectric cavity nanopillar LEDs on
silicon working at telecommunications wavelengths [5], and featuring more than 20 nW waveguide-coupled
powers and GHz-range modulation bandwidths at room-temperature (RT). The efficiency of the reported
nanoLEDs currently lies between 0.01 and 1 percent, at RT and at 10 K, respectively, mostly limited by
nonradiative recombination effects. We show that a passivation method using sulfur treatment, followed by
silicon oxide capping deposited by plasma-enhanced chemical vapor deposition, strongly suppresses the surface
recombination at the InGaAs surfaces of nanopillars from a few hundred picoseconds to more than 20
nanoseconds [6]. The estimated surface recombination velocity, decreases from about 2×10 4 cm/s in the
untreated nanopillars down to around 260 cm/s. To our knowledge, this is a record low value in undoped InGaAs
semiconductors. Most importantly, our passivation studies reveal that the SiOx capping layer not only protects
the pillars’ sidewalls against oxidation, as reported in [7], but actively takes part in the passivation process. This
will ensure substantial improvements in the efficiency of future nanoLEDs and reduce the threshold current in
nanolasers, which are of crucial importance for their application in optical interconnects.

Finally, the performance of the experimental nanoLEDs is analyzed using a rate equations model which
properly takes into account the nanocavity effects in the spontaneous emission rate and the spatial and spectral
overlap between carriers and photons. The ultimate limits of scaling down these nanoscale light sources leading
to Purcell enhancement of the emission and higher speeds are also theoretically analyzed.
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Abstract- We directly image surface plasmon emission, an intrinsic but unrevealed feature of spasers in
spatial, momentum and frequency spaces simultaneously. We demonstrate a nanowire spaser with a
coupling efficiency to plasmonic modes of 74%. This coupling efficiency can approach 100% in theory
when the diameter of the nanowire becomes smaller than 50 nm. Our results provide clear evidence of
the surface plasmon amplifier nature of spasers and will pave the way for their various applications.

The recent rapidly advancing nanoscience and technology calls for a nanoscale laser spot for
various technologies, such as nanolithography, high-density data storage and uper resolution imaging.
However, conventional lasers amplify photons where diffraction limit puts a forbidden barrier to
scaling down its physical size and mode volume. In 2003, David J. Bergman and Mark I. Stockman
proposed a new class of amplifier, named spaser, an acronym of surface plasmon amplification by
stimulated emission of radiation [1]. In stark contrast to classical laser, spaser amplifies surface
plasmons instead of photons providing an optical amplifier with size beyond diffraction limit, which is
of major interest for numerous applications, ranging from all-optical computing to biomedical sensing.
Because of that, numerous works have been reported on the experimental implementation of spasers
[2-14]. However, up to now, spasers have only been characterized by the photons scattered to the
optical far field. According to its original definition, a spaser is a surface plasmon amplifier that does
not necessarily generate radiative photon output. Its intrinsic surface plasmon emission is yet
unrevealed “dark” emission due to its evanescent nature. Consequently, there is a lack of direct
evidence of spasing, and the intentional manipulation and utilization of spaser emission becomes
difficult to achieve. Here, for the first time, we directly image surface plasmon emission, an intrinsic
but unrevealed feature of spasers in spatial, momentum and frequency spaces simultaneously [15]. We
demonstrate that spaser can serve as a pure surface plasmon generator with the ratio of surface plasmon
emission over total radiation approaching to 100% and experimentally demonstrated 74%. Our results
supply an unambiguous evidence of spasing behavior, an intrinsic but unrevealed feature of this
intensively studied new class of optical amplifier. Furthermore, in contrast to the scattered photons, the
surface plasmon emission of spasers is the crucial element for various nanophotonic applications.
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Suo Wang1, Bo Li1, Xing-Yuan Wang1, Hua-Zhou Chen1, Yi-Lun Wang1,
Xiao-Wei Zhang1, Lun Dai1,2, Ren-Min Ma1,2*
1
State Key Lab for Mesoscopic Physics and School of Physics, Peking University, Beijing
100871, China.
2
Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
* Corresponding author renminma@pku.edu.cn.
Abstract- we report a plasmonic nanolaser with excellent stability in biocompatible
aqueous solution by surface passivation. The overall yield of stable operation is over
68%. We demonstrate these passivated plasmonic nanolasers as refractive index
sensors. The figure of merit (FOM) of intensity sensing is 8000.

Plasmonic nanolaser with strong field confinement beyond diffraction limit is of
major interest for numerous applications, ranging from all-optical computing to
biomedical sensing. However, to achieve lasing state, the gain materials in plasmonic
nanolasers have to be pumped hard enough for population inversion. In the strong
plasmonic lasing field, the optical excited gain materials are easy to experience
nonreversible photochemical reactions [1-5], which is a major hurdle for its practical
application. And despite the rapidly advanced research in plasmonic nanolasers [6-9],
there is no study on their stability and yield yet. Here, for the first time, we
demonstrate that the yield of plasmonic nanolasers with excellent stability can be over
68% in water by surface passivation. As a comparison, the as-fabricated plasmonic
nanolasers based on CdSe gain material only have a stably lasing yield of about 4%.
We further demonstrate that these passivated plasmonic nanolasers can be excellent
refractive index sensors in aqueous solution. The figure of merit of intensity sensing is
about 8000 which is about 40 times higher than the state-of-the-art surface plasmon
resonance sensor. Our results indicate that plasmonic nanolaser can operate stably in
biocompatible aqueous solutions with high yield which will pave the way for its real
world applications, especially in biomedical research and applications.
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Abstract- we report a room temperature plasmonic nanolaser with threshold on the
order of 10 KW cm-2 corresponding to a pump density in the range of modern laser
diodes. We find unusual scaling laws that allow plasmonic lasers to be more compact,
faster, lower threshold and power consumption than photonic nanolasers when the
cavity size approaches or surpasses the diffraction limit.

Plasmonic nanolasers are a new class of quantum amplifiers that generate coherent
light well below the diffraction barrier bringing fundamentally new capabilities to
biochemical sensing, super-resolution imaging and on-chip optical communication.
However, a debate about whether metals can enhance the performance of lasers has
persisted due to the unavoidable fact that metallic absorption intrinsically scales with
field confinement [1-10]. Particularly at room temperature, plasmonic nanolasers still
have high thresholds in excess of MW cm-2, preventing their practical usage. Here, we
report plasmonic nanolasers with record low thresholds on the order of 10 KW cm-2 at
room temperature, which are comparable to those found in modern laser diodes. We
show that plasmonic nanolaser threshold scales linearly with device volume, which is
opposite to the trend seen in conventional lasers. This unusual scaling law means
plasmonic lasers have superior performance over photonic lasers in terms of lower
thresholds and power consumption when the cavity size is smaller than the diffraction
limit. This clarifies the long-standing debate over the viability of metal confinement
and feedback strategies in laser technology and identifies situations where plasmonic
lasers can have clear practical advantage.
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High Performance Photonic and Plasmonic Lasers Based on
Semiconductor Nanowires
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Abstract- Surface plasmon lasers offer strong light-matter interaction possibilities and many
advanced applications in nanophotonics, biology and information technology. However, due to
large intrinsic metal Ohmic losses, plasmonic laser suffers from either high threshold or low
operation temperature, which limits the practical applications. Here firstly a room-temperature
ultra-violet surface plasmon laser using GaN nanowires will be introduced. The lasing threshold is
~3.5 MW/cm2. Furthermore, we demonstrate a method based on intrinsic self-absorption of
semiconductor to tune plasmonic nanowire lasing wavelength.
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Room temperature operation of a Silicon nanobeam laser integrated
with a 2D monolayer molybdenum ditelluride
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Abstract This talk will begin with a summary overview of recent efforts in achieving lasing
operation using a monolayer of transition metal dichalcogenides. We will then present our recent
results in demonstrating the first room temperature laser operation using a monolayer
molybdenum ditelluride integrated with a silicon photonic-crystal nanobeam structure. We will
show that room temperature lasing can be achieved at very low threshold under a continuous
wave laser pumping.
Transition metal dichalcogenides (TMDs) have attracted a great deal of attention due to their distinctive properties and
potential applications in electronics and optoelectronic devices [1, 2]. Unlike their bulk counterparts, two-dimensional
monolayers of the most of the TMDs are direct bandgaps semiconductors [3], with strong optical emission. Therefore,
monolayer TMDs could be an efficient active material, with the thinnest gain medium possible. Laser operation based on
monolayers of TMDs were firstly reported at cryogenic temperatures, employing a monolayer WSe 2 coupled onto a GaP
photonic-crystal cavity [4], or a monolayer WS2 with a Si3N4 microdisk [5]. These laser demonstrations still have high
threshold that prevents their lasing at room temperature, which are necessary for any practical application.

Figure 1 Photoluminescence spectra under different levels of optical excitation (A,
left) and intensity output at the lasing peak vs. pumping power (B, right) showing
a clear threshold behavior.
Our recent efforts [6] in searching for a high Q cavity to be integrated with a 2D TMD gain material have led us to an
interesting combination of a silicon nanobeam cavity and the monolayer of molybdenum ditelluride (MoTe2). Monolayer of
MoTe2 is known to have a bandgap around ~1.72 eV, but an excitonic photoluminescence (PL) emission peak at ~1.1 eV,

which is about 50 meV below the silicon bandgap. This makes the MoTe2 a perfect gain material to be integrated with Si
cavity structure. The high index of refraction and mature fabrication of Si has resulted in a high Q-cavity. As a result, room
temperature operation was achieved under the pumping of a continuous wave laser. Examples of lasing behavior are shown
in Figure 1. Details of device design, fabrication, and characterization will be presented, as well as updates about recent
progress.
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Photo/Thermal Conversions and Their Applications

Enhanced near-infrared Photoelectric and Photothermal Response
on silicon flatform by metamaterial absorber and omni-schottky
junction
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Abstract-Optical absorption and electron emission/collection are two key factors for improving
photoelectric response based on plasmonic hot-electron. Here, we demonstrated plasmonic
hot-electron photoresponse as high as 3.3mA/W at 1500nm achieved on a silicon platform by
metamaterial absorber (MA) and omni-schottky junction. Furthermore, time-resolved
photoresponse shows optical energy transferred to electricity through the photothermal mechanism
distinct from the photoelectric process of hot electron.
Plasmonic effects were investigated in a myriad of applications such as biosensing, optoelectronics, thermal
therapy, data storage and so on. In particular, the functionality of light harvesting at a nanoscale offers
remarkable improvements of the quantum efficiency (QE) of photoelectric energy conversion in both
valence-conduction transition [1] and internal photoemission (IPE) processes [2]. In the later one, metal absorbs
photons and then generates hot electrons that may cross the metal-semiconductor junction resulting in
photocurrent. There are two main limitations on the QE of IPE process, one is the spectral absorption and the
other is the emission probability of hot electrons. Localized surface plasmon resonance (LSPR) of regular metal
nanostructures only enhances light absorption in a narrow band and the device fabrication relies on the expensive
high-resolution lithography technique like electron beam lithography [3]. The small junction area of
metal-semiconductor interface limits hot electron emission. In this paper, we present our recent work addressing
these two issues by combining both optical and electrical perspectives into the design of plasmonic
photodetectors on silicon platform.
As shown in Figure 1, the proposed devices containing Au nanoparticles (NPs) which are sandwiched
between two electron-accepting semiconductors (i.e. TiO2 and silicon) allow high emission probability for the
hot electrons due to the formation of the omnidirectional M-S junctions around these tiny plasmonic
absorber/emitters. On the other hand, metamaterial perfect absorber (MPA) based optical enhancing scheme is
incorporated by a MSM configuration, for the purpose of obtaining highly localized and perfect photon
absorption in the mono-layered Au NPs. The measured photoresponse were shown in Figure 2, where we can see
that random NPs provide broad band high absorption resulting in a much improved responsivity of the proposed
device over the planar reference. The device with TiO2 intermediate layer also showed higher responsivity than
the one with ITO layer, supporting the expected benefit for the omni-Schottky junction mechanism (no energy
offset in conduction band between TiO2 and silicon). The results of the time-resolved characterization of the
devices differentiate the photoelectric and photothermal response, which will be presented at the conference.

Figure 1 (a) Schematic drawings of the proposed MPA integrated Si photodetectors. A typical morphology of Au
NPs via thermal dewetting technique from our experiments is adopted to enhance the illustration. (b) Energy
band diagrams (top) and field distributions (bottom) under thermal equilibrium.

Figure 2 (a) The experimental absorption spectra of the MPA structures with different particle sizes. The inserted
histograms illustrate the respective size distributions for two selected MPAs with smallest and largest NPs. The
result for planar reference is also given. (b) Typical dark current-voltage curves for the MPA and planar
reference devices. MPA devices consisting of TiO2 and ITO as the cavity materials were considered. (c)
Responsivity of the different MPA devices and planar device. The insert shows the theoretical results for two
distinct response schemes. (d) Time-dependent current changes under fast switch on-off the laser illumination.
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Abstract- A three-layered compact film with heat dissipation based on the method of passive
radiation cooling for light emitting diode (LED) are developed and analyzed. Electromagnetic and
heat diffusion simulations are accomplished to verify that the design of proposed film can
effectively decrease the temperature of LED with various input powers.
This work develops and analyzes a three-layered (Si-Ni3Si-Al) compact film with heat dissipation based on
the method of passive radiation cooling for light emitting diode (LED). The proposed film is designed with the
feature of high absorptance at atmospheric transmission region (i.e. 8 um – 13 um). According to Kirchhoff’s
law of thermal radiation, the emissivity of the film will be equal to its absorptivity at thermal equilibrium. The
corresponding admittance diagram and absorption spectra are also explored to elucidate the reason of high
absorption. Electromagnetic and heat diffusion simulations based on the finite element method (COMSOL) are
accomplished to verify that the design of proposed film can effectively decrease the temperature of LED with
various input powers. Considering the typical LED in work (e.g. 1 mm square surface area with heat generation
of 1 watt), the proposed film can achieve lower temperature with significantly reduced size as compared to LED
with traditional heat sink. Figure 1 plots the simulation temperature distribution for LED with the proposed
three-layered film (t1=570 nm, t2=750 nm, t3=150 nm) for heat dissipation. The interface temperature can
achieve 326.07 K, which is lower than other heat dissipation designs. This work has potential applications in the
field of thermal emitter, photovoltaic-based device and high power devices.

Fig. 1 Simulated structure of LED array and simulated temperature distributions. Heat from each
LED is 1 W/ mm2.
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Abstract-Our experiment shows that the thermal emission of phonon can be controlled by magnetic
resonance (MR) mode in a metasurface (MTS). Through changing the structural parameter of
metasurface, the MR wavelength can be tuned to the phonon resonance wavelength. This introduces
a strong coupling between phonon and MR, which results in an anticrossing phonon-plasmons
mode. In the process, we can manipulate the polarization and angular radiation of thermal emission
of phonon. Such metasurface provides a new kind of thermal emission structures for various
thermal management applications.
In recent years, the research interest of thermal emission in the infrared wavelength range is growing fast
due to its important applications in thermaophotovoltaic (TPV) devices [1], radiative cooling [2,3], incandescent
source [4], near-field heat transfer [5], and infrared spectroscopy [6]. Up to now, various structures and systems
have been used to control thermal emission, such as gratings [7, 8], nanoantennas [9, 10], photonic crystals [11],
surface plasmons [12-14], metamaterials [15-17] and metasurfaces (MTS) [18, 19]. Some properties of thermal
emission, such as the emission bandwidth [20], coherent properties [7] and dynamics switching [21, 22, 23] are
reported to be controlled in these systems.

Figure 1 (color online) the sketch plot (a) and SEM top view (b) of sandwiched structure. In experiments, the
periodic and height are fixed with
6.5 m and h 0.05 m , d is changed from 2.6 to 3.6 μm.

In this work, the MIM metasurface is used to control the emission of phonons. Using high temperature
synthesized amorphous SiO2, we designed and fabricated the Al/SiO2/Al magnetic MTS with Al grating arrayed
on the SiO2/Al film (see figure 1 (a)). The MTS grating width is adjusted to produce the strong coupling
between MR and phonon inside SiO2. Differ from the precedent studies about the active optical phonons of
12.5um . The
silica at
10 m , here, we focus our attention on the relatively inactive optical phonon at
absorption and thermal emission spectra were measure by Fourier-transform infrared (FTIR) spectrometer in the
wavelength range 11 16 m . The anticrossing features in the spectra denoted that strong coupling between

0.081
0.086
0.09
0.095
0.1
0.104
0.109
0.114

(a)
photon energy(ev)

photon energy(ev)

phonon and magnetic resonance, albeit with big difference in radiation intensity of these two resonant states.
Using commercial software FDTD solution and coupled mode theory, we analysed the coupling physical
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Figure 5. Simulated absorption (a) and measured emission (b) spectra versus photon energy and grating width d.
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Abstract-We propose a novel mechanism to further enhance near-field radiative heat transfer
(NFRHT) with the use of Si metasurfaces, which is based on the broad spectral bandwidth and the
high tunability of the surface-plasmon polaritons that dominate NFRHT in these structures. We
have shown that by an appropriate choice of the geometrical parameters, these metamaterials can
exhibit room-temperature near-field radiative heat conductances higher than any existent or
proposed structure.

Thermal radiation is one of the most ubiquitous physical phenomena. In recent years, there has been a
renewed interest in this topic due to the confirmation of the long-standing prediction that radiative heat transfer
can be drastically enhanced for bodies separated by small gaps [1]. This enhancement, which occurs when the
gaps are smaller than the thermal wavelength (9.6 µm at room temperature), is due to the contribution of
evanescent waves that dominate the near-field regime. The fact that this near-field radiative heat transfer
(NFRHT) between closely spaced bodies can overcome the far-field limit set by the Stefan-Boltzmann law for
black bodies has now been verified in a variety of experiments exploring different materials, geometrical shapes,
and gaps ranging from micrometers to a few nanometers [2-4]. We demonstrate in this work that the use of
metasurfaces provides a viable strategy to largely tune and enhance near-field radiative heat transfer between
extended structures. In particular, using a rigorous coupled wave analysis, we predict that Si-based metasurfaces
featuring two-dimensional periodic arrays of holes can exhibit a room-temperature near-field radiative heat
conductance much larger than any unstructured material to date [5]. We show that this enhancement, which takes
place in a broad range of separations, relies on the possibility to largely tune the properties of the surface
plasmon polaritons that dominate the radiative heat transfer in the near-field regime.

Figure 1. Schematics of two doped-Si metasurfaces made of 2D periodic arrays of square holes placed on
semi-infinite planar substrates and held at temperatures T1 and T2.
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Abstract- Photodetectors are typically based on photocurrent generation from electron-hole pairs in
semiconductor structures and on bolometry for below bandgap absorption. We demonstrate
subwavelength thermoelectric nanostructures designed for resonant spectrally selective absorption,
which create localized temperature gradients with unfocused, spatially-uniform illumination to
generate easily measureable thermoelectric voltages. We show that such structures are tunable with
highly wavelength-specific detection, with responsivities up to 38 V/W, and bandwidths of 3 kHz,
by combining resonant absorption at thermoelectric junctions, yielding a bandgap-independent
photodetection mechanism.
Plasmon excitation enables extreme light confinement at the nanoscale, localizing energy in subwavelength
volumes and thus can enable increased absorption in photovoltaic or photoconductive detectors 1. Nonetheless,
plasmon decay also results in energy transfer to the lattice as heat which is detrimental to photovoltaic detector
performance2. However heat generation in resonant subwavelength nanostructures also represents an energy
source for voltage generation, as we demonstrate here via design of resonant thermoelectric (TE) plasmonic
absorbers for optical detection. Though TEs have been used to observe resonantly coupled surface plasmon
polaritons in noble-metal thin films and microelectrodes3,4 and have been explored theoretically for generation of
ultrafast intense magnetic pulses in a dual-metal split ring resonator5, they have not been employed as resonant
absorbers in functional TE nanophotonic structures.
We demonstrate nanostructures composed of TE thermocouple junctions using established TE materials –
chromel/alumel and bismuth telluride/antimony telluride – but patterned so as to support guided mode
resonances with sharp absorption profiles, and which thus generate large thermal gradients upon optical
excitation and localized heat generation in the TE material. Sample structure geometry and experimental data is
shown in Figure 1. Unlike previous TE absorbers6,7, our structures feature tunable narrowband absorption and
measured single junction responsivities 4 times higher than the most similar (albeit broadband) graphene
structures, with potential for much higher responsivities in thermopile architectures. For bismuth telluride –
antimony telluride single thermocouple structures, we measure a maximum responsivity of 38 V/W, referenced
to incident illumination power. We also find that the small heat capacity of optically resonant TE nanowires
enables a fast, 3 kHz temporal response, 10-100 times faster than conventional TE detectors8,9. Additionally,
the resonant TE nanowires exhibit noise only slightly above the Johnson noise level, suggestion a simple
pathway for improving detectivity in future devices. We show that TE nanophotonic structures are tunable
from the visible to the MIR, with small structure sizes of 50 microns x 100 micons. Our nanophotonic TE

structures are suspended on thin membranes to reduce substrate heat losses and improve thermal isolation
between TE structures arranged in arrays suitable for imaging or spectroscopy. Whereas photoconductive and
photovoltaic detectors are typically insensitive to sub-bandgap radiation, nanophotonic TEs can be designed to
be sensitive to any specific wavelength dictated by nanoscale geometry, without bandgap wavelength cutoff
limitations. From the point of view of imaging and spectroscopy, they enable integration of filter and
photodetector functions into a single structure.

Figures 1. Resonant thermoelectric guided mode resonance structure schematic (left). Absorption (center)
and thermoelectric responsivity (right) as a function of off-normal angle of illumination.
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Abstract- In this paper, the phenomenon of white-light-induced heating in silk fibroin (SF) films
embedded with gold nanoparticles (Au NPs) is systematically investigated. As far as we are aware,
this study is the first to employ Au NPs to develop an ultrahigh broadband absorber and also the
first to use a white light source for photothermal generation. Also, the broadband absorptive film is
coated on a simple Al/Si Schottky diode and displays a linear, significant, stable
photo-thermo-electronic (PTE) response with varying light intensity.
There has been increasing interest in the unique physical and chemical properties of metal nanoparticles
(NPs) because of their energy and biomedical applications. For example, metal NPs are attractive for their
localized surface plasmon resonance (LSPR) properties. The strong interactions between metallic NPs and
incident light originate from excitation of the collective oscillations of conduction electrons within these
particles.[1] One of the amazing LSPR-related phenomena is the photothermal effect. When LSPR occurs, the
plasmonic particles can efficiently convert optical energy to local heat and rapidly raise the temperature of the
surroundings or themselves.
Light-activated Au NPs have been embedded in polymer matrix and widely used in material, biomedical,
and photonic applications.[2] To further understand the photothermal process involved in the solid composites, a
number of studies have investigated the light-induced heating of various polymers containing Au NPs.[3,4] Note
that previous research has focused on the nanocomposites containing low Au contents (typically less than 1
wt%), which induced small temperature increases (few to few tenths °C). The low metal content might be
attributed to the limitation of preparation methods or the poor solvent miscibility. In this case, the films exhibited
a characteristic absorbance peak with a weak/moderate peak intensity and a narrow spectral bandwidth (ca.
50-100 nm), originated from the LSPR extinction of Au NPs dispersed in the polymer matrix. In other words, the
nanocomposites can only absorb a small portion of the incident light energy near LSPR frequency, while most of
the light energy within non-LSPR region will propagate through the film without any noticeable loss. This
optical phenomenon restricts the choices of the light excitation sources for photoheating. Therefore, for the
white-light-induced heat generation, a broadband optical absorber is strongly needed, which can completely trap
the light energy over all wavelengths. To our best knowledge, however, no studies of the metallic NP/polymer
nanocomposites with wide-range optical absorbance have been reported.
In this study, we fabricated homogeneous Au NP/silk fibroin (SF) composite films exhibiting ultrahigh
broadband absorbance in the visible-near infrared (vis-NIR) range through a facile, simple solution process, and
systematically investigated their optical properties and white-light-induced photothermal effects (see Figure1).
Herein, SF was selected as host material due to a series of advantages: (i) high water solubility to prevent the

aggregation of Au NPs, especially at high colloid concentration; (ii) high Tg (ca. 180 °C) to avoid the heat
dissipation induced from the phase change of polymeric matrix, and (iii) high transparency to reduce the light
attenuation in the host material. By increasing the Au content in the composite films, the absorbance could be
enhanced significantly around the LSPR wavelength and also raised dramatically at the non-LSPR wavelengths.
The greater amount of absorbed light led to an increase in the photoheating rate. The optimized composite film
exhibits an ultrahigh absorbance of ca. 95% over a wide spectral range of 350-750 nm, and moderate absorbance
values (> 60%) in the longer wavelength range of 750-1000 nm. In this case, the composite film could absorb
almost all of the incident light and accordingly convert the optical energy to local heat. Therefore, significant
temperature increases on the order of ca. 100°C could be readily obtained when the composite film is irradiated
by a LED or a halogen lamp. Moreover, the composite films also display a linear light-to-heat response with
light intensity and a great photothermal stability. Finally, the broadband absorptive film is coated on a simple
Al/Si Schottky diode and displays a linear, significant, stable photo-thermo-electronic (PTE) response with
varying light intensity.

Figure 1. Schematic representations of (a) the fabrication of a hybrid Au NP/SF thin film onto a substrate
and (b) white light irradiated into a Au NP/SF thin onto a Al/Si Schottky diode. (Inset) Cross-section TEM
image of a SGN/SF thin film.
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Superradiant and superscattering in thermal and light energy
conversion
Zongfu Yu
University of Wisconsin Madison

When wave effects of thermal photons become significant, thermal emitters can exhibit
intriguing coherent effects. Here, we show that the superradiant emission, which was originally
found in quantum emitters, can be realized in resonant thermal emitters. Similar to the
superradiance in quantum emitters, the in-phase oscillation of resonant emitters reduces the
lifetime of thermal photons in the emitters. Unlike the atomic superradiance, one remarkable
consequence of the thermal superradiance is the anomalous power scaling, where the emission
power can scale inversely with the number of thermal emitters. More thermal emitters generate
less power due to the coherent interference of thermal photons.
Fundamental electrodynamics dictates that the wavelength sets the length scale of the cross
section in a resonant scattering process. Diverging cross sections can only be achieved around
the DC frequency when the wavelength approaches infinity. Wely points, with a conic dispersion
relation like that around the DC point, are shown to exhibit diverging cross sections, regardless
of the wavelengths. The decoupling of the resonant cross section and the wavelength could allow,
for example a nanoscale optical resonance to have a macroscopic cross section. Extraordinarily
large cross section could be very useful for applications in optical energy conversion.
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Abstract-Nanostructures enabled solar thermal conversion has aroused tremendous interest in the
field of solar energy applications. Here we will report our progresses on the self-assembled
plasmonic nanostructures assisted solar thermal conversion, which includes the design and
fabrication of the most broadband plasmonic absorbers, tunability of absorption bandwidth, as well
as the first plasmon enhanced solar desalination device. Our results may provide a competitive
solution to the cost-effective and highly efficient solar desalination strategies for personalized
applications.
Due to flexible tenability of absorption bandwidth, ability of subwavelength confinement of electromagnetic
field and the related hot spots effect, plasmonic absorbers have aroused tremendous interest in solar thermal
conversion processes [1,2]. Recently, we have demonstrated the three dimensional metallic nanoparticles as the
broadband absorbers with the scalable self-assembled process (Fig. 1b).

Fig. 1 Optical design (a), self-assembled fabrication (b) and absorption performance (c) for the broadband
plasmonic absorbers.
Due to the unique close-packed and highly porous metallic nanoparticle assemblies, the nanostructure is
ideal candidate for broadband absorbers due to high density of optical modes by plasmon hybridization, strong

scattering as well as antireflection effect (Fig. 1a) [3]. In addition, the absorption bandwidth can be flexibly
tuned by the geometry parameters and/or deposition conditions [4], indicating potential applications for various
solar thermal conversion applications. Finally, we for the first time employed the low cost 3D aluminum
nanoparticles for the broadband solar absorbers and enabled the plasmon enhanced solar desalination device [5],
by which the solar thermal efficiency ~ 90% and ~ 4 orders of magnitude of the ion concentration decrement
were achieved. Our results would shed light on the low cost personalized solution for the solar desalination
technologies.

Fig. 2 Three dimensional self assembled aluminum nanoparticles for plasmon enhanced solar desalination. (a)
physical mechanism; (b) broadband selective absorption; (c-d) seawater desalination performance.
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Abstract— We investigate a gap-free thermophotovoltaic system whose engineered emitter is
matched to the macroscopic layer of a particular material which has very low absorption at the
operation band of the photovoltaic cell and relatively low thermal conductivity. We tailor the
radiative heat transfer such that it is maximal and super-Planckian near the bandgap frequency
of the photovoltaic cell, and reduced at other frequencies. Therefore, it gives rise to a high
ultimate efficiency and high electric output. We believe that our study paves the way toward
the new generation of efficient and feasible thermophotovoltaic systems for producing electricity
from heat.

Thermophotovoltaics (TPVs) are systems which use a direct energy conversion method to generate electricity from heat. In fact, in TPVs (similar to solar cells) the radiating photons are
absorbed by a photovoltaic (PV) cell that operates at room temperature. The absorbed photons
are converted into electron-hole pairs and result in the electric current. However, in TPVs the
radiating photons are emitted from a source which has a temperature much higher than the room
temperature. Emitter and the PV cell are supposed to be separated by a vacuum gap in order to
sustain the temperature di↵erence between the emitter and the PV cell [1].
In designing efficient thermophotovoltaic systems, two main points should be taken into account.
The first key point is that we have to obtain a super-Planckian radiative heat transfer in order to
get a noticeable output power, and the second one is related to the efficiency of the system. Only
photons which have higher energy than the bandgap energy of the PV cell (E > ~!g ) can contribute
in the generation of the electron-hole pairs. The low-energy photons cause thermal dissipation in
the PV cell and may increase its temperature. The same senario is also true for the photons which
have very high energy (since the excessive energy ~(! !g ) is not useful and it causes thermal
dissipation). Hence, the radiative heat transfer must be frequency-selective such that it is maximum
near !g and negligible at other frequencies [1].
In this conference paper, we introduce a new design of thermophotovoltaic systems which fulfills
the above goals: frequency selectivity and super-Planckian radiative heat transfer. However, in
contrast to the previous works (see, e.g. [2, 3, 4]) where super-Planckian radiative heat transfer was
achieved by using hyperbolic metamaterials (wire media) or decreasing the width of the vacuum gap
(to a few nanometres) to have a strong photon-tunelling e↵ect, here, the super-Planckian radiative
heat transfer is given by an intermediate material between the emitter and the PV cell. Indeed, the
vacuum gap is replaced by the intermediate material which has a large thickness and it is matched
to our particular emitter at the frequency near the bandgap frequency of the PV cell. Such a design
resolves the difficulty of preserving the nanogap for the sufficient area of a few square centimetres,
or fabrication of wire media.
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Controlling the emissivity of a thermal emitter has attracted growing interest with a view towards a new
generation of thermal emission devices. So far, all demonstrations have involved sustained external electric or
thermal consumption to maintain a desired emissivity. In this invited talk, I will review our recent work on
control over the emissivity of a thermal emitter consisting of a phase changing material Ge2Sb2Te5 (GST) film
on top of a metal film [1]. This thermal emitter shows broad wavelength-selective spectral emissivity in the
mid-infrared. The peak emissivity approaches the ideal blackbody maximum and a maximum extinction ratio of
above 10dB is attainable by switching GST between the crystalline and amorphous phases. By controlling the
intermediate phases, the emissivity can be continuously tuned. This switchable, tunable, wavelength-selective
and thermally stable thermal emitter will pave the way towards the ultimate control of thermal emissivity in the
field of fundamental science as well as for energy-harvesting and thermal control applications, including
thermophotovoltaics, light sources, infrared imaging and radiative coolers.

Fig1. (a) Atom distribution diagrams of the two phases (amorphous and crystalline) of the GST. The red and blue dots
denote the Ge/Sb atoms and Te atoms, respectively. (b) A 3D schematic of the switchable and tunable thermal emitter
composed of a GST film on top of a gold film. (c) Thermal emissivity curves of GST–Au emitters with different GST
thicknesses (360, 450 and 540 nm) at 100 °C. Adapted from Ref. [1]
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Optical force has been widely utilized to manipulate microscopic objects, though mostly in vacuum or in liquids.
Photophoretic force provides an alternative and effective way to transport light-absorbing particles in ambient
gases. However, in most cases these forces work independently. Here, by employing the synergy of optical force
and photophoretic force, we propose and experimentally demonstrate a configuration which can drive a
micron-size metallic plate moving back and forth on a tapered fiber with supercontinuum light in ambient air [1].

FIG. 1. Numerical modelling of light-induced driving by synergy effect of optical force and
photophoretic force. Adapted from Ref. [1]
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Abstract- In order to tailor thermophotovoltaic emitters to match specific photovoltaic receivers we
designed spectrally selective emitters that have close to black body emission at short wavelengths and
substantially reduced emission at long wavelengths. We demonstrate selective band-edge emitters based
on a W-HfO2 refractive multilayer metamaterial and a ZrO2 opal monolayer on tungsten both stable up
to 1000°C. Conditions for improved selectivity and higher thermal stability will be presented as well.

The efficient thermophotovoltaic conversion requires emitters that demonstrate emissivity close to 1 at
frequencies above the band gap frequency of the photovoltaic cell (short wavelengths) and emissivity close to
zero for smaller frequencies (longer wavelengths). Two possible routes can be envisaged to produce the required
type of the emission. The first is based on materials which have dielectric constants that are matched to vacuum
at short wavelengths and are strongly mismatched and thus reflecting at longer wavelengths. The second option
is based on structures on a surface that support critically coupled resonances at short wavelengths and no
resonances at longer wavelengths.
We are presenting the results obtained by both routes. First we discuss results of a layered metamaterial from
W and HfO2 (Fig. 1a) [1]. The subwavelength combination of dielectric and metal allows shifting the hyperbolic
transition of the metamaterial to the NIR. This way the metamaterial has close to one permittivity and thus close
to one absorptivity and emissivity at short wavelengths. In the long wavelength range the metamaterial with low
absorption has a hyperbolic equi-frequency surface and thus sustains thermally excited modes with only large
wavevectors, none of which can couple out into vacuum. The structure shows up to 1000°C stability under

vacuum conditions of ~2⋅10-2 mbar. Even though the upper layer of tungsten was protected by 100 nm of HfO2
the residual oxygen from vacuum leads to oxidation of this first layer of tungsten. The advantage of metamaterial
is almost direction independent thermal emission which is connected to the fact that properties are defined by the
effective parameters of the metamaterial and not by the accumulated phases. But the metamaterial still shows
significant emission at longer wavelengths due to limited reflectivity. This is connected to the high imaginary
permittivity of tungsten and large penetration of long wavelength fields into the metamaterial.
Better suppression of long wavelength emission can be obtained using dielectric resonators coupled to lossy
metal. This was achieved by deposition of a monolayer of ZrO2 spheres on a tungsten substrate protected by a
thin layer of HfO2 (Fig. 1b) [2]. The microspheres support resonances which are critically coupled to free space.
The dense monolayer of spheres can be approximated and simulated as a PhC with a hexagonal lattice. The
resonances of single spheres in this case present a tight-binding approximation of the PhC. The overlapping
absorption of different resonances leads to a band of high emission at short wavelengths. At longer wavelength,
where no resonances are present, the reflectivity is defined by the flat tungsten substrate. The penetration of the
incident fields and thus the absorption is lower at longer wavelength than in the case of metamaterials. Presented
PhC emitters have very good suppression of emission at longer wavelengths, but demonstrates angel dependent
emission. The stability of this structure is also limited by oxidation of tungsten.

a)

b)

Figure 1: a) Absorptivity of the tungsten based metamaterial after tempering in vacuum ~2⋅10-2 mbar.
Schematic inset shows the layered structure of W-HfO2 (20 nm-100 nm) metamaterial. b) Absorptivity of the
tungsten emitter coated by a monolayer of ZrO2 microparticles (660 nm diameter) after tempering in vacuum.
Schematic inset shows the structure geometry. (dark blue – W, orange – HfO2, light blue – ZrO2).
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Abstract
We report on the thermoplasmonic energy conversion by self-assembled meta-structures of
aluminum oxide nanostructures. We fabricate aluminum nanowire array, which has high optical
transmission haze, and manipulate the optical characteristics by controlling sizes and morphologies.
By depositing metal or metal oxide, the array structures absorb broadband light by plasmonic
nanofocusing and the absorbed light is converted into the localized heat energy. The converted heat
energy can be utilized for solar vapor generation and thermophotovoltaics.
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Abstract- Nanojoining of nanomaterials opens up a new emerging set of applications in transparent
conductors, thin-film solar cells, nanocatalysis, cancer therapy and nanoscale patterning. Single
point nanojoining is highly demanded for building complex nanostructures. In this talk, I will show
the precise control of single point nanojoining of silver nanowires in depth, where the nanojoining
is laser-induced through the plasmonic resonance enhanced photothermal effect. single point
nanojoining technique shows great potentials for high-performance electronic and photonic devices
based on nanowires, such as nanoelectronic circuits and plasmonic nanodevices.
As the development of science and technology, integrated device tends gradually into micro-nano scale. For
integrated devices based on nanowires elements, nanojoining (including nanowelding [1], nanosoldering [2] and
nanobreaking [3]) have shown its necessity for manufacturing integrated nanodevices. In this talk, by taking
advantage of photothermal effect of a 532 nm continuous-wave (CW) laser, nanojoining (including nanowelding,
nanosoldering and nanobreaking) of nanowires can be achieved.
For the nanowelding and nanosoldering, we investigate the fusing property of a single metallic nanowire
after irradiation and take advantage of the concept of match-end to implement nanowelding and nanosoldering.
Moreover, we improve the method and test the electrical property after nanowelding. For the nanobreaking (Fig.
1), we study the morphological changes during fusing process and confirm that the critical power required for
nanobreaking is much lower for perpendicular polarization than that for parallel polarization both in experiment
and simulation. By controlling the polarization and the power of the irradiation laser for nanobreaking, the
nanowires can be cut into segments with gap widths ranging from dozens of nanometers to several micrometers.

FIG. 2. Morphological changes of a 300-nm-diameter gold nanowire after light irradiation with different
power at parallel polarization. (a) A schematic illustration of a focused Gaussian light irradiated on different
positions. The irradiation power is (b) 39 mW, (c) 40 mW and (d) 42 mW for positions ‘B’, ‘C’ and ‘D’,

respectively. The formed gap widths are (b) 0 nm, (c) 58 nm and (d) 648 nm. Inset scale bars are 1 μm.
(Adapted from Ref. [1])
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Abstract-Here, we experimentally demonstrate a multispectral metasurface that exhibits controlled
inhomogeneous optical properties leading to a spatial modulation of the emissivity up to the
wavelength scale in the infrared. A metasurface made of a non-periodic set of 100 million optical
nano-antennas that spatially and spectrally control the emitted light up to the diffraction limit has
been realized and studied. Each antenna acts as an independent deep subwavelength emitter for a
given polarization and wavelength, and their juxtaposition at the wavelength scale can encode far
field multispectral and polarized images. Other nanoantennas can be used, like the optical
Helmholtz resonator, that allows to control the spectral bandwidth or the radiative losses.
Metasurfaces can be used to tailor the electromagnetic surface on various spectral bands. In particular,
metal-insulator-metal (MIM) nanoantennas are known to modify the absorption of a surface due to a Fabry Perot
resonance. Here, we first show how the infrared emissivity of a metallic surface, which is nearly zero can be
turned into multiple quasi monochromatic emitters thanks to MIM nanoantennas. Then, we show that their
subwavelength combination can be used to tailor more complex emissivity spectra, independently for both
polarizations. Eventually, an inhomogeneous metasurface is made where the emissivity is spatially modulated at
the wavelength scale.
The samples have been studied with a Fourier transform infrared spectrometer coupled to a high resolution
cooled HgCdTe camera, and a polarizer.

Figure 1: (a) Visible picture of the sample and SEM image of nine elementary cells, each containing
various antennas. (b) Computed emissivity spectra for both polarization given for each elementary cell
(practically consider as periodic for the computation).

Figure 2: (a) Picture of the sample. (b) Infrared thermal emission on the 3-5 µm band of the sample heated
at 100°C for the horizontal polarization. (c) Infrared emission for the vertical polarization, filters were added to
select only a part of the emitted spectral band.
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Abstract- By adequately designing their size and geometry, metal nano-structures offer highly
efficient light/heat absorption with desired spectral features. We report our recent study on the design,
fabrication, and characterization of spectrally selective narrow-band plasmonic metamaterial perfect
absorbers for the effective applications in wavelength-selective thermal emitters, infrared detectors as
well as high-sensitivity molecule-sensing.
Plasmonic metamaterial perfect absorbers can exhibit nearly 100% absorptivity at desired wavelengths, and
also emit light at the same wavelengths when they are heated. It has been successfully demonstrated their use
such as in wavelength-selective infrared thermal emitters and molecular vibrational sensors [1-4]. We present our
recent study on the development of perfect absorbers based on the metal-insulator-metal structures [1-4]. By use
of numerical electromagnetic simulations, we optimized the geometrical parameters of the perfect absorbers to
have resonances at certain wavelengths depending on their applications from far-infrared to mid-infrared region.
The fabricated perfect absorbers exhibit narrowband resonant absorption with efficiency higher than 97 %. We
report applications of these devices such as for selective thermal emitters operated above 1273K [1,4], selective
surface-enhanced vibrational spectroscopy for high-sensitivity molecular sensing [1,2], and wavelength selective
IR detectors based on the combination with pyroelectric device and the metamaterial infrared absorbers [5].
Acknowledgements, This work was supported by CREST program from Japan Science and Technology Agency
(JST), and KAKENHI program from Japan Society for the Promotion of Science (JSPS).
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Abstract- We show that a periodic array of hot nanoparticles embedded in resonant plasmonic
antennas can produce thermal emission with an effective emissivity approaching unity.
This type of design allows to control thermal emission by designing the antennas. We expect to
modulate thermal emission at a rate exceeding 10 MHz.

The goal of this presentation is to discuss how blackbody radiation can be tailored using nanoantennas. By
tailoring blackbody radiation, we mean that the emitted spectrum, the directivity of the source, its polarization
can be controlled thereby paving the way to a novel generation of IR sources. Furthermore, we aim at
modulating the emitted intensity at a rate faster than 10 MHz.
In the last 15 years, many ideas have completely changed our perspective on what can be done with
incandescent sources. Taking advantage of the existence of the spatial coherence of surface waves, highly
directional sources have been demonstrated1. Taking advantage of the spectral resonances of plasmonic
structures, quasimonochromatic sources have been fabricated2. Electrical modulation of the absorptivity of a
stack of quantum wells has allowed modulating thermal emission at a rate of 600 kHz 3.
In this presentation, we introduce a novel approach. We start by introducing a generalized Kirchhoff law
valid for anisothermal bodies. The idea is simple: Kirchhoff law can be extended to objects such as a hot
graphene layer deposited on a cold substrate4. The power thermally emitted by a hot graphene layer on a cold
substrate in a direction and at a given frequency is proportional to the power absorbed in the graphene layer only
when illuminating this graphene layer in the same direction and at the same polarization.
The second ingredient of the presentation is to introduce a nanoantenna such as a half-wavelength antenna.
By inserting a small hot volume of absorber in the gap of a dimer antenna, it is possible to enhance the power
extracted from the small hot volume by more than three orders of magnitude. This can be achieved provided that
the absorber has been properly designed in order to verify a critical coupling condition with the antenna. We will
discuss in some detail the conditions required to optimize the absorption in a nanoantenna which differs from the
maximum enhancement condition.
A key feature of this type of source is the small size of the heated volume. While usual incandescent sources
cannot be modulated at high frequency due to their thermal inertia, nanovolumes can be cooled in a few tens of
ns offering a new opportunity for high speed modulation. In order to produce a practical emitter, a periodic array
of antennas can be fabricated which results in a metasurface for IR emission. Finally, by tuning the properties of
the antennas, the metasurface can control the frequency, polarization and direction of emission.
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Thermal emitters generally exhibit a broad spectrum and are widely used for various light sources from
far-infrared to the visible range. However, in many applications involving non-dispersive infrared sensing and
thermo-photovoltaics, only a specific spectral component that is much narrower than the original broad spectrum
of thermal emitters is utilized, which reduces efficiency. Therefore, it is important to develop a single-mode
narrow-bandwidth thermal emitter that achieves high emissivity at a target wavelength while suppressing it as
much as possible at other wavelengths. To achieve such an ideal spectrum, we demonstrated mid-infrared
thermal emitters by combining multiple quantum wells (MQWs) and two-dimensional photonic crystal (PC)
slabs [1]. In our emitters, intersubband transitions of MQWs allow a strong interaction between light and matter
around a target wavelength, and a Γ–point resonant effect of PCs further narrow down the thermal emission peak
at a target wavelength and enable vertical emission. Ultrafast modulation (~MHz) of thermal emission without
changing the temperature of emitters has been also realized by changing the electron density of MQWs using
applied electric field [2]. We have also demonstrated near-infrared narrowband thermal emitters recently by
using arrays of nano-rods made of intrinsic silicon [3], which can be utilized to increase the efficiency of
thermo-photovoltaic power generation. In this emitter, an interband transition of intrinsic silicon emphasized
light-matter interaction in the range shorter than the bandgap wavelength of silicon, and a rod-type resonator
array with a small material filling factor suppressed the longer wavelength emission components. The details
will be reported at the conference.
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THz metamaterial and metasurface
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Abstract- We demonstrate an optically reconfigurable grating with enhanced transmission of TE
polarized waves in the terahertz (THz) waveband. The grating is realized with periodical
photoexcited free carriers strips on a thin Si wafer. For TE polarized THz incident wave, the strips
behaviors like metal, resonances between the strips happen and cause the enhanced transmission.
The frequency of the transmission peak could be tuned through changing the period and duty cycle
of the photoinduced grating.
A pattern with illuminated and dark regions was projected onto a Si wafer with thickness of 10µm. In the
illuminated region, carriers are created by photoexcitation. Owing to the fact that the skin depth of Si is 12.2 µm
at a wavelength of 800 nm[1], the photoinduced carriers form a freestanding grating, which can be regarded as a
metallic wire grating embedded in the Si wafer. Then, a THz beam is incident onto the grating and the
transmission spectra are measured with a terahertz time-domain spectroscopy system.

Figure 1 Experimental transmission spectra of the photoinduced grating (P = 200 µm, D =
0.5) for a series of excitation fluences, when the incident THz electric field is TE-polarized.

Extraordinary optical transmission (EOT) through such photoinduced grating is observed for TE-polarized
THz incident wave, which is different from the former reports where the incident light is usually TM-polarized
[2,3]. In order to verify the measured results, we performed realistic simulations of the photoinduced grating
using a commercial software package (FDTD Solutions) based on the FDTD method. The dielectric function of
the photoexcited Si wafer is calculated using the Drude model. The physical explanation on the EOT
phenomenon with TE-polarized THz incident wave is cavity resonance, which is a rather different process from
the excitation of surface plasmons (SPs) that occurs for TM polarization. The field is able to couple in the
dielectric and is strongly enhanced in the region between photocarrier strips. The resonator length is determined
by the width of the spacing. Thus, the position of the resonance peak shifts towards longer wavelengths when the
spacing between the photoinduced stripes increases.
This kind of reconfigurable terahertz grating can be used as a tunable polarization-independent THz filter to
avoid the processing of traditional samples and provides flexibility to adjust the structural parameters of the
sample. Furthermore, this technique could also be used to produce THz diffractive elements with reconfigurable
functionality for more applications.
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Abstract-We report the excitation of extremely high quality-factor (Q-factor) dark mode
resonances in metamaterials composed of mirror-asymmetric split ring resonators (MASRRs) in the
terahertz region. Breaking the symmetry of the mirror-arranged SRR leads to the occurrence of two
distinct otherwise inaccessible ultrahigh Q-factor dark modes. The numerical simulations indicate
that the highest Q-factor of the dark mode resonance was 60, which is more than one order of
magnitude larger than that of conventional metamaterials.

Metamaterials have attracted tremendous of research interest due to their unusual and exotic electromagnetic
properties and functionalities that are not encountered in naturally occurring materials. The unique properties of
metamaterials are based on the resonant responses of the constituent building blocks and arrangement. High
Q-factor resonances in metamaterials are of particular importance, as they can be utilized to realize slow light
devices[1,2], narrow-band filters[3,4], and ultrasensitive sensors[5,6]. However, the performance of
conventional metamaterials typically suffer from low Q-factor (<~10)[3,4,6] due to radiative and ohmic losses,
which hinder the development of the metamaterial-based devices.
In this paper, we theoretically and experimentally demonstrate a metamaterial composed of mirror
asymmetric split ring resonators that sustain multiple high Q-factor resonances. The excitation of sub-radiant
dark modes with highly suppressed radiation losses result in the high-Q factor. The metamaterial samples were
fabricated using high-resolution electron-beam lithography method, and characterized by terahertz time domain
spectroscopy (THz-TDS). The corresponding theoretical calculations were performed by FDTD algorithm. The
experimental and simulated results manifest that two extremely sharp resonances appears at ω1=0.5 THz and
ω2=1.3 THz, respectively. The calculated Q-factor for dark mode ω1 and ω2 are 60 and 30, respectively.
This mirror-asymmetric metamaterial supporting multiple high Q-factor resonances may well enable great
advances in designing and realization of high-performance photonic devices to overcome the technologically
difficulty in terahertz regime.
Acknowledgements: This work is supported by the National Key Research and Development Program of
China under Grant No. 2016YFA0200400, and No. 2016YFA0200803, the National Natural Science Foundation
of China under Grants No. 91323304, No. 11174362, No. 11504414, No. 11574385, and No. 11574368,
Strategic Priority Research Program of the Chinese Academy of Sciences under Grant No. XDB07020200.

REFERENCES
1. Zhang, S., A. Genov, D., Wang, Y., Liu, M., and Zhang, X.,“Plasmon-induced transparency in
metamaterials,” Phys. Rev. Lett., Vol. 101, No. 047401, 2008.
2. Yang, S. Y., Xia, X. X., Liu, Z., E, Y.W., Wang,Y.J., Tang, C.C., Li, W. X., Li, J. J., Wang, L., and Gu, C.
Z.,“Multispectral plasmon-induced transparency in hyperfine terahertz meta-molecules,” J. Phys.: Condens.
Matter, Vol. 28, No. 445002, 2016.
3. Fedotov, V. A., Rose, M., Prosvirnin, S. L., Papasimakis, N., and Zheludev, N. I., “Sharp trapped-mode
resonances in planar metamaterials with a broken structural symmetry,” Phys. Rev. Lett. Vol. 99, No.
147401, 2007.
4. Yang, S. Y., Liu, Z., Xia, X. X., E, Y. W., Tang, C. C., Wang, Y. J., Li, J. J., Wang, L., and Gu, C. Z.,
“Excitation of ultrasharp trapped-mode resonances in mirror-symmetric metamaterials,” Phys. Rev. B, Vol.
93, No. 235407, 2016.
5. Cui, A. J., Liu, Z., Li, J. F., Shen, T. H., Xia, X. X., Li, Z. Y., Gong, Z. J., Li, H. Q., Wang, B. L., Li, J. J.,
Yang, H. F., Li, W. X., and Gu, C. Z., “Directly patterned substrate-free plasmonic "nanograter" structures
with unusual Fano resonances,” Light: Science & Applications, Vol. 4, No. e308, 2015.
6. Singh, R., Cao, W., Al-Naib, I., Cong, L., Withayachumnankul, W., and Zhang, W., “Ultrasensitive terahertz
sensing with high-Q Fano resonances in metasurfaces,” Appl. Phys. Lett., Vol. 105, No. 171101, 2014.

3D Lantern-like metamaterial
S. Hu1, R. H. Pan1, Z. Liu1, S. Y. Yang1, J. J. Li1*, and C. Z. Gu1,2*
1
Beijing National Laboratory for Condensed Matter Physics, Institute of Physics, Chinese
Academy of Sciences, Beijing 100190, China
2
Collaborative Innovation Center of Quantum Matter, Beijing 100871, China
*
corresponding author: jjli@iphy.ac.cn, and czgu@iphy.ac.cn

Abstract-This work presents a 3D metamaterial based on stress induced bending
of bilayer or multilayer film. Take advantage of traditional planar process, the
lantern-like metamaterial contains a flat pad supported by the substrate and a
number of arms connecting to the pad. By changing the number of arms, the
transmission spectrum changes correspondingly, and an EIT-like resonance
appears when the arm number is above 6 due to the coupling between different
arms.
Plasmonic induced transparency (PIT) is an optical phenomenon based on the
interference between “dark mode” and “bright mode” of metamaterials, by which a
transparency peak appears in the absorption region of the spectrum1-3. This phenomenon has
great potentials in the application of slow-light devices and sensors. 3D metamaterials usually
perform better than 2D structures due to larger degree of freedom and more ways of
light-structure interaction. However, up to now, the fabrication of 3D metamaterials is still
limited by the existing planar micro/nano-fabrication technique in visible and infrared region,
which restricts its application on high frequency EIT devices.
In this work, planar fabrication process including electron beam lithography (EBL),
reaction ion etching and metal film deposition was used, and the schematic of 3D structure is
shown in figure 1. After released from the substrate, the residual stress and modulus
differences between two layers result in the bending of cantilevers4,5. This method can
flexibly control the structure configuration and different materials can be applied including
metal, dielectric and semiconductor. Lantern-like metamaterials were fabricated by this
method, and the radius of the curved cantilever is tunable by controlling the thickness and
material type of the bilayer film. A series of structures with different numbers of arms were
simulated and the transmission spectra are shown in figure 2. The peak at 2 THz is a
fundamental mode of the LC resonance in the ring, and at about 6 THz coupling between
different arms happens. When the arm number is less than 4, there is only one resonance peak
at 6 THz; as the arm number is over 6, a transparent peak appears in the absorption region,
which comes from the hybridized coupling effect.

Figure 1 (a) Schematic of stress induced bending
methods; (b) SEM image of the lantern-like 3D
metamaterial.

Figure 2 The transmission spectrum of 4-arms and
6-arms lantern.
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Abstract- We suggest that terahertz (THz) metamaterials can be used to measure the dielectric
constant of various dielectric materials. We successfully measure the dielectric constant of various
polymers and polar liquid using THz metamaterial devices. Our experimental results were
confirmed by finite-difference time-domain simulation.
Recently, we found that THz metamaterial can be used as a sensitive biosensor, enabling us to detect the
low-density microorganisms although their scattering cross-section is extremely low against THz waves [1]. This
was possible because the detection volume of THz metamaterial is highly confined near the surface, in particular,
in the gap area. The vertical range of the detection volume has been estimated to be 3–4 µm, depending of the
detailed geometry of the pattern [2]. Therefore, it is highly desirable to use metamaterials to address the
dielectric constants of the thin films without necessitating large amount of the materials. More importantly, the
narrow detection range will enable us to study the dielectric properties of various polar liquids that attenuate the
THz waves substantially.
Here, we introduce a novel method to extract the dielectric constants of the thin polymer film and the polar
liquid solution by using THz metamaterial sensors through THz time-domain spectroscopy (THz-TDS) [3]. We
demonstrate the dielectric constant measurements of thin polymer films and polar liquid solutions by using THz
metamaterial sensors. The resonance shift of the metamaterials exhibits the saturation behavior with the
increased film thickness of deposited target material. We found that the saturation frequency shift varies linearly
with the real part of the dielectric constant and extracted their correlation explicitly for the particular
metamaterials pattern we used. This approach could be very useful to determine the dielectric constants of
various materials, without necessitating the large amount of the target materials.

Figure 1. (a) Schematic of the fluidic THz metamaterial device for the sensing of aqueous solutions. (b)
Photograph of the fluidic metamaterial device.

More importantly, we were able to measure the dielectric constant of the polar liquids such as distilled water,
methanol, and ethanol as schematically shown in Fig. 1. This was possible due to the unique properties of
metamaterials whose detection volume is strongly localized at the surface. In other words, the metamaterials
allow us to address the THz optical constants without suffering from the large attenuation effects in the polar
liquids. In addition, we found that the resonance shift does not depends critically on the imaginary part of the
dielectric constants, making our approach a universal technique regardless whether the target specimens are
transparent or conductive materials. The results from the FDTD simulation are in good agreement with our
experimental results both in the thin film and the liquid cases. We also found that the metamaterial fluidic
devices can work as an efficient ion sensor, because the dielectric constant of ionic solutions (such as KCl and
NaCl solutions) changes with ionic concentration as shown in Fig. 2(c). For instance, the sensitivity in terms of
the molar concentrations of the KCl solutions yielded 10 GHz per M. Our work will contribute to the qualitative
and quantitative study on the dielectric properties of various types of materials in THz frequency range as well as
to the development of effective future biological and chemical sensors.

Figure 2.
fsat/f0 as a function of
r for the (a) three polymers, and (b) three polar liquids extracted from
the THz transmission experiments (black boxes) and from FDTD simulation results (red solid lines). (c)
Extracted permittivity of KCl solutions for various molar concentrations
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virus detection
S. J. Park1, G. A. Shin2 and Y. H. Ahn1*
1
Department of Physics, Department of Energy Systems Research, Ajou University, Suwon 16499, Korea
2
Department of Environmental Engineering, Ajou University, Suwon 16499, Korea
*
corresponding author: ahny@ajou.ac.kr
Abstract- We developed terahertz metamaterials with micro- and nano-gaps for the sensitive
detection of viruses. Red-shift of resonant frequency occurs as we deposit low-density viruses such
as PRD1 and MS2 on the metamaterials due to the change of the effective dielectric constant of the
gap structure. Sensitivity increases as we reduce the gap size in the metamaterials, which is due to
the size compatibility and the strong field confinement effect in the gap area.
Metamaterials operating in THz frequency range have proven to be an efficient future platform for sensing
low-density microorganisms such as fungi and bacteria (with the typical sizes of 1–2 µm). Although their
scattering cross-section is extremely low against THz waves, the field-enhancement effects in the gap area
enable us to detect the low-density microorganisms [1]. On the other hand, sensing of viruses is still very
challenging because their typical sizes ranges ~ 50 nm, which scales only ~λ/10,000 with respect to the incident
THz waves. In this work, we used THz metamaterials for sensing low-density viruses and improved the
sensitivity by introducing nano-gaps in the metamaterials.

Figure 1. (a) SEM image of metamaterials (with a gap width of 200 nm) coated with PRD1 viruses. (b) THz
metamaterials resonances measured before (black line) and after (red line) the deposition.
Our metamaterials consist of split-ring resonators fabricated using conventional e-beam lithography
techniques (Fig. 1(a)). We deposited two types of viruses (PRD1 and MS2) on the metamaterials surface from a
solution, followed by a drying process in an oven for 5 min at 85 °C. A representative result is shown in Fig. 1(b)
for the metamaterial devices with the gap width of 2 µm, for the PRD1 viruses with the surface density of 4/µm2.
The resonant frequency red-shifts as we deposit the viruses and the frequency shift (Δf) increases with an
increase in number density. The red-shift in the resonance is due to the change in the effective dielectric constant

of the gap area, consistent with the measured dielectric constant of PRD1 viruses (εPRD1 ~ 4.1, εMS2 ~ 3.9).
More importantly, the sensitivity of THz metamaterials can be improved by reducing the gap width (wgap). In
general, THz metamaterials have gap structures typically with the size of ~µm which is compatible with the sizes
of the bacteria. In order to optimize the sensitivity, it is highly desirable to develop the metamaterials with the
nano-gap, compatible with the size of viruses. In Fig. 2(a), Δf is plotted as a function of PRD1 density for the
different wgap’s of 200 nm – 2 µm. Clear saturation behavior was found as the surface density increased and we
found that the saturation density is reached at the lower density for the metamaterials with the smaller gaps. We
plotted the sensitivity of the metamaterials sensors as a function of wgap in Fig. 2(b). The sensitivity increases by
about 8 times for wgap = 200 nm as compared to the case of wgap = 2 µm. The enhanced sensitivity in the
nano-gap metamaterials is attributable to the size compatibility between the target substances and the gap size,
accompanied by the large field enhancement effects in the gap area [2].

Figure 2. (a) Resonance frequency shift as a function of the surface density of viruses for metamaterials with
different gap width (b) The sensitivity of metamaterials sensor as a function of gap width (wgap).
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Abstract-In this contribution we demonstrate the substantial influence of meta-atoms in the
terahertz regime on the radiation efficiency when being arranged in a confined environment. The
meta-atoms, as the elementary structures of a metasurface, are thereby arranged in separated super
cells with varying element density. For such meta-atom ensembles we find a radiative lifetime
effect comparable to that known for an ensemble of excited atoms in a sub-wavelength volume.
In the past decades, there have been numerous investigations of the rising phenomena for ensembles of
atoms in a confined volume. In 1954, Dicke published a theoretical paper describing a modification of the
radiative lifetime for two level atoms confined in a volume smaller than the cubed wavelength corresponding to
the optical transition1. These effects have later been proven in a variety of experiments, e.g. in gas2 and as well in
solid state3 environments. Here, we describe a comparable experiment with meta-atoms, structures featuring
dimensions shorter than the interacting wavelength. These structures gained a lot of attention in the last years
starting with the pioneering experimental work of Pendry et al. including phenomena like negative refractive
index materials and perfect lensing4,5.
Our investigation focuses on the radiative lifetime of plasmonic resonators in the terahertz (THz) frequency
regime. The used meta-atoms can be regarded as a system of two conductively coupled dipoles oscillating in
phase. We measure the transmission properties of various metasurface arrangements by means of
time-domain-spectroscopy and extract the resonance frequency and linewidth out of the fitted spectra. Hereby,
the frequency position can be compared to a simple analytical model for estimating the resonance behavior of
conductively coupled dipoles. The different number of meta-atoms is arranged randomly in separated super cells
(see Fig.1 (a)) in order to prevent the formation of so called “lattice-modes” due to diffraction of the impinging
radiation, which can influence the linewidth of the plasmonic resonators6.

Figure 1: (a) Schematic drawing of the super cell geometry with varying number of randomly arranged
meta-atoms. (b) Radiative lifetime extracted out of transmission measurements for varying super cell sizes
containing an increasing number of meta-atoms.

The radiative lifetime is plotted as a function of the inverse number of confined meta-atoms in one super cell
in Fig.1 (b) as it reflects the behavior of the two-level atoms predicted by Dicke. As a result we obtain a
proportional dependence between the two parameters restricted only by a critical number of elements in one
super cell geometry. In order to confirm the observed behavior, in a subsequent experiment, we change the size
of the super cells by keeping the number of elements fixed in order to investigate the critical density showing a
modified radiative lifetime response. As schematically shown in the viewgraph of Fig.1 (b), the effect on the
radiative lifetime is restricted only to very dense ensembles of meta-atoms.
In the terahertz frequency range, only a few dense meta-atoms already show a strong modification of the
radiative lifetime and therefore, influence the rate at which the stored energy is lost.
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Abstract— Metamaterial designs combining graded arrays of resonators and elastic wave excitation are opening new possibilities to broadband control the propagation of mechanical waves
in solid media. In this presentation we report on the recent development of a graded metasurface that supports a variety of phenomena including wave focusing, re-routing, rainbow trapping
and mode conversion. Applications of this metamaterial can be envisaged in several fields and
lengthscales.

Recent years have witnessed an increasing popularity of metamaterial concepts, based on the
so-called local resonance phenomenon, to control the propagation of electromagnetic, acoustics
and elastic waves in artificially engineered media. While the momentum initially focused on the
subwavelength bandgaps generated by the resonance, the research is now shifting towards more
complete forms of control, encompassing tailored graded designs to obtain spatially varying refraction index, wide bandgaps and mode conversion. In the field of photonics and acoustic for
instance, this transition has already taken place and new graded design allows a tailored control of
the propagation of light, micro-waves and sound. Elastic waves, as opposed to acoustic and electromagnetic waves, are characterized by di↵erent compressional and shear wave speeds resulting
in mode conversions at the interfaces. On the one hand this makes elastic metamaterials complex
to model and the use of computational elastodynamics technique mandatory, on the other hand it
o↵ers new control possibilities not achievable in the electromagnetic or acoustic case (e.g. Fig. 1).
In this talk, after a brief introduction on resonant elastic metamaterials, we will discuss few
modeling strategies that allow tackling the complexity of the elastodynamic problem. Then, with
the help of parallel numerical simulations and ultrasonic experiments, we will explore the physics
and the capacities of a recently developed metasurface made of a cluster of rods on an elastic
substrate [1, 2]. The metasurface interacts and indeed controls the propagation of flexural waves
in plates and Rayleigh waves in halfspaces. Through an appropriate engineering of the resonator’s
length, we will show how to design a “resonant metalens” for wave focusing and re-routing and
a “resonant metawedge” that features not only rainbow trapping capacities but also Rayleigh to
shear waves conversion.
To conclude, we will discuss the potential engineering areas, such as geophysics (large-scale), mechanical engineering (micro-scale) and acoustic imaging (nano-scale), where elastic metasurfaces
can find application.
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Figure 1: Example of control achieved through one of the discussed resonant metamaterial for di↵erent type
of waves (Flexural or Rayleigh) and lengthscale.
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Abstract— Mechanical waves through periodic mass-spring lattices, as developed by Brillouin
and others as models in solid state physics, have long acted to motivate, and gain qualitative
intuition, about waves through continua containing periodic arrays of inclusions such as photonic
and phononic crystals. Our aim here, in the limit of closely arranged inclusions, is to make
the qualitative analogy precise, and quantitative, particularly in terms of the band diagrams
commonly used for dispersion analysis. Techniques based upon matched asymptotic expansions
use the non-dimensional narrow gap between the inclusions, h, as a natural small parameter and
allow us to replace a photonic crystal by an e↵ective mass-spring lattice for the whole acoustic
band, extract scalings for the frequency variation with gap width, and extend these ideas to higher
branches; ultimately a versatile semi-analytic methodology is developed for general inclusion
shapes and we illustrate this by comparison with numerical simulations.

One vital task in the design and optimisation of any photonic crystal is the accurate and rapid
identification of the dispersion bands, or band surfaces, so that features such as stop-bands, Diraclike points and local behaviour at stop band edges, can be tuned to enhance specific e↵ects; often
this can involve altering material properties, geometric shape or lattice parameters. There are well
developed numerical methods for finding band diagrams such as multipole methods for cylindrical
and spherical inclusions, plane wave expansion methods and finite element (FE) schemes; in practice many practitioners simply use general purpose commercial FE packages such as COMSOL.
Although numerical schemes are highly useful, they provide little physical insight, and can be computationally expensive particularly when resolving the limit of closely spaced inclusions that we
treat here. Here we develop an asymptotic theory based entirely upon exploiting the thinness of
the gap between inclusions, to be precise we will assume that the inclusions are smooth (with their
geometry locally quadratic near the thin gap) and that they have Neumann boundary conditions
upon them. We show an illustration of a typical geometry, closely packed cylinders placed on a
square array, in Fig. 1. Our aim here is to arrive at an asymptotic description of the closely-packed
system and to be able to replace the physical system of Fig. 1(b) with an idealised mass-spring
system as in 1(d). Natural questions that arise are how the frequencies at the band-gap edges, or
the dispersion curves themselves, scale with the gap width, whether there are analytic formulae for
the dispersion curves and, if so, what is the physics behind this. By developing an asymptotic understanding of this thin-gap material we are led to very rapid semi-analytic methods for generating
band diagrams that are almost immediate and do not require sophisticated numerical methods and
so we anticipate this being a useful alternative to numerical modelling.
The first part of the talk will be an intuitive description of the physics, we do so in terms of the
acoustics of a phononic crystal of rigid cylinders in an ideal gas, inspired by Rayleigh 1896. We
then proceed formally, using the language of matched asymptotic expansions, to obtain a completely
analytical formula for the acoutic branch. We move to analysing the higher branches using coupled
modes theory. Finaly, we show that this analysis is not limited to cylindrical inclusions, nor is it
limited to a square lattice and the approach is very versatile.
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Figure 1: A closely packed array of cylinders shown in (a) with (b) showing the elementary cell with the thin
gap of 2h and the inner regions (I) to (IV). Panel (c) shows the dispersion curves for h = 0.02 taken around
the edges of irreducible Brillouin zone (shown in the inset). Panel (d) the analogous mass and springs lattice
for the elementary cell of (b).
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Abstract-This work presents a newly-discovered elastic wave mode conversion mechanism called
the transmodal Fabry-Pérot resonance (TFPR) which occurs through a special anisotropic medium.
When the TFPR occurs at the TFPR frequencies, an incident longitudinal wave becomes maximally
transmitted to a transverse wave. The theory of the TFPR phenomenon is presented and the
anisotropic medium is realized by elastic metamaterials. Numerical and experimental results show
the unique transmodal resonance that maximally transmits an incident wave mode to another
without transmitting the incident mode.
When a layer of material of certain size is placed between waveguides, 100% wave transmission through the
layer can be possible at certain frequencies. This phenomenon is the well-known Fabry-Pérot resonance [1-2].
This resonance phenomenon has been applied to various wave fields such as wave interferometers and
spectroscopes. At the resonance, an incident longitudinal (or transverse) wave is transmitted to a longitudinal (or
transverse) wave; the mode at the inlet and the mode at the outlet are identical without mode conversion. When
the inserted material is not isotropic, however, an incident longitudinal or transverse wave is transmitted to both
longitudinal and transverse waves. On the other hand, we aim to investigate if an incident longitudinal (or
transverse) wave can be transmitted only to a transverse (or longitudinal) wave. This transmodal transmission
can be extremely useful for generating transverse waves efficiently by using common transducers generating a
longitudinal wave.
In this presentation, we report a new type of resonance phenomenon, which is referred to as the transmodal
Fabry-Pérot resonance (TFPR) at which an incident longitudinal (or transverse) wave is converted only to a
transverse (or longitudinal) wave with highly-efficient transmission through a special anisotropic medium. To
reveal this new phenomenon, we establish a simple theoretical model to describe the wave physics in the
anisotropic medium and show that inside the medium, longitudinal and shear waves are coupled in a special
manner. For the wave analysis, the transfer matrix approach was used [3]. To realize the desired anisotropic
medium exhibiting TFPR’s, a single-phase elastic metamaterial is designed. Finally, the transmodal conversion
mechanism was experimentally confirmed in a plate waveguide, and wave excitation and measurement were
done with magnetostrictive patch transducers [3,4].
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Abstract-In this work, we realize an elastic metasurface capable of anomalously manipulating the
refracted ultrasonic beam with almost full transmission. After the underlying mechanism involving
the longitudinal elastic wave motion by the developed mass-spring model is presented, the design
of the unique unit cell structure is proposed. For simulation and test, the metasurface is embedded
in a thin plate and the anomalous refracting and focusing of the lowest-symmetric Lamb mode
within its subwavelength thickness (<0.5λ) are demonstrated.
In order to maximize practicality of the metamaterial devices, bulky metamaterials may need to be
miniaturized to compact and thin devices. In this respect, numerous studies on the concept of the metasurface
based on the generalized Snell’s law [1] have been developed. Compared with vast works performed on optics
and acoustics, however, the elastic counterpart has been very rare due to lack of a concrete methodology to
control both the transmission and phase especially regarding only a single elastic mode. Our aim is to overcome
this limitation by developing an elastic metasurface for high-transmission anomalous beam refraction. As in the
electromagnetic and acoustic field, the elastic metasurface can be a powerful tool in solid mechanics as it may be
used for non-destructive evaluation and biomedical screening.
We design our elastic metasurface by using a single-phase medium (here, aluminum) to facilitate its
fabrication [2, 3]. Relying on our explicit analysis with mass-spring model, we can accurately estimate the
transmission coefficient and phase shift through the metasurface structure. By delicately designing the layout
and dimension of the unit cell of the elastic metasurface, it was possible to find the proper unit cell configuration
realizing both high transmission and the full phase span over 2π. Numerical simulations and experimental results
are presented to show how well the propoposed metasurface works.
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Abstract— We report on the design and operation of magneto-granular phononic structures
in two di↵erent configurations, line and shaped waveguides. These metawaveguides are composed of steel spherical beads in a properly designed magnetic field, the strength of which induces tunability in their dynamic response. Experimental results reveal the existence of coupled
transversal-rotational modes and conversion from longitudinal to transversal-rotational modes.
These observations are well supported by a proposed model taking into account all degrees of
freedom in translations and rotations. In addition, nonlinearity originated from contact deformations gives rise to nonlinear processes such as amplitude dependent transmission, filtering and
conversion to second harmonic frequency. The combination of the non-contact tunability with the
potentially strong nonlinear behavior of the granular systems, makes magneto-granular crystals
suitable nonlinear tunable mechanical metamaterials for the control of elastic wave propagation.

Granular crystals are periodic arrangements of elastic particles in contact in which the rotational
degree of freedom can play an important role on the wave propagation [1]. Here, we present the
theoretical and experimental study of 1D magneto-granular metawaveguides composed of steel
spherical beads inside a properly designed magnetic field. The latter is induced by an array of
permanent magnets. A schematic of the proposed magneto-granular chain is shown on Fig. 1(a).
This configuration allows us to tune the dynamic response of the chain by modifying the magnetic
strength of the magnets. Tunability of such system have been demonstrated in Ref [2]. As long as
the frequency is much below the individual resonances of the beads, the phononic band structure of
the granular crystals can be obtained by discrete lattice models, in which the contact deformations
are modeled by springs. Due to the finite size of the particles and the friction between them, one
should consider not only the normal contact sti↵ness but also the tangential and torsional ones.
Thus, rotational degrees of freedom should be included in the analysis [3].
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Figure 1: (a) Schematic diagram of the granular waveguide on top of permanent magnets within a rubber.
Forces and magnetic flux lines induced by the magnetic field have been superimposed. Photography of (b)
the line and (c) -shaped waveguides.

Moreover, a key feature of granular media is the strong nonlinearities at the contact that enable
a plethora of nonlinear processes. Granular phononic crystals have recently played a important
role in the study of fundamental nonlinear wave phenomena, including harmonic generation [4]
and discrete breathers [5]. They have been also applied in various engineering devices, including
acoustic lenses [6], and acoustic rectifiers [7, 8].
Here, we intend to design an acoustic device to control the elastic wave propagation taking
advantage of the strong contact nonlinearities and geometry. The line-shaped metawaveguide supports the generation of second harmonic for longitudinal motion. The experimental beating in
amplitude of this second harmonic is demonstrated in such system. Adding a second chain perpendicular to the first one linked at its extremities gives us a -shaped metawaveguide, see Fig. 1(c).
The experimental setup using external magnetic field to create precompression into the chain allows to easily build a two dimensional configuration avoiding mechanical boundary to constrain
the system. This system allows mode conversion from longitudinal to transverse-rotational modes.
Taking advantage of the nonlinearity, this system supports also amplitude dependent transmission
and filtering of harmonics.
To conclude, we have presented the realization and dynamics analysis of magneto-granular
metawaveguides composed of spherical steel spheres in contact in the presence of a properly designed magnetic field. The latter can be used to tune the dynamics of the structure. Evidence
of conversion from longitudinal to tranverse-rotational modes have been presented in a -shaped
waveguides. In addition, nonlinear processes are experimentally shown such as the beating in amplitude of the second harmonic and filtering of harmonics. The combination of the non-contact
tunability and the potential strong nonlinear behavior opens the way for the construction of novel
nonlinear tunable mechanical metamaterials for the control of elastic wave propagation.
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Abstract-Both experiment and numerical simulation were carried out to investigate the Lamb wave
propagation behavior on phononic crystal plates. The considered periodic structures on the plate are
holes and pillars. The dispersion relations of symmetric and antisymmetric Lamb waves extracted
from experimental measurement agreed quite well with the numerical results. It was found that the
band gaps of the phononic crystal plates with pillars was easier to observe experimentally and
narrow banded, which were caused by the local resonance.
In this study, we discussed the behaviors of Lamb wave propagating on the plate with periodic structures,
which are so-called phononic crystal plates. Two kinds of periodic structures were considered on the plate,
which are “hole-type” and “pillar-type”, respectively. We employed finite element method and plane wave
expansion approach to investigate the special wave propagating phenomena of the phononic crystal plates, such
as band gaps and changes of wave velocity. The effects of the periodic structures, such as the lattice constant,
filling ratio, periodic pattern and plate thickness, on the wave propagating behaviors were studied and the band
gap mechanisms were also examined. Different Lamb waves, i.e., symmetric and antisymmetric, could be
identified from the vibrating mode characteristic.
Then, we utilized PVDF line-focus transducer to experimentally measure the Lamb wave propagating on the
phononic crystal plates. The line-focus transducer serves as signal generator and receiver. And the whole
experiment was carried out under water. The transducer was first focus on the 50µm thick stainless steel plate
with impulse signal and proceeded to a series of de-focusing measurements. After signal processing and data
analysis, the dispersion curve could be extracted from a series of receiving signals and the band gap could be
identified. Various plate samples with different periodic structures were prepared and measured. The dispersion
relations from both experiments and numerical simulations were compared and found good agreement. However
due to the design of the transducer, the in-plane shear wave could not be excited. It was found that the band gaps
of the phononic crystal plates with pillars was easier to observe experimentally and narrow banded, which were
caused by the local resonance.
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Abstract-We demonstrate source illusion devices to manipulate guided elastic waves using
metasurfaces. A source shifter, a transformer and a splitter are proposed, then measured to be
broadband and robust against change of source positions. The approach is potentially useful for
non-destructive testing, ultrasonography and advanced signal modulation.
The transformation method1, together with metamaterials, is a powerful tool to achieve invisible cloaking
and other illusion effects for electromagnetic waves, acoustic waves, heat flows, and matter waves. However,
this approach is non-universal to manipulate elastic waves, as the governing equation in elastodynamics cannot
keep its form under a general coordinate transformation, unless further approximations are applied or Willis
media are employed. In consequence, the design of generic illusion devices for elastic waves is a challenging
task. On the other hand, metasurface2 has been demonstrated as an effective way to manipulate wavefront in
optics and acoustics due to the simplicity in fabrication with low-loss, compact structures, but without losing the
extreme functionality of bulk metamaterials. Zhu and Semperlotti3 presented the first elastic metasurface to
achieve anomalous refraction of guided waves in solids recently. Inspired by demonstrations of metasurfaces in
achieving reduced versions of electromagnetic cloaks4, here we develop a theoretical framework and
experimental realizations of source illusion devices for flexural waves in plates using elastic metasurfaces. Our
approach requires neither the form-invariance of elastodynamics nor bulk metamaterials with negative indices,
yet allows us to demonstrate a series of all-angle elastic illusion effects.

Fig. 1. Schematic of making illusions using metasurfaces. The unit cell is zoomed in the right part.

Fig. 1 shows the schematic diagram of the design strategy. Suppose that we have an original source, with
wave field characterized by its phase φ ori (x,y), a ring-type metasurface with the phase discontinuity of φ tar-φ ori,
being evaluated at the location of metasurface, will turn this original incident field into an arbitrary target profile
φ tar (x,y). By doing this, an observer outside the metasurface (the black dashed circle) finds the same target field
pattern in the physical space. Next, the phase discontinuity can be achieved by a ring-type metasurface. Each
unit cell consists of a curved thin bar with identical width d and height of turns h. Then the wave is restricted to
propagate along a zigzag path shaped by the unit cell. Due to the increase of total path length, we can increase
the phase discontinuity of transmitted waves.

Figure 2 (a) Normalized amplitude of the A0 wave field for the source shifter at 12 kHz. (b) Simulated
results for the source transformer at 8 kHz.

A source shifter is firstly proposed to shift the position of a wave source at origin (0,0) horizontally by a
distance ΔS to the left. Fig. 2(a) shows the simulated out-of-plane velocity field at 12 kHz. The circular wave
fronts are expected from the point source in the metasurface. Out of the metasurface, circular wave fronts are
also obtained, centred at about ΔS on the left of the origin. Our elastic metasurfaces can also be used to
transform a point source to a prescribed target wavefront. For example, we can impart an additional angular
momentum2 to the point source. The observer outside perceives it is a point source with spiral wave front. As
shown in Fig. 2(b), the cylindrical wave shapes into a spiral with evenly-distributed six branches outside
metasurface.
In order to validate the present method, we performed experimental investigations for the illusion devices.
They all coincide with numerical simulations and theoretical analysis. The proposed approach paves the way to a
much wider range of applications of metasurface. For example, the source splitter can be used as compact
devices with phased array sources for non-destructive testing, the source transformer with angular momentum
provides an additional degree of freedom for signal modulation.
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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, a hierarchical
architecture is introduced in ordinary phononic crystals (PCs) and acoustic metamaterials (AMMs)
to investigate modifications of the dispersion diagrams due to increasing structural complexity at
different scale levels.
Introduction. Hierarchical structures with constituents over multiple length scales are found in various
natural materials like bones, shells, spider silk and others, all of which display enhanced quasi-static mechanical
properties, such as high specific strength, stiffness and toughness, attributed to hierarchy1-3. At the same time, the
role of hierarchy on the dynamic behavior of phononic crystals (PCs) and acoustic metamaterials (AMMs)
remains largely unexplored. This study assesses the effect of bio-inspired hierarchical organization as well as of
the material viscoelasticity on the wave attenuation properties of continuous mechanical metamaterials4.
Although optimized ordinary PC and AMM configurations have been proposed so far5,6, light-weight,
practically oriented metastructures with multi-scale wave attenuation abilities remain an open field of research.
Indeed, ordinary elementary unit cells comprising single inclusions or cavities, often results into limited
frequency band gaps (BGs).
Unit cell organization. One way to potentially overcome this limitation is to exploit fractal-like and
bio-inspired structural hierarchy. Structural hierarchy is here understood in the sense that a representative unit
cell comprises multiple arrangements of inhomogeneities at various size scales. If the same arrangement occurs
at every scale, the pattern is called self-similar. We consider single-phase structures formed by self-similar unit
cells with different hierarchical levels and types of hierarchy, as presented in Fig. 1.
Results. The influence of bio-inspired hierarchical organization and material viscoelasticity on wave
dispersion in metamaterials with self-similar constituents at various spatial scales (see Figs. 1a and 1b) is
numerically and experimentally investigated. Contrary to previous approaches7,8, our study focuses on porous
hierarchical structures, whereby increasing hierarchy entails a weight reduction. Results highlight a number of
advantages, such as: (i) conservation of most of the BGs induced by the constitutive regular geometries, in the
presence of material damping (we show that even small viscoelastic effects, not treated in the current literature,

are essential in determining this behaviour); (ii) nucleation of additional “hierarchically-induced” BGs and the
tuning of the band gap frequencies of regular metamaterial to lower frequencies according to the spatial scale of
the hierarchy, with a simultaneous significant reduction of the global structural weight; (iii) similar wave
dynamics at low frequencies for hierarchical and corresponding regular structures.
The physical mechanism for the occurrence of the hierarchically induced BGs is discussed and the generality
of the observed behavior, which is not limited to a specific
configuration, is experimentally proved. A simple equivalent
mass-spring model has been developed to predict the observed BG
shift to lower frequencies.
In conclusion, this work provides insights on the crucial role
of hierarchical structure on the dynamic behavior of metamaterials
and reveals that the principles of bio-inspired hierarchical
organization can lead to light-weight metamaterials with advanced
multi-frequency attenuation properties, providing useful design
principles for further practical applications.
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Figure 1 Hierarchical “porous” structures found in
natural materials (diatom cell walls) at different
spatial scales and the corresponding bioinspired
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Abstract-We propose and realize a new elastic metamaterial having extreme broad low frequency
stop band. The stop band achieved with the proposed elastic metamaterial is from 235 to 4520 Hz.
To achieve the extreme broad low frequency stop band, we developed a new idea of near-zero
rotational stiffness, which is a different mechanism compared with phononic crystals or resonance
based metamaterials. We expect that the proposed elastic metamaterial can open a new way in
various vibration devices.
Achieving extreme broad stop band at low frequency range, around ~100 Hz, has been a big challenge in the
field in elastic metamaterial. If the extreme broad low frequency stop band can be achieved, one can
break-through the well-known mass law and realize new vibration shielding devices. Previously, two major
physics have been mainly considered to achieve a stop band metamaterial; one is the phononic crystal utilizing
Bragg scattering from the crystal’s periodicity1,2, and the other one is the resonance based metamaterial utilizing
internal resonance phenomena3. However, these two methods have shown a critical limit that they are hard to be
applied in achieving the extreme broad stop band at low frequency. The stop band achieved with phononic
crystals were generally formed at too high frequency ranges. On the other hand, the stop band achieved with
resonance based metamaterials were formed at low frequencies, but they suffered from narrow band width.
In this work, we propose and realize a new elastic metamaterial having the extreme broad stop band at low
frequency range. Fig. 1 (a) shows the wave dispersion curve of the proposed elastic metamaterial. In Fig. 1 (a),
the stop band is formed from 235 to 4520 Hz, which is not only broad but also very low that covers almost all
vibration frequencies. As explained above, such a broad low frequency stop band cannot be achieved by the
well-known phononic crystals or the resonance based metamaterials. Here, we developed a new method, called
‘near-zero rotational stiffness’ method, to achieve extreme broad stop band at low frequency range. As well
known, flexural elastic wave is governed by two kinds of stiffness – vertical and rotational stiffness4. We found
that by lowering the rotational stiffness and increasing the vertical stiffness, one can achieve extreme broad low
frequency stop band. Detailed physics and the actual metamaterial design to achieve this will be presented.
Fig. 1 (b) shows the numerically and experimentally measured vibration transmission of the proposed elastic
metamaterial structure. As can be seen in Fig. 1 (b), extremely effective vibration shielding from 235 to 4520 Hz
can be achieved with the proposed metamaterial. These investigations clearly supports that the proposed elastic
metamaterial indeed has the extreme broad low frequency stop band.

Figure 1 (a) Wave dispersion curve of the proposed elastic metamaterial, (b) numerically and experimentally measured
vibration transmission of the proposed elastic metamaterial

This work suggested that by using a new idea of ‘near-zero rotational stiffness metamaterial’, one can
achieve extreme broad stop band at very low frequency ranges. This approach, and the proposed elastic
metamaterial structure, can open a new way in vibration devices.
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Abstract
Phononic crystals (PnC) were known for acoustic band gaps
and applied as filters and reflective gratings for acoustic
waves. In this paper, another important property of PnCs,
the anisotropic propagation, was studied. A PnC made of
circular tungsten films on a lithium niobate substrate was
analyzed. Dispersion curves and equal frequency contours
of surface acoustic wave were calculated to show the
anisotropy. Then negative refraction of group velocity can
be observed and used to suppress diffraction of surface
waves.

1. Introduction
Phononic crystal (PnC) is an artificial composite for acoustic
waves. PnC consists of periodically-arranged elastic
materials or geometric structures in a background media.
While acoustic waves propagate in PnCs, there are some
special phenomena. One is the band gap which can block
waves in a frequency range [1-5], and the other one is
anisotropic propagation which allows the phase and group
velocities aiming at different directions [6-10]. These
properties allowed several applications of PnCs. Based on
band gaps, PnC were used as the gratings in surface acoustic
wave (SAW) device used in SAW resonators, filters and
sensors [11-16]. Further, a hybrid design of inter-digital
transducers (IDT) and PnCs was proposed to reduce the
acoustic loss in SAW devices [17, 18]. On the other hand,
PnCs with anisotropic propagation were used as a lens to
bend the propagating waves and to focus waves at a certain
area [19-21]. Negative refraction of waves in PnC were also
reported [22, 23].
In this paper, we analyzed Rayleigh waves in a square lattice
PnCs made of circular tungsten films on a piezoelectric
substrate. The band structures and equal frequency contours
(EFCs) were analyzed. By applying the anisotropic
propagation, negative refraction of group velocity were
observed at some frequency. Then using the PnC as an
acoustic lens to suppress diffraction were demonstrated.

2. Surface acoustic waves in
tungsten/lithium niobate PnC
In this paper, the 128˚Y-cut lithium niobate was chosen as
the matrix material and a square lattice PnC was formed by
circular tungsten films covering on the substrate. We used
the finite element method (FEM) to calculate the band
structures and EFCs of the PnC [11]. The lattice constant a
of unit cell was set as 4 µm, thickness of metal film h is 400
nm and radius r is 0.4a. The thickness h was chosen by
considering the feasibility of fabrication, and a large radius
allows more obvious dispersive bands. In order to enhance
the anisotropic propagation, we set the x axis of material
coordinate toward the ΓM direction of the square lattice
coordinate, as the inset shown in Fig. 1.
The dispersion curves of Rayleigh waves, Loves, and high
order SAW in the first Brillouin zone were shown in Fig. 1.
The irreducible are in the Brillouin zone is the area Γ-M1-YM2-Γshown in the inset. There are partial band gaps in the
ΓY direction while SAW can propagate in ΓM direction.
The frequency range from 370 MHz to 460 MHz is the
partial band gap of Rayleigh waves, and the range from 385
MHz to 430 MHz is the partial band gap of Love waves.
Using the partial band gap, the direction around ΓY is the
non-propagation direction to block energy.
The eigenmodes of all wave vectors within the first Brillouin
zone formed a dispersive surface SAWs. Then EFCs were
determined by cutting three-dimensional band structures at a
chosen frequency. EFCs are equivalent to slowness curves.
These curves show the relation of propagation property of
waves in different directions. Fig 2 showed the EFCs of 445MHz SAW in 128˚Y-cut LiNbO3 and the W/LiNbO3 PnC.
In Fig. 2(a), the EFC is non-circular for SAW in LiNbO3
which present the anisotropy of the piezoelectric materials.
By adding the square-lattice tungsten films on LiNbO3
substrate, the anisotropic wave propagation can be enhanced.
As shown in Fig. 2(b), partial band gaps for SAWs appeared
at the same frequency (445 MHz). We also analyzed another
PnC in which the square-lattice pattern rotated 45˚ and the
EFC shows more circular contours. Thus the alignment of
the PnC can be used to enhance or reduce the anisotropic
propagation of SAW in piezoelectric materials.
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Table 1: Typical incident and refraction angles of 445
MHz Rayleigh waves. The normal direction of the
interface aligns with the ΓM1 direction.
Incident angle
Angle of refraction
in LiNbO3
in PnC

Frequency ( MHz )

600

460 MHz

500
400

385-430 MHz

300

370 MHz

Rayleigh
Love

y

200

Y

100
0

Y

Γ

M2

x

Y
Γ

X

M1

Y

M1
X

M2

M

M2

Y

-1

-0.5

0

(a)

M1

1

-1

0

(b)

θgroup

7.75˚
5.00˚
3.00˚

4.15˚
3.00˚
1.90˚

5.30˚
3.50˚
2.05˚

-24.0˚
-16.5˚
-8.5˚

3.1. Wave trajectory

RW

The negative refraction of energy velocities in the interface
supports the development of a PnC lens. Ray trajectories of
energy were obtained by calculating the direction of the
energy velocity from different incident angles as listed in
Table 1. A PnC lens is a simple rectangular PnC. The energy
velocity performed negative refraction while entered and
leaved a PnC lens, and thus the thickness (the number of
layers) of the PnC lens determined the focal area of energy.
Fig. 4 showed the directions of wave energy form a point
source. Along the ΓM1 direction, rays were converged inside
PnC structure due to the negative refraction of energy
velocity. When thickness of lens is large enough, rays
focused within PnCs, and a secondary focal region outside
the lens appears. For different layers of PnCs, the focal
length of the secondary focal points changed with the lens
thickness, the distance of two boundaries of the lens. In the
Fig. 4, there is no focal point behind lens at an 8-layer PnC
lens. The focal length is around 11λ if the thickness of lens
is 15 layers; the focal length is around 22λ for the 21-layer
PnC lens. The focal points are the intersection of ray
trajectory of energy velocity and the concentrated energy
around those points performed larger displacement.

Γ
0.5

θphase

3. Lowering diffraction by phononic lens

LW

Γ

θgroup

Γ

Figure 1: Band structures of W/LiNbO3 PnC (a=4 µm, h
= 400 nm, r = 0.4a).

Y

θphase

1

Figure 2: EFCs of 445 MHz SAWs in (a) 128˚Y-cut
LiNbO3 and (b) W/LiNbO3 PnC.
The directions of wave propagation were observed from the
EFC figures. The direction form the origin to one point on
the EFC means the direction of phase velocity, the direction
normal to the EFC at the point presented the group velocity
(energy velocity). Considering the SAW passing the
interface of LiNbO3 area and PnC in Fig. 3, we determined
the angle of refraction by the Snell’s law. The typical value
were list in Table 1. The curve of SAWs in the PnC is
concave near the M1 and M2 points in the first Brillouin zone.
The directions of group velocity Rayleigh waves were
refracted to negative angles near the M1 and M2 points. At
the 445 MHz, the refraction angle of group velocity is the
minimum -24˚ near M1 point. The result showed that
Rayleigh wave at ΓM1 direction has stronger selfcollimation effect when passing the LiNbO3-PnC interface.
Thus ΓM1 direction, which is parallel to the x axis, was
specified in the development of using PnC to suppress
diffraction of surface waves.

8a

15a 11.0λ

21a

27a

21.9λ

32.4λ

Figure 4: Trajectory of SAW passing PnC lens in
different layers.

Figure 3: Directions of incident waves and refracted
waves at the interface of LiNbO3 and PnC regions.

2

1

3.2. SAW passing a phononic lens

Transmission

To design a lens, the transmission of waves passing the PnC
lens was considered. The PnC lens contained lots of
tungsten films which may scatter waves, and thus the
attenuation of wave inside the PnC lens were calculated. The
PnC lens with different thickness was set in FEM model and
the amplitude of wave passing the lens was recorded to be
compared with the incident waves. The transmission was
shown as the dashed line (the standard PnC) in Fig. 5. The
transmission did not show a simple trend. This should
resulted from the multi-reflection of SAW inside the PnC.
According to the theory of matching layer for the equivalent
pure material, the transmission can reach to highest value
while thickness of lens is an integral number of half
wavelength.
The transmission of wave passing a standard PnC lens
showed a noticeable energy loss. Thus tapered PnC region
was proposed to the design of PnC lens. Tapered structure
attached at the boundaries of PnC lens reduced the mismatch
of acoustic impedance and discontinuity. A two-layer
tapered PnC was defined by adding two-row tungsten film
with smaller radii (0.27a and 0.35a). The radii of the threelayer tapered PnC are 0.23a, 0.32a and 0.37a, respectively.
Fig. 5 showed that the tapered structure raised the
transmission effectively. The transmission raised from 80%
to 95%. Thus the PnC lens was designed with the three-layer
tapered structures in the following studies.
The numerical simulation of SAW passing through a PnC
lens in a three-dimensional model was present in this section.
The PnC lens was designed for the 445 MHz Rayleigh wave.
The first case considered the SAW generated by a point
source in front of the PnC lens. The amplitude of out-of-plan
displacement field was recorded to evaluate the PnC lens.
Fig. 6(a) showed the amplitude filed of the SAW in the pure
LiNbO3 substrate without a PnC lens. Fig. 6(b) is the result
which a 15-layer PnC lens was set. The amplitude fields
along the central line were plotted in Fig. 6(c). By
comparing these two cases, we observed that the energy was
concentrated when SAW through the PnC lens. Thus PnC
lens could help to suppress the diffraction of waves.
Further, the SAW launched by line sources were considered
and shown in Fig. 7. The length of line source is 3λ, and the
thickness of PnC lens is 21-layer. Fig. 7(a) is the
displacement amplitude without passing the lens. In the
simulation, the SAW from a line source propagated a longer
distance before the amplitude field spread because the
diffraction occurs mainly at the end points of the line.
Therefore, the longer of the source line is, the lower
percentage of the energy loss. Thus the effect of suppressing
diffraction waves was not as obvious as in the case of point
source. In Fig. 7(b), the PnC still converged the energy. Fig.
7(c) showed the amplitude along the central line. The PnC
lens did help keep the energy in the central line. These cases
with PnC lens really showed low diffraction, and the
decrease of energy in the 21-layer PnC lens is lower. The
result concluded that PnC could be used in the SAW device
to lower the diffraction of surface waves.
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Figure 5: Transmission of SAW passing through threetype PnC lenses of different layers.
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4. Conclusions
In this study, the tungsten/lithium niobate PnCs was
analyzed to understand the anisotropic propagation of SAW.
The band structure of the PnCs was analyzed the partial
band gap and negative reflection of energy velocity were
concluded. The PnC was used to be an acoustic lens to
suppress diffraction of surface waves at 445MHz along the
ΓM1 direction. Considering the energy attenuate inside PnC,
three-layer tapered PnCs were proposed to be placed at the
interface of PnC lens, and raise the transmission over 90%
and the thickness of PnC lens was chosen for higher
transmission. Ray trajectory from energy velocity was
plotted to predict the distribution of focal points. According
to this result, the diffraction of surface waves was
suppressed effectively, and this PnC lens could be used to
make the low-diffraction SAW device.
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Dynamic parameter control of magnet-less non-reciprocal
metamaterial (MNM) for adaptive electromagnetic material
Toshiro Kodera
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Abstract- Adaptive electromagnetic response control of metamaterial is quite attractive for
realizing environment adaptive metamaterial. The magnetic loss of magneto-less non-reciprocal
metamaterial (MNM) corresponds to Q-factor of resonant particle and it can be dynamically
controlled by the bias condition of the unidirectional active component. In this talk, a precise
Q-factor evaluation of MNM is presented and its results are compared to actual prototype device.

metal ring resonator
impedance:
phase shift:

isolator model

The magneto-less non-reciprocal matermaterial (MNM)[1] provides an
artificial creation of gyrotrpic magnetic response in RF regime, which
enables non-reciprocal device realization as same as ferrite material[2].
Figure 1 shows a simplified MNM model consists of metal ring
resonator with characteristic impedance Zo with phase shift φ and isolator
model. Assuming perfect-matched ideal isolator, Q-factor of this model can
be derived as [3],

(2n − 1)π
Q=
2

!
!
!
!
2Y0 Rx S21
!
!
! 2Y0 Rx (1 + S21 ) + 1 !

(1)

, where n is the resonance order and Rx is the loading resistance which
corresponds to energy dissipation by electromagnetic coupling with
Fig. 1 Simplified MNM model
resonator surroundings. The infinite Q-factor leads to oscillation (instability)
of MNM and, if S21 has a smaller value than unity, this situation arises only for Rx has infinity value (load-pull
situation). The exact magnetic loss of MNM can be estimated by the relation between Q-factor and half-value of
magnetic resonance (ΔH). This design guideline will provide the dynamic magnet-loss control of MNM leading
to environment adaptive metamaterial.
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Abstract-This paper updates the progress in the applications of metamaterials in the designs of
low-profile and broadband microwave antennas. First, the development of metamaterials-based
antenna technologies is introduced in the designs of artificial magnetic conductor (AMC) loaded
substrate-integrated Fabry-Perot cavity antenna, AMC-loaded ultra-high frequency (UHF) radio
frequency identification (RFID) reader antenna, high-permittivity meta-slab loaded high gain
antenna arrays for 2.5G/3G/LTE cellular base-stations. Then, as an example, the design of a
metamaterial-based broadband low-profile mushroom antenna is presented in detail.
As one type of artificially made electromagnetic structures, metamaterials feature the unique electromagnetic
properties which have never been found in any nature materials. The important impact of the research into
metamaterials is to control the electromagnetic waves and fields in an unusual way. In the past 18 years, the
theoretical research into new physical concepts and phenomena has led to many new scientific findings [1–3].
However, translation the scientific findings to engineering technologies for practical applications is critical
challenge. So far, more and more metamaterial-based designs have been applied to control the electromagnetic
wave transmission and reflection, while we have hardly seen success stories in practical engineering applications
of metamaterial-based antenna deigns because of the challenging requirements of antennas, in particular low
ohmic loss, wide operating bandwidth, and simple structure for low fabrication cost and ease installation.
The team from NUS and I2R has paid much effort to translate the physical concepts of metamaterials to
antenna engineering technologies in the past ten years. So far, we have developed many solutions for enhancing
antenna performance for RFID, WLAN/WiFi, cellular base-stations, radar systems, and so on. Here, we will
update the progress in the applications of metamaterials in ultra-low-profile broadband antenna technologies.
A. AMC-loaded substrate-integrated Fabry-Perot cavity antenna and UHF RFID reader antenna
An AMC-based partially reflective sheet and a ground plane are used as the two reflectors of the Fabry-Perot
resonant cavity for an ultra-thin design where the cavity is fully dielectric filled as shown in Figure 1(a). With a
microstrip patch antenna as a feed, the antenna operating at 10 GHz achieved the high gain of 12.5 dBi with an
aperture of 2λ×2λ and much reduced thickness of λ/9 (where λ is the operating wavelength in free space) [4].
Figure 1(b) shows an AMC-loaded UHF RFID reader antenna. The zero-phase-shift-line loop antenna
operating at 915 MHz is able to be positioned close to the AMC to achieve directional magnetic field distribution.
The ultra-low-profile antenna is with a thickness of less than λ/8 and enhanced magnetic field intensity.
B. High-permittivity meta-slab loaded high gain antenna
A double layer electromagnetic band gap (EBG) structure with high effective permittivity was loaded in a
dipole antenna to achieve wideband high-gain low-profile antenna [5]. The high-permittivity meta-slab loaded
This work was supported by National University of Singapore under Research Grant R-263-000-B62-112.

Figure 1.

Metamaterial-based antennas

dipole antenna was further developed to realize a maximum gain of 14.2 dBi with aperture efficiency of 94%,
and stable radiation patterns over a wide impedance bandwidth of 44.4% (1.67–2.69 GHz) as shown in Figure
1(c). Later, the technology was used to design the cellular base-station antenna with radiation efficiency of >90%,
half-power beamwidth of >55 5o, port isolation of >25dB over the bandwidth of ~45% (1710–2690 MHz) at an
overall thickness of 20 mm.
C. Metamaterial-based broadband low-profile mushroom antenna
Figure 1(d) shows the metamaterial-based broadband low-profile mushroom antenna fed by a microstrip line
thru an aperture on a ground plane [6]. The antenna printed on Rogers RO4003C (εr = 3.38, tanδ = 0.0027) has a
patch area of 0.72 0.72 and a thickness of 0.06 ( is the free-space wavelength at the center frequency of 5.5
GHz). Figure 1(e) illustrates the dispersion diagram of the mushroom unit cell, sketched electric fields of the
dual operating modes, |S11| and gain, radiation patterns of the antenna. Due to the unique composite
right/left-handed (CRLH) dispersion of the metamaterial mushroom unit and the feeding scheme, both the
adjacent TM10 and the antiphase TM20 modes are generated for consistent boresight radiation over a wide
bandwidth. The achieved bandwidth for |S11|<−10 dB is 4.85–6.28 GHz or 26%. The measured average realized
boresight gain is 10.2 dBi with consistent radiation patterns over the bandwidth.
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Abstract-Characteristics of surface plasmon modes, in particular the leaky modes, propagating on
dielectric-substrate supported silver nanowires of circular and pentagonal cross-sections are
numerically investigated using a finite-element method over the wavelength range covering the
optical communication band. Leaky modes are with electric-field guided mainly at the top air-silver
interface and with field leakage in the substrate, which are clearly revealed based on high-resolution
numerical analysis. Higher order leaky modes are determined for both circular and pentagonal
nanowires with their dispersions, cutoff wavelengths, and propagation losses compared.
This work concerns surface plasmon polariton (SPP) modes propagating along a chemically synthesized
silver nanowire, in particular for that supported by a dielectric substrate, as depicted in Fig. 1(a). Such nanowires
have been investigated for possible applications in optical sensing, optical coupling with nanophotonic
components and circuits, interaction with single-photon emitters, etc., and in many related experiments the
nanowires often appeared as falling on a dielectric substrate [1, 2]. From the viewpoint of solving
electromagnetic modes, the appearance of the substrate results in a more complicated boundary-value problem.
Recently, detailed guided-mode solutions based on a finite-element method have been reported for
circular-cylinder nanowires with emphasis on single-guiding-mode operation [2, 3]. We have recently conducted
mode analysis of similar circular-cylinder silver nanowires using an in-house developed full-vector
ﬁnite-element imaginary-distance beam propagation method (FV-FE-IDBPM) [4] and disclosed, in addition to
the “single-guiding mode” for which the mode fields are mainly guided near the nanowire-substrate interface,
the existence of a leaky mode with major electric-field distributions on top of the air-nanowire interface [5]. This
analysis method has recently been used to provide high-resolution modal characteristics and detailed modal
profiles of leaky modes on a metal stripe plasmonic waveguide with a metal stripe fabricated on top of a
substrate [4]. And the possible existence of the leaky mode on the structure of Fig. 1(a) can be understood from
the characteristics of the stripe waveguide [5].
The chemically synthesized silver nanowire can possess pentagonal cross-sectional shape [6], as depicted in
Fig. 1(b), with the circular cross-sectional shape being an approximation. This paper presents our recent studies
of the modal dispersions and propagation losses for silver nanowires of both cross-sectional shapes with the
considered wavelength range from 500 nm to 2000 nm, covering the optical communication wavelength band so
that waveguiding applications in future photonic circuits can be evaluated [2]. New results include obtaining the
higher order leaky modes in addition to the fundamental leaky mode reported in [4]. Possible application in
mode-division multiplexing for increasing data transmission channels along a pentagonal nanowire through the
existence of multiple leaky plasmon modes was proposed in [6]. Here we are interested in comparing modal
characteristics between the circular and pentagonal nanowires. Fig. 1(c) shows the Re[Ey] profile of the first

leaky mode at the wavelength λ = 500 nm when the radius of the circular silver nanowire (r) is 400 nm. When
the r = 400 nm circle is just tangentially surrounded by the five sides of a pentagon, the Re[Ey] profile of the first
leaky mode at the wavelength λ = 532 nm of the corresponding pentagonal nanowire is shown in Fig. 1(d). In
both Fig. 1(c) and (d), the modal electric field is mainly localized on the top of the nanowire in the air along with
down-propagating leakage field in the substrate. For the r = 400 nm circular nanowire structure in the considered
wavelength range, four leaky modes were found and their propagation length versus wavelength results are
shown in Fig. 1(e), where “AML” means “air-metal-leaky” with the subscript specifying the order number. The
results show the cutoff wavelength of the AML1 mode is longer than 1550 nm with the propagation distance
larger than 25 μm. The result corresponding to the Fig. 1(d) case is also shown in Fig. 1(e) from which longer
cutoff wavelength and larger propagation length are seen. The enough long propagation lengths give the message
that such leaky modes can play roles in practical applications.

(a)

(b)

(c)

(d)

(e)

Fig. 1. (a) Cross-section of the circular nanowire with substrate. (b) Cross-section of the pentagonal
nanowire. (c) Re[Ey] profile of the first leaky mode on the structure of (a) with nanowire radius of 400 nm at
λ = 500 nm. (d) Re[Ey] profile of the first leaky mode on the structure of (b) at λ = 532 nm. (e) Propagation
length versus wavelength curves for the four leaky modes on the structure of (a) with nanowire radius of
400 nm and the first leaky mode on the corresponding structure of (b).
Acknowledgements: This work was supported by the Ministry of Science and Technology of the Republic of
China under grants NSC103-2221-E-002-048-MY2, MOST105-2221-E-002-138-MY2, and MOST105-2811-E002-068.

REFERENCES
1. Li, Z., K. Bao, Y. Fang, Z. Guan, N. J. Halas, P. Nordlander, and H. Xu, “Effect of a proximal substrate on
plasmon propagation in silver nanowires,” Phys. Rev. B, Vol. 82, 241402(R), 2010.
2. Li, Q. Li and M. Qiu, “Plasmonic wave propagation in silver nanowires: guiding modes or not?” Opt.
Express, Vol. 21, No. 7, 8587–8595, 2013.
3. Wang, Y., Y. Ma, X. Guo, and L. M. Tong, “Single-mode plasmonic waveguiding properties of metal
nanowires with dielectric substrates,” Opt. Express, Vol. 20, No. 17, 19006–19015, 2012.
4. Liu, H. H. and H. C. Chang, “High-resolution analysis of leaky modes in surface plasmon stripe
waveguides,” J. Lightwave Technol., Vol. 34, No. 11, 2752–2757, 2016.
5. Chen, H. P., H. H. Liu, and H. C. Chang, “On the leaky modes for silver nanowires on a silica substrate,” in
Proceedings of 15th International Conference on. Numerical Simulation of Optoelectronic Devices (NUSOD
2015), Taipei, Taiwan, September 2015, paper ThPD2.
6. Yang, H., M. Qiu, and Q. Li, “Identification and control of multiple leaky plasmon modes in silver
nanowires,” Laser Photonics Rev., Vol. 10, No. 2, 278–286, 2016.

Plasmonic Sensor for Biomedical Device

CMOS spoof-SPP optical filter for fluorescence detection
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Abstract-In this work, an optical filter is designed based on spoof surface plasmon polariton
resonant cavity constructed by nanoscaled metallic line array. As for fluorescence detection, the
numerical results show that the 400~450 nm excitation light is almost 100% absorbed and the
750~850 nm fluorescence is highly transparent. The transmission difference between 400 nm and
800 nm reaches 64dB. Thus, an on-chip high SNR fluorescence detector can be achieved by
combining this filter and a high sensitive photon detector.

Fluorescence detection has attracted lots of research interests due to application in materials
science and biomedical such as DNA fluorescence detection for early diagnosis of genetic decreases.
However, complicated instrument such as fluorescence microscopy is usually employed for traditional
fluorescence detection technology. In this work, a kind of novel on-chip plasmonic filter is developed
for fluorescence detection. Specifically, a broadband filter is designed based on spoof surface plasmon
polariton (spoof-SPP) resonant cavity constructed by nanoscaled metallic line array. As for
fluorescence detection, the short-wavelength excitation light will be absorbed by the filter, while the
long-wavelength fluorescence beam will have a high transparency. Take the quantum dot source as an
example, we estimate the performance of the fluorescence detector using the numerical simulation
method. Both the transmission parameter and near-field distribution results show that the 400~450 nm
excitation light is almost 100% absorbed and the 750~850 nm fluorescence is highly transparent. The
transmission difference between 400 nm and 800 nm reaches up to 64dB. Thus, a broad operating band
and high SNR fluorescence detector can be achieved by combining the spoof-SPP based filter and a
high sensitive photon detector.
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Alternative plasmonic materials

Metal Alloys as Alternative Materials for Plasmonics
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Steel is an alloy primarily formed by iron, carbon and chromium that have transformed
our society. Today, steel is widely in a variety of applications, ranging from building
construction to surgical tools, all possible because alloying provides a low-cost material
with improved mechanical properties. In the realm of plasmonics, there is still a pressing
need to identify materials with superior optical response. Here, we present how the
alloying of metals (Ag, Au, Cu, Al) provides materials with permittivity values not found
in its pure counterparts. We overcome the constraint imposed by the pre-defined
permittivity of noble metals by alloying, where we have recently developed a library of
their optical properties [1]. Further, we implement a scalable method for the fabrication
of alloyed nanostructures with on demand optical response [2]. We resolve the lightalloyed nanostructures interactions by near-field scanning optical microscopy and 3D
full-field simulations. We demonstrate that perfect absorbers with superior performance
can be obtained by using Al-Cu/semiconductor, where we find near-unity absorption in
the visible and NIR range of the spectrum, not possible by using conventional metals [3].
We expect alloyed metals to become a novel platform for the design and fabrication of
building blocks for nanophotonics, for applications ranging from metamaterials to
displays and catalysis.
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Abstract Arrays of gold discs are investigated as substrates for luminescence and Raman
enhancement. These nanoantenna arrays exhibit relatively sharp grating resonances leading to
increased field concentration and light-matter interaction in their vicinity. This is harnessed for
enhanced luminescence of colloidal nanoparticles in the IR-telecom range and surface enhanced
Raman scattering in the near IR.
Plasmonic resonances from nanoscopic metal spheres, discs or rods are used frequently to concentrate light in the near
field due to their strong localized surface Plasmon resonances. However the large losses due to absorption and
scattering of the (mostly) dipole resonances results in rather broad single particle resonances with low Q-factors. This
limits the efficient interaction of the light field with matter and impedes the detection of clear peak shifts for e.g.
sensing applications. However plasmonic nanoantenna arrays have attracted considerable attention recently, since in
addition to the broad single particle plasmonic resonances they offer relatively sharp surface grating resonances 1.
Even lasing at these resonances was observed when semiconductor nanocrystals surrounded the nanoantennas 2.
Here we report on the use of gold nanodisc arrays for luminescence enhancement in the IR telecom range. Au-discs
with diameters in the range 150-250nm are arranged in square and rectangular arrays with periods around 900nm.
Transmission measurements using a collimated beam clearly show the sharp grating resonances at a wavelength of
1400nm, which appear at the long wavelength tail of the broad single particle resonances [Fig 1].
b)

Fig.1: a)

SEM-image of Au-Nanodisc

array on glass. b) Transmission spectrum
of disc array with disc diameter of 250
nm. The experimental curve is shown in
black. A Lorentzian fit (green) reveals
the underlying single particle surface
plasmon resonance. At λ=1400nm the
sharp (1 0) grating resonance appears.

Subsequently colloidal PbS-nanoparticles, which emit in the range between 1200-1500nm, were immersed in a
PMMA-solution and spread at the nanoantenna array. Photoluminescence (PL) measurements revealed an up to four
times enhancement of the emission at the grating resonance 3. The spectral coincidence of transmission dip and
PL-peak, which could be traced for differently sized discs, is a clear indication of their common origin [Fig. 2].
Furthermore the formation of the grating resonances in an asymmetric refractive index environment is studied to

evaluate the applicability of nanoantenna arrays in combination with silicon photonic devices.
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To determine the potential of nanoantenna arrays as substrates for surface enhanced Raman scattering, Au-nano-discs
were arranged in chains. Near-field hot-spots form in the small spaces between neighbouring discs of the same chain,
while the different chains are arranged in a 1D-grating leading to a far-field coupling between the chains. Disc
diameters of 100nm and a chain period of 500nm simulations yield a grating resonance at λ=810nm and a clear field
concentration between neigbouring discs within the chains is predicted [Fig. 3a,b]. Moreover the experimental
investigation of the Raman-effect of 4-methylbenzenethiol (4-MBT) molecules covering the Au-discs showed the
remarkable impact of the Laser-polarisation [Fig. 3c]. This can be intuitively understood considering the near- and
far-field coupling between Hertzian dipoles. The potentially strong enhancement of the SERS-signals due to the
simultaneous combination of the near-field and far-field coupling of particle plasmons might contribute to the
development of new large area SERS-substrates operating at non- or lowly focused excitation.
Acknowledgements The authors acknowledge funding from the German Federal Ministry of Research and
Education (BMBF) within the ZIK initiative and from the state Sachsen-Anhalt within the program
Sachsen-Anhalt WISSENSCHAFT Schwerpunkte.

REFERENCES
1. Auguié, B. and Barnes, W. L. "Collective resonances in gold nanoparticle arrays" Phys. Rev. Lett. Vol. 101, 1–4 ,
2008.
2. Yang, A. et al. "Real-time tunable lasing from plasmonic nanocavity arrays" Nat. Commun. Vol. 6, 6939,
2015.

3. Sardana, N. et al. "Localized surface plasmon resonance in the IR regime" Opt. Express Vol. 24, 254, 2016.

EM response of graphene oxide
1

A. Thourwal1, A.K. Singh1, and N. Sardana 2,*
Department of Electronics and Communication Engineering, PEC university of Technology, Chandigarh, India
2
Nanostructured Device Group, Institute of Nano Science and Technology, Mohali, India
*
corresponding author: nsardana@inst.ac.in
Abstract- This work provides a study the shape dependent resonant properties of the graphene
oxide-on FR4, FR4-Cu structures using the GO metamaterials (MMs) patterns. Such different
structures are explored for low cost applications in household Wifi antennas.

Recently, metamaterials (MMs) have attracted the attention of many scientists due to their unusual electromagnetic
(EM) properties which cannot be found in nature such as negative permittivity and negative permeability [1, 2]. Many
researchers have studied the EM response of MMs to use in many applications such as antennas, sensors, lenses,
absorbers. Moreover, they can be designed in microwave, millimeter-wave, and optical frequency bands [3].
Furthermore, as an alternative to graphene technology which is expensive and prone to oxidative environments is the use
of low cost graphene oxide [4]. It is reasonably easy to produce a large-area of low cost manufacturing grade graphene

oxide, having many lucrative nonlinear optical properties [5] for applications in ultrafast photonics and
optoelectronics, especially for Kerr effect in optical switching, and fast optical communications [6].

In this work we aim to produce low cost GO and study different shape dependent response GO MM
antennas in X, C and S band. The S parameters such as the reflection coefficient (S11) and the transmission
coefficient (S 21) were obtained from the simulation and experimental analysis using a VNA. Transmission
peaks around 6-8GHz on FR4. From the self-resonance, overlap, and the larger overall current responses with
respect to existing SRRs designs, it is clear that the proposed metamaterial’s response is the main advantage.
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Abstract- Here we show the fabrication of all-dielectric gallium phosphide (GaP) nanostructures
with negligible losses in the visible. Second harmonic (SH) generation and surface-enhanced
fluorescence and are studied with these platforms. Employing single GaP nanodisks, we observe an
increase of more than 3 orders of magnitude in the SH signal with comparison to bulk. We report to
the best of our knowledge, the highest yet achieved SH efficiency in the optical region produced by
a single nano-object. Furthermore, we show that GaP dimers with 35 nm gap can enhance up to
4000 times the fluorescence emission of dyes located in the gap of the nanoantenna. This is
accomplished by a fluorescence lifetime reduction of, at least, 30 times and a high intensity field
confinement in the gap region. These results open new venues for low-loss nanophotonics in the
optical regime.
The initial motivation on plasmonic nanostructures for the development of nanophotonic devices operating
in the optical regime was later partially eclipsed with the observation that losses could, in some cases,
overtake actual radiative properties [1, 2]. In this scenario, dielectric nanoantennas have recently emerged
as promising alternative candidates to plasmonic systems in the visible range [3, 4]. High-refractive-index
dielectric nanostructures can highly concentrate electric and magnetic fields within subwavelength volumes,
while presenting ultra-low absorption, compared to metals, when excited above their bandgap energies [5].
In particular, dielectric nanoantennas are expected to boost both nonlinear phenomena and surface-enhanced
spectroscopies, without producing significant heating, since locally enhancing the incident light intensity can
significantly amplify these processes, as their efficiencies increase with the excitation density.
GaP, in particular, is a dielectric with an associated bandgap wavelength as small as <550 nm and a
relatively high refractive index of 3.5, opening interesting opportunities for the development of
ultra-low-loss nanophotonic antennas in the optical range. In this presentation, efficient generation of second
harmonic light is demonstrated throughout the visible regime by suitably tuning the size of single GaP
nanodisks, enhancing their nonlinear response by more than three orders of magnitude with respect to the
bulk, via surface effects [6]. Furthermore, by analysing the radiative properties of fluorescent molecules
located in the hot-spot of a GaP dimer nanoantenna with 35 nm gap, a fluorescence enhancement factor as
high as 2640 is attained when comparing with the bare emitter [6]. Both, high-field confinement effects, and
a fluorescence lifetime reduction of more than one order of magnitude, give rise to the measured
enhancement factor. The results of this work [6] open new avenues for low-loss nanophotonics in the optical
range.
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Abstract-We consider light trapping by bound states in the continuum (BSCs) in linear periodic
arrays of optically coupled high-index dielectric nanospheres. Using a Mie multi-scattering
approach we numerically demonstrate that the BSC-related resonances in arrays of silicon
nanospheres can be employed for both light guiding and light enhancement in he visible-to-near
infrared range. Asymptotic behavior of the resonance Q-factor against the number of spheres is
elaborated.
We consider light trapping in linear periodic arrays of optically coupled high-index dielectric nanospheres.
The optical properties of the arrays are examined by a Mie multiscattering approach taking into account electric
and magnetic multipoles of all orders [1]. When the array is infinite it is known to support bound states in the
radiation continuum (BSCs) [2], i.e. structural resonances with infinite life-time embedded into the continuous
spectrum of scattering states. Two classes of the BSCs can be identified, namely, topologically and symmetry
protected states. In particular, we demonstrate that there is a Bloch guided BSC mode which is stabilized by a
topological singularity in space of the resonance coupling constant. We show numerically that this Bloch BSC
can be employed for guiding light pulses above the line of light [3]. If the infinite array is terminated at both
ends to form a finite chain of dielectric spheres the BSCs become high-Q resonances. We evaluate the
asymptotic behavior of the Q-factor of such resonances against the number of spheres in the array. We
demonstrate numerically that under illumination by a plane wave finite arrays of 10-15 silicon nanospheres can
be used to enhance the amplitude of the impinging light at least by order of magnitude in the visible-to-near
infrared range when the material and geometrical parameters of the systems are tuned to the structural resonance
associated with a BSC [4].
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Abstract-Here, we intend to show a review of our recent investigations in light scattering by
nanostructured High Refractive Index Dielectric (HRID) materials and their possible applications for
controlling the direction of the scattered light, for switching purposes and, as an alternative to metals,
as low-loss near-field enhancers for sensing applications.
Nanostructured high refractive index dielectric (HRID) materials in the VIS and NIR (like Si, Ge, and other
semiconductor compounds) have shown to be excellent candidates for building units of more complex optical
devices and also, as an alternative to metals for plasmonics and surface enhanced effects (SERS and related
techniques)1,2. This is because of both their inherent low ohmic losses and the magnetodielectric effects they
present in those spectral ranges. These effects are due to the excitation of non-negligible magnetic resonances
whose coherent interaction with the electric ones leads to interesting directionality effects which can be the base
for constructing nano-antenna elements in the optical range and consequently, leading to advances in the
fabrication of more complex optical devices. In this research, for single particles, directionality effects3-7 and
sensing to both particle purity8 and surrounding medium refractive index9 will be analyzed. The latter will be also
studied for dimer configurations by means of the near field enhancement in the gap10,11. Also, for dimer geometries,
a novel switching effect will be presented12.
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Abstract-Enhanced light-matter interaction near nanostructures have been widely investigated.
Chiroptical signal can also be enhanced for a chiral molecule located at the field with enhanced
optical chirality. This work investigates globally enhanced optical chirality near achiral
nanostructures with simultaneous electric and magnetic resonances.
Chirality, or the absence of symmetry mirror, enables different chemical interaction between enantiomers
and a chiral molecule and different optical interaction between circularly-polarized-lights (CPLs) and a chiral
molecule. Therefore, chiral sensing has been actively researched in many fields, such as chemistry, biology, and
pharmaceutics. The chiroptical properties of chiral molecules can be characterized through circular dichroism
(CD), optical rotatory dispersion (ORD), and Raman optical activity (ROA). However, due to large size
mismatch between light and molecules, only weak chiroptical signals could be measured, restricting practical
measurement. Tang and Cohen discovered the relationship between absorption rate of chiral molecules and local
optical chirality [1] and enabled prediction of CD enhancement before actually fabricating a device and
measuring a sample. Intense local chirality enhancement near chiral plasmonic nanostructures has been reported
[2]. However, the chiroptical signal from the chiral nanostructure was enormous and exceeded the signal from
molecules, so their chirality characterization came from its chiroptical peak shift, not from molecular chiroptical
signal itself. In addition, simultaneously existing different signs of chirality in volume result decreased overall
chirality enhancement and effectiveness of solution-based chirality sensing. Global, not local, enhancement of
chirality requires simultaneous electric and magnetic resonance, and high index materials, such as silicon
nanoparticles, have been known to exhibit both electric and magnetic resonances [3]. This study investigates
optical chirality enhancement near achiral nanostructures with simultaneous electric and magnetic resonances
through full-wave numerical simulation. Such structures with high optical chirality enhancement but no chiral
signal from themselves can be applied to chiroptical sensors.

Figure 1. (a,b) |E|2/|E0|2 and |B|2/|B0|2 near a silicon sphere of radius 100 nm at x polarized light incidence.
Electric dipole in x direction and magnetic dipole in y direction are formed. (c,d) Optical chirality enhancement
near a spherical silicon dimer aligned in x direction. Electric hotspot formed at x polarized light and magnetic
hotspot formed at y polarized light as ref [4] are superposed at the center of the dimer resulting optical chirality
enhancement hotspot.
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Abstract – Silicon Mie resonators and metasurfaces were nanofabricated using electron beam
lithography followed by wet chemical alkaline etching or reactive ion etching. The fabrication
process was adapted for both amorphous and monocrystalline silicon in order to obtain efficient
resonant light scattering by individual silicon particles. A large palette of colors was created by tuning
the size, shape and aspect ratio of the particles.
Nanoparticles of high-refractive index dielectric materials like silicon are known to efficiently scatter
incident electromagnetic waves. The extinction spectra show several well pronounced peaks corresponding to
electric and magnetic dipole and quadrupole moments resonantly induced in the particles by the incident light.
The spectral positions of these peaks are determined by the shape and the size of the individual particles as well
as by coupling between the particles if they are situated close enough from each other. For the visible and
near-infrared spectral regions, the typical sizes of individual resonant silicon particles are situated in the range
from 70 to 250 nm [1,2].
The nanoparticles can be organized in order to form metasurfaces which allows to control collective effects
and to optimize the interaction between the particles. For the metasurfaces constituted by the individual particles,
the distances between them should be large enough in order to avoid possible near-field coupling. For example,
recently we have fabricated the metasurfaces composed of silicon particles situated at distances larger than 1 µm
providing vivid structural colors [2]. On the other hand, a metasurface composed of closely packed resonators
has shown to be a very efficient antireflective coating in a large spectral range from the visible to the near
infrared and it was fabricated by nanostructuring of monocrystalline silicon [3].
All the fabrication processes need to be carefully adapted to the active material and to the substrate in order
to control the size and the shape of the individual nanoparticles and their organization in metasurfaces. We used
amorphous and crystalline silicon to fabricate all-dielectric colored metasurfaces, absorbers and antireflective
coatings. Amorphous silicon thin films were deposited onto transparent silica glass substrates. Then, the films
were patterned by electron beam lithography followed by wet chemical etching in alkaline solutions [1] or by
dry reactive ion etching [2]. Different materials such as gold and nickel were used to create hard masks adapted
to the etching processes. We will also discuss an original maskless fabrication process using focused ion beam

exposure.
We used wet chemical etching in two different types of alkaline solutions (based on potassium hydroxide
and tetramethylammonium hydroxide) and we will discuss their influences on the shapes of the silicon
resonators. The fabrication method was applied on both monocrystalline and amorphous silicon. In the case of
crystalline silicon, the etching rates strongly depend on the orientation of the silicon crystalline planes, on the
temperature and on the composition of the alkaline solution. The etching of monocrystalline silicon patterned
with the same mask but in different alkaline solutions can give rise to the formation of nanofeatures with very
different shapes [1]. In this case, very careful numerical simulations were needed to control the shape of the
obtained features. Contrarily to the case of crystalline silicon, the etching rate of amorphous silicon is isotropic
because of the isotropic atomic density. In that case, the final shape depends only on the shape of the mask. Dry
reactive ion etching was also applied to both amorphous [2-5] and monocrystalline [3] silicon. This process
allows obtaining a very good etching anisotropy and nearly vertical walls of the structures.
The shapes and the sizes of the obtained nanofeatures were controlled by scanning electron microscopy, and
then the fabricated arrays of nanoparticles were characterized by optical spectroscopy in reflection mode with a
dark-field microscope. The different scattering modes were identified as magnetic and electric dipole and
quadrupole Mie resonances by comparing experimental and numerically simulated spectra. We also fabricated
silicon monomers [4] and dimers [5] that were used to tailor the spontaneous emission of organic molecules.
In conclusion, we fabricated all-dielectric silicon metasurfaces by electron beam lithography followed by
alkaline and reactive ion etching and we observed vivid colors provided by the resonant light scattering by
individual silicon particles. The relative strength of the electric and magnetic resonances can be easily tuned with
the aspect ratio of the particle. This allowed us to create a large palette of colors when considering the same
particle height and simply tuning the aspect ratio of the particle by varying the diameter.
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Extreme absorption enhancement in ZnTe:O/ZnO intermediate
band core-shell nanowires by interplay of dielectric resonance and
plasmonic bowtie nanoantennas
Kui-Ying Nie, Fang-Fang Ren, Jiandong Ye*
School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, China
*
corresponding author: yejd@nju.edu.cn
Abstract- we explore a rational design of a hybrid structure composed of ZnTe:O/ZnO core/shell
NWs with Al bowtie nanoantennas, which exhibits strong ability in tuning and enhancing
broadband light response due to the interplay of NW dielectric resonance and plasmonic coupling
of metallic nanoantennas.

Intermediate band solar cells (IBSCs) are conceptual and promising for next generation high efficiency
photovoltaic devices, whereas, IB impact on the cell performance is still marginal due to the weak
absorption of IB states. The demand for IBSCs with higher conversion efficiency and lower cost is
driving academic and industrial research efforts in the search for desirable intermediate band materials.
Thanks to the strong interaction with light, one dimensional semiconductor nanowires (NWs) have
provided an extraordinary platform in applications of photonics and solar energy harvesting [1-2]. To
this end, we explore a rational design of a hybrid structure composed of ZnTe:O/ZnO core/shell NWs
with Al bowtie nanoantennas, which exhibits strong ability in tuning and enhancing broadband light
response due to the interplay of NW dielectric resonance and plasmonic coupling of metallic
nanoantennas. The nanowire dimensions are primarily optimized to offer highly confined energy
density by engineering leaky-mode dielectric resonances in the visible spectrum region, which
maximizes the overlap of the absorption spectrum and the optical transitions in ZnTe:O
intermediate-band (IB) photovoltaic materials. By coupling with bowtie antennas composed of
low-cost and CMOS-compatible Al metal, the absorption efficiency of ZnTe:O/ZnO core-shell single
NW is further enhanced owing to the increase in the radiative loss induced by the excitation of local
surface plasmons. The interplay of dielectric and metallic resonance effects in subwavelength-scale
nanowires opens up new avenues for overcoming the poor absorption of sub-gap photons by IB states
in ZnTe:O to achieve high-efficiency IBSCs.
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Nonlinear polarization rotation of polarization-structured beams
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Abstract: Structured intense laser interacting with matter will result in a variety of novel
nonlinear optical effects, modulate the light propagation behavior, and change the structural
property of a material. In this work, we report a theoretical investigation of the spatial self-phase
modulation (SSPM) effect and nonlinear ellipse rotation of both hybridly polarized vector beams
and elliptically polarized vector beams through isotropic Kerr nonlinearities. Based on the
vectorial Rayleigh-Sommerfeld formulas under the paraxial condition, we obtained the analytical
expressions of the focal fields of both the hybridly polarized vector beam and the elliptically
polarized vector beam. We determine the isotropic third-order nonlinear refractive indexes of a
medium excited by the vector field with arbitrary ellipticity. Then we numerically simulate the
far-field vectorial self-diffraction behaviors and nonlinear ellipse rotations of two types of vector
beams through isotropic Kerr nonlinearities. We systematically study the dependence of the
self-diffraction behaviors on both the physical origin of the optical nonlinearity and the nonlinear
phase shift. It is demonstrated that the SSPM intensity pattern, the distribution of state of
polarization, and the spin angular momentum (SAM) flux of a hybridly polarized vector beam
could be manipulated by tuning the magnitude of the isotropic optical nonlinearity. Interestingly,
we observed the radial-variant nonlinear ellipse rotation of elliptically polarized vector beams
through isotropic Kerr nonlinearities. Our results may find interesting applications in nonlinear
mechanism analysis, nonlinear characterization technique, and SAM manipulation.
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Abstract- Negative refraction has attracted significant interest of researchers due to its various
applications including super-resolution imaging, slow light devices, and cloaking. Although it can
be realized in hyperbolic metamaterial, conventional hyperbolic metamaterial has been suffered
from high resistive loss and narrow working frequency. In this work, new design of hyperbolic
metamaterials of vertically stacked metal-dielectric multilayer is proposed. Comprehensive
comparison between two types of vertical and horizontal multilayer hyperbolic metamaterial is
followed based on numerical calculation of negative refraction.
Metamaterials have been transforming a number of fields with unprecedented optical phenomena. In
particular, hyperbolic metamaterials are highly anisotropic metamatarials, which have opposite signs of
permittivity depending on the direction [1,2]. They have shown extraordinary properties such as negative
refraction, diverging photonic density of states, and super resolution effect. Conventional hyperbolic
metamaterials can be realized by horizontally stacked metal-dielectric multilayer [3,4]. However, according to
the Maxwell-Garnet’s effective medium theory, the optical resonance is inevitably accompanied in conventional
horizontal multilayer structures, restricting their performance with high resistive loss and narrow working
frequency.
Here, we suggest new design of hyperbolic metamaterials of vertical metal-dielectric multilayer, which does
not require any resonance. Therefore, it shows low loss and broad working frequency, suggesting practical
applications of hyperbolic metamaterials. In this study, we compare the two types of vertical/horizontal
multilayer hyperbolic metamaterials. Based on the calculated effective permittivity, we report that vertical
multilayer broadens the working frequency of hyperbolic metamaterials, compared to conventional horizontal
multilayer. Furthermore, the numerical simulation of negative refraction in two types of hyperbolic
metamaterials is also conducted, in which vertical multilayer structure suffers much less loss and therefore
transmits most of the light. Although the proposed design of new hyperbolic metamaterials has not been
experimentally realized yet, it will open the new world, providing the possibility of the realization of various
applications of hyperbolic metamaterials.

Figure 1. Numerical simulations of negative refraction in two metal-dielectric multilayered hyperbolic metamateirals,
which is composed of Ag and Al2O3. The green boxes indicate hyperbolic metamaterials; left and right ones are for
horizontal multilayer at 365 nm wavelength and vertical multilayer at 480nm, respectively. Most of light is absorbed
and cannot propagate through horizontal multilayer (left) due to high restive loss, whereas most of light propagate
through vertical multilayer (right).
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Resonance splitting in 3D Bi-flake Metamaterial
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Abstract-A 3D metamaterial composed of two metal flakes with supplementary angles were
fabricated by ion beam induced folding technique. Due to its asymmetry configuration, trapped
mode can be excited by the destructive coupling between two flakes, and the evanescent wave of
surface plasmon plays a leading role. The resonance peak can be split into two peaks, and these
steep resonance peaks have great potential for sensing and detecting applications.

In recent years, great interests have been devoted to 3D plasmonic structures with the development of 3D
micro/nano fabrication techniques and high demand of spatial optical interconnections. Varieties of 3D
fabrication techniques have been developed such as layer-by-layer stacking1, shadow evaporation2, and ion-beam
folding3. Among them, ion-beam folding is a most flexible method to make 3D structures with designable shapes
and orientations. The 3D structures have far more ways of inter- or intra-coupling, and can be modulated by
external signals such as mechanical, heat or pressure, indicating potentials on active devices.
It has been proved that symmetry-broken structures will lead to trapped-mode with high Q-factor4. In this
work, we studied a special 3D metamaterial, the building block of which is composed of two metal flakes with
supplementary angles. From the simulation and optical measurement data, it can be found that when the inclined
angles of both flakes are 90°, there’s only one peak in the spectrum. As the inclined angle changes, the peak
splits into two peaks, and they gradually shift opposite to each other. These two peaks come from coupling of the
LC modes on the edge of the structures, corresponding to normal and trapped modes respectively. The steep
peak is a good candidate for sensing devices.
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Application of Surface Plasmon Antenna
To CMOS Terahertz Detectors
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School of Electronic Science and Engineering, Nanjing University, Nanjing 210093, China
Abstract- On-chip surface plasmon antenna used for CMOS Terahertz detectors is demonstrated. Unlike
the traditional metal antenna, it is designed with heavy-doped polycyrstalline silicon material, backed
with an silica layer to prevent radiation from going inside the lossy silicon substrate. By optimizing the
antenna pattern using a frequency-domain solver, HFSS, surface plasmon polaritons (SPP) are excited in
the antenna and can propagate THz signals to receievers. A CMOS terahertz detector integrated with the
proposed antenna at 0.65THz is fabricated in 0.18µm standard CMOS technology. The measurement
results show the detector can boost the voltage response by 200% due to the increased local electrical
field. The transmission-mode image of the metal blade using the detector is further exhibited. The results
demostrate that the designed surface plasmon antenna has a high performance to THz radaition comparable
with the conventional radio-wave one.
For using FETs to detect sub-THz waves, FETs are usually integrated with the antennas for collecting
THz signals [1-4]. In order to obtain high-performance detection, matching of the input impedance of the
antenna and FETs should be carefully considered. However, there remain the challenges to realize
antenna with ideal power matching for CMOS devices in THz region [1-2]. New surface plasmon antenna
designs [5-8] provide a strategy overcoming this trade-off by converting the input light into the localized
surface plasmon polaritons resonances.
Under the normal incidence of electromagnetic waves, the propagation of SPPs (Kspp) in the metal-like
material can be expressed as
K SPP =

2π

λ

ε1ε 2
ε1 + ε 2

where ε1 is the dielectric constant of the medium while ε2= εr2 +jεi2 is the dielectric constant of the
metal-like material. The denotations εr2 and εi2 represent the real and imaginary part of ε2 respectively. It
has been pointed out that the effect of SPP enhanced transmission will increase with a higher value of the
ratio between the dielectric constant’s real and imaginary part εr2 ⁄ εi2. From the well-known Drude-type
calculation, we calculate the real and imaginary of heavy-doped silicon. The typical ratio is εr2 ⁄ εi2 = 0.37
at 1THz, which suggests a good capacity to support the excitation of SPPs in the terahertz wavelength.
We design on-chip silicon antenna with the modified bowtie structure which combines the advantages
of both rod and bowtie to achieve the high localized field enhancement for Thz radiation. As the antenna
geometrical parameters have influence on the SPP excitation, the High Frequency Structure Simulator
(HFSS) calculation is performed. By monitoring the SPP modes observed as the maximum in electrical
field, the most proper structural parameters of the antenna are achieved.
On the basis of the above simulation results, Si surface plasmon antenna coupled NMOS detector at
0.65THz is fabricated using 0.18µm CMOS process on an 8 inch Si wafer with a thickness of 300 µm.

The NMOS channel length and width are 0.18µm and 0.32 µm, respectively. According to the earlier
FETs device described in [2], when THz signals coupled to the source terminals of MOSFETs, the
transistors under the gate voltage rectify the signals and generate a detectable DC source–drain voltage .
The fabricated detector is then characterized using a Thz source around 0.65 THz with an illumination
power of 1 mW. We compare the voltage response–gate bias characteristic of detectors at 0.65THz with
and without the surface plasmon antenna. The response from the detector with antenna exhibts about 200
times larger than one without the antenna. Such enhancement of voltage response is a direct experimental
evidence of plasmonic effect from Si antenna in Thz region. Furhtermore, the scanned transmission-mode
image of a cutter blade embedded in polystyrene foam using the pixel is carried out. These results show
that the detector has a high performance to THz radaition comparable with that of conventional
radio-wave one. The demonstrated on-chip surface plasmon antenna provides a technology platform for
the ease of design and fabrication of CMOS THz detectors without the need of strict matching of the
antenna and Si FETs receiever.
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Abstract-An analytical method to design optical coatings for giant field enhancement under total
internal reflection will be presented. Enhancements of several decades can now be localized at
arbitrary altitudes within a multi-dielectric component and for different wavelengths.

Volume confinement and field enhancement in optical devices still promote key applications in the field of
sensors and micro-sources. Different techniques have been studied and we proposed here an optimized method
based on optical interference coatings (OIC). To fit more and more severe requirements, modern design
techniques allow producing multidielectric devices with nearly 1000 layers. They are mainly used in free space
to control specular properties and less commonly for field enhancement. Narrow-band filters may provide such
property, but the enhancement is confined within their spacer, which excludes sensitivity to the surrounding
medium.
For this reason several works were devoted to resonances of all-dielectric multilayers in total internal
reflection, to build a huge over-intensity at the substrate interface. However, design optimization was not fully
achieved, due to a lack of analytic formulation; indeed numerical data are used to identify the reflection poles of
the structure, without any additional control. Here, we introduce the concept of zero-admittance layers (ZAL) so
as to increase the degrees of freedom and extend the design technique to enhancement optimization. The ZAL
are standard dielectric materials whose optical thicknesses are adjusted wrt the total multilayer. Several ZAL are
then introduced for a multi-wavelength or multi-angle optimization. We first show how these layers allow
reversing the depth field distribution within a stack, and provide giant enhancement. Then the procedure is
extended for depth localization. Finally the design technique is generalized to provide huge resonances at a given
set of illumination angles and wavelengths that are beforehand chosen.
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Abstract- In this paper, CMOS terahertz detector integrated with surface plasmon antenna

is proposed. The antenna is constructed by the doped silicon material and the simulation
results show its capacity to realize strong light concentration at 650GHz. In addition, the
effects of the different parameters on the antenna performance are studied and we find that
gap spacing of the bow-tie structure is an important factor to determine the antenna’s
resonant frequency along with its detected field strength. Besides, CMOS terahertz detector
integrated with the proposed bowtie antenna is fabricated by the standard CMOS
technology. The measured results from the device are well agreed with the simulated ones.
It has been revealed in previous studies that semiconductor based antennas are capable of supporting
SPP resonance and achieving strong field confinement1-2. Nevertheless, these reported SPP antennas
are not fabricated by the standard CMOS technology, such a drawback will become an obstacle for
their future utilization. Here, we propose the design of the bowtie antenna which is constructed from
the doped silicon material. The antenna model is established in electromagnetic simulation software
CST Microwave Studio whose schematic is illustrated in Fig. 1 (a). Open boundary and plane wave
excitations are set up to simulate normal incidence of uniform plane wave on the antenna. The antenna
lies on the xoy plane of the coordinate system while the plane propagates along the z axis and polarized
along the y axis. As is pointed out that the gap spacing between the two arms of the bow tie antenna
plays a significant role to influence antenna’s behavior, we here also study the effect of the gap spacing
on the proposed surface plasmon antenna.
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Fig. 1 (a) Schematic of the proposed bow-tie antenna; (b) The detected E-field amplitude versus
frequency with respect of different gap spacing values
In the simulation, the gap spacing (g) ranges from 1.5 to 5µm while all the other antenna parameters
remain constant as b=14µm, a=1µm, r=54µm and =120°.As is shown in Fig. 1 (b), the detected
E-field amplitude reaches its maximum value when the gap spacing is 1.5µm. As the value of gap
spacing rises, the resonance will occur at a higher frequency end while the detected field amplitude
decreases, which conforms to the findings of the bow tie antenna in the optical wavelength3-6.
Besides, we can insert the excitation port between the two arms of the bow-tie antennas to see their
impedance features. The simulated results indicate that SPP resonances occur when the imaginary part
of the antenna input impedance changes from inductive (above zero) to capacitive (below zero) at the
resonant frequency. In the interested frequency range of 600 to 700GHz, it can be seen that as the gap
spacing increases, resonance moves to the higher frequency end. Such results are also agreed with that
of the optical bow-tie antenna, for which the extended length of the gap spacing will lead to a
decreased capacitance value and a longer resonant wavelength4.
On the basis of the simulation results above, the bowtie SPP coupled NMOS detector is fabricated
using 0.18µm CMOS process on an 8 inch Si wafer with a thickness of 300 µm. The fabricated detector
is then characterized using a THz source around 0.65 THz with an illumination power of 1 mW. The
measurement results show that the detector has a high performance to THz radiation.
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Recent Progress in Novel Functionalities of Plasmonic and Metamaterial Structures

Enhanced Magneto-chiral Eﬀects at Microwave Frequencies by a
Single Metamolecule
Satoshi Tomita
Nara Institute of Science and Technology, Japan
tomita@ms.naist.jp

Abstract— We have experimentally and numerically studied the directional birefringence of Xband microwaves by magneto-chiral (MCh) eﬀects of a single metamolecule at room temperature.
By applying a dc magnetic field, we observe an emergence of the MCh eﬀects with simultaneous
space-inversion and time-reversal symmetry breaking. The MCh eﬀect is enhanced by using the
magnetic resonance of the magnetic meta-atom. Numerical calculation predicts a giant MCh
eﬀect by interacting magnetic resonance with a specific resonant structural optical activity.

Symmetry breaking is a fundamental interest in physics. In condensed matter, symmetry breaking causes intriguing electromagnetic properties. The break in space-inversion symmetry in chiral
structures like sugars causes reciprocal structural (natural) optical activity. Broken time-reversal
symmetry in magnetized materials leads to non-reciprocal magneto-optical (MO) activity; that is
to say, MO eﬀects. These optical activities look similar, but have diﬀerent physical origins. The
MO activity is caused by the Lorentz force on electrons, whereas the structural optical activity is
due to electromagnetic induction in the chiral structures.
It is natural and interesting to ask what electromagnetic waves will experience when timereversal and space-inversion symmetries are simultaneously broken. Combination between MO and
structural optical activities, gives rise to the directional birefringence independent of polarizations;
that is, magneto-chiral (MCh) eﬀects [1, 2, 3, 4]. The MCh eﬀect is promising for new functional
optics such as a polarization-independent non-reciprocal “one-way mirror”. Moreover, the quest for
large MCh eﬀects paves a way toward the realization of a synthesized gauge field; for example, an
eﬀective magnetic field for electromagnetic waves [5, 6]. The system with the symmetries broken
simultaneously is of interest also in terms of topological spin textures like Skyrmion [7]. The MCh
eﬀect at room temperature is, however, much weaker than MO and structural optical activities in
natural materials.
In a previous study [8], we reported the direct observation of MCh eﬀects in the X-band microwave region by a single metamolecule consisting of a metallic chiral structure and a ferrite rod
at room temperature. A weak dc magnetic field of 1 mT was found to induce the MCh eﬀects
at frequencies of resonant structural optical activities, referred to as chiral resonances. The MCh
eﬀects were increased as the dc magnetic field was increased up to ±200 mT. The diﬀerence in
non-reciprocal refractive index due to the MCh eﬀect was in the order of 10−3 , which was much
larger than that observed in natural materials at the visible frequencies [9]. The large MCh eﬀect
is associated with the chiral resonance in the metallic chiral structure. However, interaction of the
chiral resonance with the magnetic resonance by the ferrite rod remained to be addressed. By applying strong magnetic fields, magnetic resonance of the ferrite rod approaches the chiral resonance
frequencies. This motivates a further enhancement of MCh eﬀects.
In this invited talk, we report a comprehensive study of enhanced MCh eﬀects at microwave
frequencies by a single metamolecule [10]. Microwave transmission coeﬃcients, S-parameters of
S21 and S12 , are measured through the single metamolecule under magnetic fields up to ±400 mT.
We observe the diﬀerence between S21 and S12 in amplitude and phase, which is reproduced by
numerical calculation based on a finite element method. The diﬀerence is caused by the MCh effect with simultaneous space-inversion and time-reversal symmetry breaking. We demonstrate that
the MCh eﬀect can be enhanced by using the ferrite meta-atom magnetic resonance. Moreover,
numerical calculation reveals an enormous enhancement of the MCh eﬀect by interacting the magnetic resonance with an exclusive chiral resonance, leading to the giant MCh eﬀect. Non-reciprocal
Fano-resonance between the magnetic resonance and exclusive chiral resonance in the meta-atoms
is a key in the giant MCh eﬀects. As a consequence, one-way transparency is realized in the MCh
metamolecule at room temperature and convenient magnetic field strength. These conditions are
quite preferable for practical applications such as a one-way mirror. The present study thus paves

a way toward the realization of a synthetic gauge field for electromagnetic wave [5, 6], and is one
further step for meta-condensed-matter physics using metamaterials.
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Abstract— We report macroscopic scattering cancellation caused by diﬀerence of local-electric
polarization field between core and shell materials. We employ this phenomena to find parameters
for the optical cloaking of metallic nanowires.

Optical cloaking is the method to make an object to be transparent. There are a few methods
to bring about this phenomenon. One is based on the transformation optics, by covering an object
a metamaterial film with appropriate spatial distribution of refractive indices, as the light make a
detour around the object [1,2]. Since the realization of the required refractive indices are tough
at optical frequency, this method is unrealistic. The other method is to reduce the scattering
eﬃciency to be zero by covering a film of dielectrics or semiconductors [3,4,5]. This method can be
realized using the existing materials such as AlAs or Si semiconductors with high refractive index
[5]. In this method, macroscopic scattering cancellation is caused by diﬀerence of local-electric
polarization field between core and shell materials. We employ this to perform realistic optical
cloaking for metallic nanowires and found some parameters.
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Figure 1: FDTD simulation results of optical cloaking.

To discover the most suitable structure for the cloaking at visible wavelengths with dielectric multilayered structure, we performed analysis of the electromagnetic field by solving classical
Maxwell equation. After the determination of the parameters of refractive index and the thickness
of the shell, we performed the 2D FDTD simulation to make sure the cloaking. As shown in Figure 1, the strong light scattering was observed from the cylinder core without cloaking, the light
front is stable and invisible when the core was covered with a cloak. We found a number of pairs
of the core and shell of existing materials: core/shell = dielectrics/dielectrics, dielectrics/metals,
metals/dielectrics and even metals/metals.
These cloaking technique can be used for transparent electrodes and electrical-ciruit wires.
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Abstract-The control method for plasmonic properties of the metal nanodimer structures has been
established via electrochemical metal dissolution reactions. The reaction rate can be precisely tuned
by changing the electrochemical conditions. With the progress of the electrochemical reactions, the
maximum plasmon resonance wavelength shifted to the shorter wavelength region corresponding to
the decrease volume of metal nano-structures. Thorough various attempts, unique optical properties
emerged by the structural control in an atomic scale was revealed by in-situ electrochemical optical
measurements.
Localized surface plasmon resonance (LSPR) which is the collective oscillation of free electrons in the
metals is excited in the vicinity of the mental nano-structures under the illumination of the visible or near
infrared light. The strong optical field is generated by the excitation of LSPR.1 Especially for the dimer
structures, the intensity of the strong optical field becomes relatively strong compared to the case of the single
structures. In order to use the generated optical field efficiently, it is necessary to tune the photo response
properties of metal nano-structures by the control of the metal size, shape, composition, and environments.
Recently, it has been reported that the nano-dimer structures with the gap distance of less than 1 nm can
concentrate the light into the molecules scale before the formation of the tunneling plasmon (charge transfer
plasmon) at the center of the gap.2 At the present stage, fine tuning of the metal nano-structures with the
resolution less than 5 nm is quite difficult to be achieved by the ordinary techniques, such as the electron beam
lithography method. In this study, we have tried to establish the new method for the control of the plasmon
active metal nano-structures with the aim of the arbitrary tuning of plasmon resonance properties. The optical
property change was evaluated through in-situ electrochemical spectroscopic measurements.
The Au nano-dimer structures on the conductive glass substrate using nano-sphere lithography method
(Au-NSL). In addition to this, the well-defined Au structures were also prepared by electron beam lithography
technique. Electrochemical dissolution of Au nano-dimer structures were performed with the three-electrode
system. Pt plate and Ag/AgCl (sat. KCl) electrode were used as the counter and reference electrodes,
respectively. During electrochemical measurements, extinction spectra for the substrate were obtained.
As the first attempts, the tuning of the plasmonic properties for Au-NSL were performed with the system as
indicated in Fig. 1. SEM images of Au-NSL structures which were obtained before applying electrode potential
were shown in Fig. 1. The in-situ electrochemical extinction spectra were obtained under the illumination of
polarized light parallel to the long axis. The polarized electrode potentials were 0.89 and 0.87 V corresponding
to Fig. 2a and b. As can be seen in extinction spectra, the drastic optical property change was confirmed in the
case of 0.89 V. After 600 s, the plasmon resonance peak were disappeared with the resonance wavelength shift.

This phenomenon can be explained by the diminish of the structures
due to the fast reaction rate. On the contrary, with the slow
dissolution rate at the case for 0.87 V, the scattering cross-sections
which reflect volume change of nano-dimer were almost maintained
but the maximum plasmon resonance wavelength were slightly shift
around 100 nm. It can be considered that this wavelength shift is
mainly derived from the gap distance change of dimer structures.
Taking into above results, we have succeeded in obtaining
appropriate condition for the fine tuning of plasmonic properties for
Au nano-structures. Based on the spectroscopic measurement results,
we have tried to estimate the gap distance change. From the
calculations, the change in the gap distance can be estimated as less
Fig.1 Schematic illustration of electrochemical
than 5 nm, which is difficult to be controlled by the ordinary
extinction spectrum measurements cell. SEM
nano-control methods.
images indicate prepared Au-NSL structures.
For further investigations, we have attempted to
control of the optical properties using well-defined
Au-nanostructures prepared by electron beam
lithography technique. By introduction of well
defined-structures to the present system, more detail
discussion would be realized. As the results for the
single Au-nano dimer disk structures obtained with
the scattering spectra, we have succeeded in the
observation of the drastic optical property change
corresponding to each property change of the charge
transfer and tunneling plasmon mode. We can say
that our results indicate the atomic scale resolution
for the present electrochemical method. From all Fig.2 Time dependent extinction spectra of Au-NSL nanodimer
results in our attempts, as conclusions, the present obtained under the polarization of (a) 0.89 and (b) 0.87V for 600
electrochemical method can be considered as the s.
promising technique for the control of the optical
properties of the Au nano-structures in an atomic scale.
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Abstract— Plasma is suitable for a component and/or an alternative of metamaterial. By
installation of plasma into solid metamaterial structure, metamaterial becomes tunable, energetic
and nonlinear since the part of the plasma change permittivity even to values in the negative
sign with frequency dispersion, and store kinetic energy in electron motions in the level of eV
which is suﬃcient for nonlinear photonics for harmonic wave generation. Plasma also provides
spatial gradient of refractive index due to the inherent spatial profile of electron density, and it
controls propagation paths of electromagnetic waves, similar to the cloaking devices composed of
solid metamaterial. These findings extends roles of metamaterial further to scientific areas that
have not been covered by metamaterial.

Metamaterial science opens functions of media for electromagnetic waves, which has not been
covered, like negative values of refractive index and cloaking layers [1, 2]. Its motivation is now
expanding to potential functionalities that enable us to make it tunable and nonlinear [3]. We have
reported plasma-metamaterial composites as examples in the expanded category of metamaterial
media [4, 5], and the experimental results suggest nonlinear and cloaking phenomena as well as
tunable characteristics.
Plasma has dispersive permittivity εp which is in the Drude type. εp becomes negative when
the given wave frequency ω is lower than the electron plasma frequency ωpe , and it varies from
zero to +1 as ω gets higher than ωpe . The synthesized refractive index in negative-permeability
metamaterial takes negative, positive and imaginary values. Furthermore, due to its energetic
properties coming from high-energy electrons and rectified current flows in plasma, we observed
harmonic wave generation, which makes the frequency dispersive property more rich.
In addition, since plasma has a spatial profile of electron density, εp changes its value in the
balance between ionization and boundary regions, including both positive and negative values.
Consequently, such a property leads to a similar spatial profile to that in cloaking layers designed
in transformation optics [6]. εp exhibits a variety of profiles, and the plasma can become an
alternative of metamaterial in a cloaking layer and other devices which control a propagation path
of electromagnetic waves. We observed wave scattering in plasma layer, and the profiles of the
detected signals coincides with numerical results of the finite-diﬀerence time-domain method.
Such experimental observations convince us that plasma plays roles that cannot be achieved by
conventional solid-state metamaterial, and their functions will increase as concepts and technologies
introduced to regulations of plasma generation.
ACKNOWLEDGMENT

This study was supported by Grant-in-Aid for Scientific Research from the Japanese Ministry of
Education, Culture, Sports, Science and Technology, Japan, and by Strategic Information and
Communications R&D Promotion Programme (SCOPE) from the Ministry of Internal Aﬀairs and
Communications, Japan.
REFERENCES

1. Shelby, R. A., D. Smith and S. Schultz, “Experimental verification of a negative index of
refraction,” Science, Vol. 292, No. 5514, 77–79, 2001.
2. 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.
3. Lapine, M., I. V. Shadrivov and Y. S. Kivshar, “Colloquium: nonlinear metamaterials,” Rev.
Mod. Phys., Vol. 86, 1093–1123, 2014.

4. Sakai, O. and K. Tachibana, “Plasmas as metamaterials: a review,” Plasma Sources Sci.
Technol., Vol. 21, 013001-1–18, 2012.
5. Sakai, O., S. Yamaguchi, A. Bambina, A. Iwai, Y. Nakamura, Y. Tamayama, and S. Miyagi,
“Plasma metamaterials as cloaking and nonlinear media,” Plasma Phys. Control. Fusion,
Vol. 59, 014042-1-10, 2017.
6. Leonhardt, U. and T. Philbin, “Geometry and Light: the Science of Invisibility,” Dover, New
York, 2010.

A generic way for creating topological electromagnetic states
Xiao Hu
International Center for Materials Nanoarchitectonics (WPI-MANA)
National Institute for Materials Science (NIMS), Tsukuba, Japan
*
corresponding author: hu.xiao@nims.go.jp
Abstract-Topological photonic phenomena are attracting significant interests from viewpoints of
both basic science and potential applications. We have proposed a new way to realize
two-dimensional (2D) topological photonic crystals based on honeycomb lattice of dielectric
cylinders [1]. The idea can be applied for various systems.
Similar to graphene, Dirac-like linear frequency dispersions exist at K and K’ points for the neat honeycomb
lattice. We show that deforming the honeycomb lattice in the designed way which preserves the C6V symmetry
will open a frequency gap, accompanying with a band inversion between p-orbit- and d-orbit-like
electromagnetic modes at Γ point. The system exhibits counter-propagating edge photonic modes with
topological protection. Our theoretical prediction has been confirmed by recent experiments [2]. Because only
dielectric material is used in the present approach, one can achieve topological photonic properties with working
frequency of radio through visible lights by varying merely the lattice constant of photonic crystal. The idea has
been extended to 2D waveguides, 3D photonic crystals, phononic and electronic systems [3-7], and is expected
to be applicable to other quantum and classic systems, including surface plasmon polariton, BEC, and LC
circuits.
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Abstract-We experimentally demonstrated infrared metamaterials composed of three-dimensional
split ring resonators (3D-SRRs) fabricated by a metal-stress-driven self-folding method we
developed so far. The self-folding method enables to mass and easy fabrication of 3D SRRs
operating in the infrared region due to self-organized nature of the process. By using this method,
bi-anisotropic response in 3D-SRRs was controlled, which realizes 3D magnetic materials in the
infrared region.
Artificial magnetism in metamaterials has opened a new paradigm to realize intriguing phenomena including
negative refractive index, optical cloaking, s-polarization Brewster effects. Especially, negative refractive index
materials have attracted significant attention due to exciting functionalities such as negative refraction,
sub-wavelength focusing and so on. Split ring resonators (SRRs) are representative metamaterial structures for
realizing artificial magnetism. Magnetic component of light can couple to a magnetic resonant mode with
induced magnetic dipole and effective permeability at the magnetic resonance in SRRs changes from unity.
To demonstrate artificial magnetism in the optical region using SRRs experimentally, planar type SRRs are
generally used due to restriction of sample preparation. However, in planar metamaterials, a magnetic
component of light cannot directly couple to the magnetic resonant mode since the excited magnetic dipole in
planar SRRs is normal to a substrate at normal incidence. On the other hand, three-dimensional (3D) SRRs
allows direct coupling between a magnetic component of light and the magnetic mode in SRRs. However,
fabrication of 3D structures for optical metamaterials is still difficult although it can be performed by using some
special techniques and state-of-art equipment at the laboratory level [1].
To overcome this issue, we developed a metal-stress-driven self-folding method to fabricate 3D-SRRs [2-4].
Firstly, two-dimensional (2D) gold ribbons are formed on a Si substrate by using electron beam lithography and
a conventional lift-off method. The 2D ribbons have two arms connected by a patch. The Si substrate with 2D
patterns is isotropically etched using ICP-RIE. When Si under the arms is completely etched and the gold arms
are released, intrinsic stress in deposited gold films spontaneously induces folding of the arms as shown in Fig. 1.
The role of the center patch is an anchor for the arms not to be peeled off from the substrate after release. Owing
to self-organized nature of the process, this method allows mass and easy fabrication of 3D structures.
By using the method, we investigated bi-anisotropic response in infrared metamaterials. General 3D
metamaterials show bi-anisotropic response due to luck of inversion symmetry along a propagation axis. In
bi-anisotropic materials, electric (magnetic) dipole can be excited by not only electric (magnetic) fields but also
magnetic (electric) fields of light, which results in unwanted complex electro-magnetic coupling preventing

purely magnetic resonance in SRRs. Appropriate adjustment of the patch position in gold ribbons enables to
control of inversion symmetry along the propagation axis as shown in Fig. 2. Analysis using simulations and
effective parameter retrieving revealed elimination of the bi-anisotropic response in 3D-SRRs, which indicates
3D magnetic metamaterials is realized in the infrared region. In the presentation, we will discuss the results in
detail.

Fig. 1 (a) A schematic of self-folding process of 3D-SRRs. (b) SEM images 3D-SRRs fabricated
by the self-folding method.

Fig. 2 A SEM image of 3D-SRRs with inversion symmetry along a propagation axis.
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Abstract-We demonstrate active tuning of the resonant response of metamaterials utilizing organic
π-conjugated materials in terahertz (THz) frequency ranges. Electrochemically grown
heavily-doped polypyrrole (PPy) film was used as a linear actuator to slightly shifting relative
position of stacked two layers of split-ring resonator (SRR) array. We also show that a stacked
closed-ring resonator (CRR) array is also effective to obtain relatively large spectral shift with a
small lateral shift.

In recent years, numerous studies have been carried out to develop novel types of metamaterials and
metadevices [1]. In metamaterials, artificially designed subwavelength resonant structures, or 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 and metadevices have been developed [5-8]. Here we demonstrate our recent results on the
electro-active metadevices in terahertz (THz) frequency ranges utilizing organic π-conjugated polymers [8].

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) Simulated THz transmission spectra of stacked CRR array THz metamaterial. (inset) Schematic of
stacked CRR array THz metamaterial.

Among rich variety of π-conjugated polymers, 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, and thus can be utilized as
electro-active polymer actuators [9]. We have synthesized thin films of PPy doped with PF6 ions, PPy(PF6), by
electrochemical polymerization and utilized them as linear actuators to laterally shift relative position of stacked
SRR arrays (inset of Fig. 1 (a)). By applying voltage to the polymer actuators, a contraction of the polymer film
can be induced and this shifts one of the stacked SRR layer. Therefore, a frequency shift of resonant THz
transmission can be obtained (Fig. 1 (a)). We also show that the stacked closed-ring resonator (CRR) arrays [10]
(inset of Fig. 1 (b)) can be effective to obtain relatively large spectral shift with a small lateral shift. In the
numerical simulation, we have obtained spectral shift of the narrow-band transmission by assuming a similar
lateral shift of the stacked CRR arrays (Fig. 1 (b)). Our findings might be utilized to develop novel types of
electro-active THz metadevices. We also found that resonant frequency can be shifted by changing dielectric
constant of dielectrics between CRR arrays, which may be utilized for sensing devices.
Acknowledgements: This project was supported by Open Partnership Joint Projects of Japan Society for the
Promotion of Science (JSPS) Bilateral Joint Research Projects and also was partly supported by the Strategic
Information and Communications R&D Promotion Programme (SCOPE) from the Ministry of Internal Affairs
and Communications of Japan.
REFERENCES
1. Zheludev, N. I. and Y. S. Kivshar, “From metamaterials to metadevices,” Nature Materials, Vol. 11, No. 11,
917–924, 2012.
2. Pendry, J. B., A. J. Holden, D. J. Robbins and W. J. Stewart, “Magnetism from Conductors, and Enhanced
Non-Linear Phenomena,” IEEE Trans. Microwave Theor. Tech., Vol. 47, No. 11, 2075–2084, 1999.
3. Lapine, M., D. Powell, M. Gorkunov, I. Shadrivov, R. Marqués and Y. Kivshar, “Structural tunability in
metamaterials,” Appl. Phys. Lett., Vol. 95, No. 8, 084105-1-3, 2009.
4. Powell, D. A., K. Hannam, I. V. Shadrivov and Y. S. Kivshar, “Near-field interaction of twisted split-ring
resonators,” Phys. Rev. B, Vol. 83, No. 23, 235420-1-6, 2011.
5. Liu, M., Y. Sun, D. A. Powell, I. V. Shadrivov, M. Lapine, R. C. McPhedran and Y. S. Kivshar, “Nonlinear
response via intrinsic rotation in metamaterials,” Phys. Rev. B, Vol. 87, No. 23, 235126-1-6, 2013.
6. Matsui, T., M. Liu, D. A. Powell, I. V. Shadrivov and Y. S. Kivshar, “Electromagnetic tuning of resonant
transmission in magnetoelastic metamaterials,” Appl. Phys. Lett., Vol. 104, No. 16, 161117-1-4, 2014.
7. Liu, L., W.-C. Chen, D. A. Powell, W. J. Padilla, F. Karouta, H. T. Hattori, D. N. Neshev, and I. V.
Shadrivov, “Post-processing approach for tuning multi-layered metamaterials,” Appl. Phys. Lett., Vol. 105,
No. 15, 151102-1-4, 2014.
8. Matsui, T., Y. Inose, D. A. Powell and I. V. Shadrivov, “Electroactive Tuning of Double-Layered
Metamaterials Based on π-Conjugated Polymer Actuators,” Adv. Opt. Mater., Vol. 4, No. 1, 135-140, 2016.
9. Okuzaki, H., T. Kuwabara, K. Funasaka, and T. Saido, “Humidity-sensitive polypyrrole films for
electro-active polymer actuators,” Adv. Funct. Mater., Vol. 23, No. 36, 4400–4407, 2013.
10. Gu, J., J. Han, X. Lu, R. Singh, Z. Tian, Q. Xing, and W. Zhang, “A close-ring pair terahertz metamaterial
resonating at normal incidence,” Opt. Express, Vol. 17, No. 22, 20307-20312, 2009.

Symmetry Classification of Topological Photonic Crystals
Max Lein1 & Giuseppe De Nittis2
1

Advanced Institute of Materials Research, Tohoku University, Japan
2
Pontificia Universidad Católica de Chile, Chile
maximilian.lein.d2@tohoku.ac.jp

Abstract— As a first step to understand topological effects in photonic crystals via photonic bulkboundary correspondences, we have adapted the Altland-Zirnbauer classification scheme and obtained a
classification of topological photonic crystals. Our classification justifies the name “Quantum Hall Effect
for light”, and suggests that the Chern number quantifies the net number of edge modes traveling from
left to right. Furthermore, we identify dual symmetric materials as a second candidate for exhibiting
novel topological effects.

Inspired by ideas from solid state physics, one recent success was the prediction [RH08] and experimental realization [WCJS08, RZP+ 13] of an analog to the Quantum Hall Effect with electromagnetic
waves. The idea here is to exploit periodic patterning to create a photonic bulk band gap and choose materials which break a certain symmetry. A first principles explanation, starting from Maxwell’s equations
and culminating in the proof of photonic bulk-boundary correspondences, is still missing, and the first
step is to adapt the Cartan-Altland-Zirnbauer classification scheme and classify topological photonic
crystals according to certain discrete symmetries. After a first attempt [DL14] where we had not taken
the real-valuedness of electromagnetic fields correctly into account, we have now obtained a classification of electromagnetic media [DL16] according to discrete symmetries. It turns out only very few
symmetries of the form T j = ( j ⌦ 1) C or U j = j ⌦ 1 are admissible, (C )(x) = (x) being complex
conjugation and j the Pauli matrices in the (E, H) splitting. That leads to the following classification:
Ä
ä
"(x) (x)
Theorem (Symmetry classification of media) Suppose the material described by W (x) = ⇤ (x) µ(x)
is lossless and not negative index. Then the materials given below possess the following symmetries (T j
are time-reversal-type symmetries, U2 a unitary, commuting symmetry):
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Our classification justifies calling the experiment suggested by Haldane the “Quantum Hall Effect for
light”, and suggests that in a two-dimensional topological photonic crystal the Chern number quantifies the net number of edge modes traveling from left to right. Furthermore, we identify dual symmetric
materials as a second candidate for exhibiting novel topological effects due to the presence of a second
time-reversal symmetry.
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Abstract— Embedding chiral metasurfaces or photonic crystal slabs into semiconductor nanostructures and/or microcavities allows to create compact sources of circularly polarized light including lasers. The mechanisms to control the circular polarization of light emission by chiral
structuring are discussed.

The goal to create compact circularly polarized light sources including lasers without need in
bulky wave plates or external magnetic field has drawn a considerable attention in recent years.
A monolithic electrically pumped quantum cascade laser with circularly polarized THz emission
was demonstrated in [1], using “fishbone” gratings in the surface metallization. Recently, a close to
circularly polarized lasing at !ω ≈ 1.5 eV was achieved [2] from an AlAs/AlGaAs Bragg microcavity
with GaAs quantum wells in the active region and chiral-etched upper distributed Bragg refractor
under optical pump at room temperature.
The fabrication of chiral nanostructures from achiral semiconductor materials appeared to be
a very eﬀective method to produce a circularly polarized light emission from quantum emitters in
the absence of magnetic field [3-6]. They may work as chiral metasurfaces or photonic crystals,
depending on the relation between the light wavelength and period of the structure.
The advantage of using chiral semiconductor/air structures with a large contrast of dielectric
permittivities is their giant optical activity. This allows one to fabricate a very thin “wave plate”,
with a thickness of the order of the emitted light wavelength. Unlike the traditional wave plates,
chiral nanostructures may have in-plane rotational isotropy due to the C4 symmetry. Thus, they do
not require linearly polarized emission of the active material at some precise polarization direction,
which is an important advantage of the demonstrated approach over conventional quarter-wave
plates.
ACKNOWLEDGMENT

This work has been funded by Russian Scientific Foundation (grant 16-12-10538).
REFERENCES

1. Konishi, K., Nomura, M., Kumagai, N., Iwamoto, S., Arakawa, Y., and Kuwata-Gonokami, M.,
“Circularly Polarized Light Emission from Semiconductor Planar Chiral Nanostructures,”
Phys. Rev. Lett., Vol. 106, 057402, 2011.
2. Rauter, P., Lin, J., Genevet, P., Khanna, S. P., Lachab, M., Giles Davies, A., Linfield, E. H.,
Capasso, F., “Electrically pumped semiconductor laser with monolithic control of circular
polarization”Proc. Nat. Acad. Sci., Vol. 111, E5623-E5632, 2014.
3. Lobanov, S. V., Weiss, T., Gippius, N. A., Tikhodeev, S. G., Kulakovskii, V. D., Konishi, K.,
and Kuwata-Gonokami, M., “Polarization control of quantum dot emission by chiral photonic
crystal slabs,” Opt. Letters , Vol. 40, 1528–1531, 2015.
4. Maksimov, A. A., Tartakovskii, I. I., Filatov, E. V., Lobanov, S. V., Gippius, N. A.,
Tikhodeev, S. G., Schneider, C., Kamp, M., Maier, S., Höfling, S., and Kulakovskii, V.
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Abstract- Photo-induced voltage is generated in a metallic thin film when the light beam is
obliquely incident. The voltage perpendicular to the incident plane (transverse photo-induced
voltage: TPIV) is dependent on azimuth angle and ellipticity of the light polarization. By rotating
the relative configuration of the film and the electromagnetic field of light, it is possible to deduce
its polarization state, which can be utilized to develop a broadband ellipticity meter.
Porous thin metal film can have different optical response from the pristine metal film [1]. When the pore
size is smaller than the light wavelength, the film can be considered as a metamaterial. Due to the local DC
charge on the metal surface generated by photo-rectification, which is one of the second-order optical
nonlinearity, the film may exhibit net DC voltage depending on the symmetry of the applied light field [2-4].
In order to prepare nano porous metallic films we employed two methods. One is to start from an alloy film.
By applying nitric acid to a 100 nm-thick white gold leaf ( Au : Ag = 50 : 50 wt %) , a bicontinuous porous Au
film can be formed [5]. Another method is to use polystyrene spheres as a mask for sputtering. This method is
more flexible and various kind of porous metal ( including Au, Ag and Al ) film can be prepared.
Nanosecond light pulses from an optical parametric oscillator were used as the light source. Polarization
states were controlled by achromatic wave plates. Generated voltage was measured with a digital oscilloscope as
a function of the incident wavelength or the incident angle. When the transverse voltage is measured as a
function of a half-wave plate angle, various patterns are obtained depending on the ellipticity of the incident light.
Inversely we can utilize this dependence to deduce ellipticity of unknown polarization [6].
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Abstract-We studied static and dynamic characteristics of plasmons excited in single gold
nanotriangles by scanning near-field optical microscope. Near-field transmission images observed
near plasmon resonances showed oscillating patterns depending on the observation wavelengths.
The observed spatial characteristics are well reproduced by spatial features of eigen functions of a
particle confined in a triangular potential well. The dephasing time of the plasmon was visualized
by time-resolved near-field imaging, and found that the spatial distribution of the dephasing time
varied depending on the excitation positions in the triangle.
Plasmon resonances excited in gold nanoparticles confine light fields spatially and temporally, and
consequently induce intense optical fields.1 To better understand the plasmons, visualization of plasmons is
essential. In this study, we performed static and dynamic near-field microscopic measurements on single gold
nanotriangles, and revealed the spatio-temporal characteristics of the plasmons excited.2-4
Gold nanotriangles were chemically synthesized and dispersed on a coverslip. An aperture-type scanning
near-field optical microscope was utilized for optical characterization of the sample. A halogen lamp and a
mode-locked Ti:sapphire laser were used for the static transmission and two-photon induced photoluminescence
(TPL) measurements, respectively. We also performed time-resolved TPL autocorrelation measurements of the
sample to examine the dephasing time of the plasmon.
Near-field transmission spectrum of a single gold nanotriangle shows multiple plasmon resonances from
visible to near-infrared spectral region. Figure 1(a) shows a scanning electron micrograph of a gold nanotriangle.
Figure 1(b) shows near-field transmission image of the nanotriangle taken at 590 nm. The image shows unique
spatial features, which are different from the geometrical shape. The observed spatial features are well
reproduced by spatial character of an eigen function calculated for a particle confined in a triangular potential
well, as shown in Fig. 1(c). Near-field two-photon excitation image also shows the unique oscillating pattern
attributable to plasmon modes excited in the triangle, as is similar to those of the transmission images. We

(a)

(b)

(c)

Figure 1(a) A scanning electron micrograph of a single gold nanotriangle. (b) Near-field transmission image
of a single gold nanotriangle observed at 590 nm. Scale bars : 200 nm. (c) Calculated eigen function for a
particle confined in a triangular potential well.

visualized the spatial distribution of the plasmon dephasing time in a single nanotriangle by time-resolved
near-field imaging. We found from the spatial distribution of the dephasing time that the dephasing times varies
depending on the internal position on the triangle. The result indicates that the simultaneous excitations of the
multiple plasmons are involved in the observation.
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Abstract Optical non-thermal excitation of magnetostatic spin waves (MSWs) is performed in
magnetophotonic crystals (MPCs) and plasmonic structures. It is demonstrated that when excited at
the resonance of the MPC the magnetization precession amplitude is enhanced by a factor of 2.5,
while the local inverse Faraday effect can be increased up to 5.6 times compared to a stand-alone
magnetic film. The origin of the enhancement is the concentration of the electromagnetic energy
within the magnetic layer due to the optical confinement.
Ultra-short laser pulses is one of the promising ways for local optical excitation of magnetization dynamics
[1], which is highly in demand for various applications. The local spin manipulation is performed only at the
light excited area that can be within submicron range and at time scale of femtoseconds. Complex light-matter
interaction depends on the type of material studied and light energies used. In iron-garnets, prominent materials
for magnonics that demonstrate small damping, non-thermal optical excitation can be performed by
photoinduced magnetocrystalline anisotropy, implying the absorption of photons, or via inverse Faraday effect
(IFE). Both of the non-thermal excitation types are characterized by the dependence on pump pulses polarization.
It has been shown that optical confinement provides a significant enhancement of the direct magnetooptical
effects [2] (Faraday rotation, circular and linear birefringence, non-reciprocity).

Figure 1 a) Schematic representation of the experiment. Generation of spin waves in magnetophotonic crystal,
formed by Bragg mirrors and a transparent magnetic dielectric sandwiched between them. b) Amplitude of the
magnetization precession and effective field of the inverse Faraday effect versus wavelength of the pump beam.

Micro-structured materials with periodically modulated dielectric constant the so-called magnetophotonic
crystals (MPC) have demonstrated the increase of the Faraday effect. Magnetoplasmonic crystals enhance
Faraday effect, transversal magneto optic Kerr effect and others up to the orders of a magnitude [3]. It is
consistent to expect the possibility of the inverse effects increase in specially tailored periodic structures.
In this work, magnetostatic spin waves (MSWs) have been excited in micro-structured materials (Figure 1).
It has been shown that when excited at the resonance of the MPC the magnetization precession amplitude can be
enhanced by a factor of 2.5, while the local IFE can be increased up to 5.6 times compared to a stand-alone
magnetic film of the same thickness and composition. Alternatively IFE can be enhanced in plasmonic
nano-antennas, structures formed by slits or holes in gold-layer or Au-nanoparticles deposited on a magnetic
dielectric. Optimal structure parameters that provide effective MSW excitation are found using rigorous
coupled-wave approximation. The energy of electromagnetic radiation localized under a nanoparticle is
transferred to magnons, which leads to an increase of the effective magnetic field. In both cases optical
confinement provides the local impact on the magnetization at spatial scale of several tens of nanometer, which
is very promising for holographic memory and quantum information.
Acknowledgements: This work is supported by the Russian President Grant (Project No. МD-1615.2017.2).
REFERENCES
1. Chernov, A. I., Kozhaev, M. A., Savochkin, I. V., Dodonov, D. V., Vetoshko, P. M., Zvezdin A. K.,
Belotelov, V. I. “Optical excitation of spin waves in epitaxial iron garnet films: MSSW vs BVMSW”, Opt.
Lett., Vol. 42, 279, 2017.
2. Shaposhnikov, A. N., Prokopov, A. R., Berzhansky, V. N., Mikhailova, T. V., Karavainikov, A. V.,
Kharchenko, M. F., Belotelov, V. I., Lukienko, I. M., Miloslavskaya, O. V., Kharchenko, Yu. M.,
“Magnetooptics of Single and Microresonator Iron-garnet Films at Low Temperatures” Opt. Mater., Vol. 52,
21, 2016.
3. Belotelov, V. I., Akimov, I. A., Pohl, M., Kotov, V. A., Kasture, S., Vengurlekar, A. S., Gopal, A. V.,
Yakovlev, D. R., Zvezdin, A. K., Bayer, M., “Enhanced magneto-optical effects in magnetoplasmonic
crystals” Nature Nanotech., Vol. 6, 370, 2011.

New features of photonic Dirac cones on the Γ point
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Abstract- We derive a necessary and sufficient condition for the photonic Dirac cone on the Γ
point of periodic metamaterials and photonic crystals. We formulate a Green tensor to show that the
propagation direction of the Dirac-cone modes can be controlled by the polarization of the incident
wave. We analyze lossy slab modes to show that their group velocity exceeds the light velocity,
which apparently contradicts special relativity. This problem of superluminal propagation is
resolved by considering the energy velocity.
The Dirac cone is originally an idea to describe the energy spectrum of massless particles. It is characterized
by the isotropic linear dependence of their energy on their momentum. A similar energy spectrum was
discovered in the dispersion relation of periodic metamaterials in the Brillouin-zone center in the microwave
region.1-4 Such device structures were named CRLH (composite right-/left-handed) transmission lines. To
materialize the linear dispersion, it was necessary to make two dispersion curves of the CRLH transmission line
degenerate in the zone center, or the Γ point of the Brillouin zone, by the fine tuning of the device structure.
Later the materialization condition of the Dirac cone in the dispersion relation of periodic metamaterials and
photonic crystals was clarified for general cases by tight-binding approximation5-7 and the k-p perturbation
theory.8,9 Mei et al.8 discussed the formation of the Dirac cone, the Berry phase, and mapping into the Dirac
Hamiltonian for phononic and photonic crystals, while the present author derived the sufficient condition for the
Dirac-cone formation.9 Because the effective refractive index is equal to zero at the vertex of the Dirac cone,10
which is called the Dirac point, quite curious phenomena and their applications are expected. We can also expect
novel phenomena like the control of the propagation direction by the polarization of the incident wave.11
For the photonic Dirac cone to be materialized, two electromagnetic eigenmodes with particular symmetry
combinations should have the same frequency in the Brillouin-zone center by fine-tuning the structure and/or the
material parameters. Examples of the photonic Dirac-cone dispersion relation are shown in Fig. 1 where ω
denotes the Dirac-point frequency. The Dirac cone with an auxiliary quadratic dispersion surface is realized, for
example, in metamaterials of the C4v symmetry, while the double Dirac cone is realized in the triangular-lattice
metamaterials of the C6v symmetry. The dispersion relation was derived by the first-order perturbation based on
the k-p perturbation theory and the group theory.9 For example, in the case of the degeneracy of an E mode and
an A1 mode in the two-dimensional square lattice of the C4v symmetry, the eigen frequency around ω is
obtained by diagonalizing the following perturbation matrix, where b is a sample parameter.
Γ

Γ

By solving the eigen problem, we obtain three solutions, two of which give the isotropic linear dispersion.
We apply our theory to photonic crystal slabs (Fig. 2) to show that the propagation direction of the
Dirac-cone mode in the slab can be controlled by the polarization of the incident wave. For this purpose, we

derive the retarded Green tensor to describe the optical response of the Dirac-cone modes.11 We analyze the
dispersion and the propagation speed of the slab Dirac-cone modes with diffraction loss to show that their
apparent group velocity can be larger than the light velocity in free space, c, which contradicts special relativity.
This problem of superluminal propagation is resolved by considering the energy velocity, which remains smaller
than c.12
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Fig. 1 (a) Dirac cone with a quadratic
dispersion surface (broken line). (b) Double
Dirac cone.

Fig. 2 The dispersion relation and velocity of photonic
Dirac-cone modes. The solid (dotted) line is the
dispersion curve for the Dirac cone with (without) the
diffraction loss. The two broken lines denote vg (group
velocity) and ve (energy velocity) of the lossy Dirac
cone. The left (right) vertical axis is the angular
frequency (velocity) of the Dirac-cone mode and the
horizontal axis is the wave vector.
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Radiative heat-transfer between metallic gratings using adaptive
spatial resolution
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Abstract- We calculate the radiative heat transfer between two identical metallic one-dimensional

lamellar gratings [1]. To this aim we present and exploit a modification to the widely-used Fourier
modal method [2], known as adaptive spatial resolution [3], based on a stretch of the coordinate
associated to the periodicity of the grating. We first show that this technique dramatically improves the
rate of convergence when calculating the heat flux, allowing to explore smaller separations. We then
present a study of heat flux as a function of the grating height, highlighting a remarkable amplification
of the exchanged energy, ascribed to the appearance of spoof-plasmon modes, whose behavior is also
spectrally investigated. Differently from previous works, our method allows us to explore a range of
grating heights extending over several orders of magnitude. By comparing our results to recent studies
we find a consistent quantitative disagreement with some previously obtained results going up to 50%.
In some cases, this disagreement is explained in terms of an incorrect connection between the reflection
operators of the two gratings.
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The Fourier Modal Method with Adaptive Spatial Resolution under
conical mounting
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Abstract- The Fourier Modal Method [1] equipped with the concept of Adaptive Spatial Resolution
[2] (FMMASR) is derived and presented, in details, in the case of lamellar diffraction gratings
under conical mounting. In the present work, we focus on efficiency and reduction of the numerical
load. Therefore, special care is given to homogeneous media where we exploit two properties: (i) in
such media the Eigen-problem can be simplified and reduced to its half size and (ii) once the
solution is obtained for a given homogeneous medium, the solution for any other homogeneous
medium can be readily deduced and with extremely low computational cost.
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Graphene based 1D photonic crystals bands via the Fourier Modal
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Abstract- The Fourier Modal Method (FMM) [1] is used to obtain the band structure of a 1D
graphene based photonic crystal. The approach is valid for the first bands where the conductivity of
graphene can be described by a Drude model. The structure consists of graphene layers periodically
inlayed in a homogeneous lossless dielectric host medium. In the model, the graphene sheet is
considered as layer with atomic thickness and its dielectric permittivity is deduced from its surface
conductivity. Under these conditions, we show that it is possible to use the FMM in order to obtain
a polynomial eigenvalue problem allowing the computation of the band structure. Furthermore, we
explore the spatial field-structure of certain modes.
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Analytical T-matrix solution to the 1D grating di↵raction
problem.
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Abstract— The combination of two rigorous methods, namely, the C-method and the true
modal method for 1D grating di↵raction problem allows one, first, to analytically prove the
validity of the Rayleigh expansion in the grating region, and, second, to obtain a general analytical solution to the di↵raction problem in form of the T-matrix, which elements are written as
quadratures involving grating profile function.

The Rayleigh hypothesis (RH) was a subject of intensive debates for quite a long time. Even
after establishment of theoretical limits on the validity of the RH [?, ?, ?, ?, ?, ?] in a series of
works, there was evidence calling into question these limits [?, ?]. Moreover, article [?] demonstrated that the RH can be successfully used to analyse di↵raction by deep sinusoidal gratings, and
even for the correct near field calculations. In [?] there were formulated a concept and basic steps
for an analytical proof of the RH. This work implements these ideas and demonstrates that the
association of a basic Chandezon method [?] idea, namely, the coordinate transformation, which
does not depend on any hypothesis, and the True Modal Method technique [?] - a construction of
the modal basis of the true permittivity and permeability profile - leads to the required proof, and
yields an analytical solution to the grating di↵raction problem.
Consider a 1D grating of period ⇤ which profile is defined by piecewise twice di↵erentiable
function f (x). Suppose that this profile defines the interface between upper and lower homogeneous isotropic media with dielectric permittivity and magnetic permeability "a , µa , and "b , µb
respectively. Then, it is derived that components of the T-matrix of this grating relating upward
(sign “+”) and downward (sign “ ”) propagating harmonics of indices p and q at both sides of the
interface are given by
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is also proven to be valid (here Fy stands for transverse field).
Despite one often searches for a solution to the di↵raction problem in S-matrix form, the obtained result presents certain advantages. First, it opens an opportunity to transform the T-matrix
analytically. Second, it displays the structure of the T-matrix assisting in its smart transformation.
Third, in some cases (like the inverse problem, for example) the solution in the form of a T-matrix
can be sufficient.
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C. R. Acad. Sci. Paris, Vol. 266B, 135–138, 1968.
5. Bates, R. H. T., “Analytic constraints on electromagnetic field computations,” IEEE Trans.
Microwave Theory and Tech., Vol. MTT-23, 605–623, 1975.
6. Wirgin, A., “On Rayleigh theory of sinusoidal di↵raction gratings,” Opt. Acta, Vol. 27, 1671–
1692, 1980.
7. Watanabe, T., Y. Choyal, K. Minami and V. L. Granatstein, “Range of validity of the Rayleigh
hypothesis,” Phys. Rev. E, Vol. 69, 056606, 2004.
8. Elfouhaily, T. and T. Hahn, “Rayleigh’s hypothesis and the geometrical optics limit,” Phys.
Rev. Lett., Vol. 97, 120404, 2006.
9. Tishchenko, A. V., “Numerical demonstration of the validity of the Rayleigh hypothesis,” Opt.
Express, Vol. 17, 17102–17117, 2009.
10. Tishchenko, A. V., “Rayleigh was right: Electromagnetic fields and corrugated interfaces,”
Opt. Photon. News, Vol. 21, 50–54, 2010.
11. Chandezon, J., D. Maystre, and G. Raoult, “A new theoretical method for di↵raction gratings
and its numerical application,” J. Opt. Paris, Vol. 11, 235, 1980.
12. Botten, L. C., M. S. Craig and J. L. McPhedran, “The dielectric lamellar di↵raction grating,”
Opt. Acta, Vol. 28, 413–428, 1981.
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Abstract-Biochemical detection applications and on-chip optical interconnects are examples of the
useful applications considered for integrated photonic platforms dedicated to the UV and visible
spectral range. This achievement requires the realization of efficient and compact microlaser
sources that can be coupled to optical waveguides and are compatible with photonic circuitry. We
develop a cost-effective practical approach relying on the controlled growth of thin AlN buffer
layers on silicon substrates, followed by the growth of multiple quantum wells (MQW) GaN/AlN
(for UV operation), or InGaN/GaN MQWs (for violet and blue operation) with a high radiative
efficiency up to T=300K. This unique Nitride-on-Silicon platform could be released into a
membrane by the selective under-etching of the silicon substrate.
We present a series of microdisk lasers operating at room temperature under pulsed optical
excitation over a broad spectral range extending from 275nm to 470nm. All microdisks present a Q
factor above 1000 and reach 4000 in the best resonators. We are able to investigate the gain
threshold of the different active layers. The microlasers operate under pulsed optical excitation, and
the lasing threshold is reduced by a factor 10 from deep-UV GaN/AlN microdisks to the violet
InGaN/GaN ones. This work allows us to expect a variety of integrated photonics applications,
including for example multi-color integrated laser sources: we demonstrate here the versatility of
this nitride-on-silicon platform, and the first realization on this platform of efficient active layers for
a tunable lasing action over a 200nm broad UV to visible spectral range. [1,2].
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Abstract— The work is devoted to experimental and theoretical study of the far and the near
field optical properties of 2D monolayer arrays of silica microspheres. In the far field results of
measurements of angular dependent di↵raction are compared with simulation of realistic monolayers performed by the Generalized Source Method. In the near field simulation results are used
to predict geometric parameters of microscale arrays obtained by the colloidal lithography.

Ordered monolayer arrays of silica microspheres attract high interest due to promising applications in photovoltaics, mainly for light trapping functionality. They were demonstrated to increase
outcoupling efficiency in organic light-emitting diodes and to possess attractive antireflection properties useful for solar cells. Layers of silica microspheres often represent highly ordered structures
thus making di↵racted light to be strongly angular dependent. For applications it is then important to be able to carefully predict and optimize both spectral and angular optical characteristics
of arranged silica particles.
For preparation of experimental samples we used the Langmuir-Blodgett technique. It is one
of the most efficient methods for preparing regular monolayers of microspheres over large areas
with homogeneous deposition of the particles. First, 1 µm diameter spherical silica particles were
suspended in butanol (concentration was 35 mg/ml). After ultrasonic dispersion during 30 min,
the particles were injected into a carrier fluid and brought to liquid surface to form a monolayer
array with the aid of surface tension forces. The quality of the self-assembly of particles within the
transfer zone was controlled by a camera with a custom image processing software [?].
In this work we first present experimental measurements of di↵raction efficiency angular dependency for plane wave di↵raction on high-quality ordered monolayer of silica microspheres, which
supplement data previously published by other authors. Simulation of experimental results was
performed by a highly efficient rigorous di↵raction calculation method [?] taking into account realistic microsphere arrangement and particle size dispersion. This allowed us to obtain reasonably
good correspondence between experiment and theory, and to qualitatively explain the shapes of
the experimental curves, as well as the observed di↵erences between experimental and theoretical
results. Comparison of simulations of freely suspended monolayers and monolayers on a substrate
revealed a grating anomaly nature of peculiarities of the obtained curves. Furthermore, simulation of substrate interference e↵ects allowed us to carefully predict the microscopic structure of
micropillar arrays obtained with the colloidal lithography technique.
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Abstract-Perturbative approaches are reported to overcome the recently observed nonconvergence
of the Fourier modal method (FMM) and the coordinate transformation method (C method) arising
from field hypersingularities at lossless metal-dielectric edges. Perturbations of profile or refractive
index are applied for representative examples of triangular or parallelogram (or rectangular)
gratings, respectively. However, for vanishing perturbations, the converged values of the diffraction
efficiency can approach a fixed value for some numerical examples but cannot for other examples.
For modeling diffraction gratings the FMM is perhaps the most widely used method due to its simplicity and
versatility. Thanks to previous revolutionary works such as the correct Fourier factorization rules and the
scattering-matrix propagation algorithm, the convergence and stability of the FMM have been dramatically
improved. Despite of this, the FMM still shows nonconvergence for binary gratings with certain sets of grating
parameters [1]. This nonconvergence of the FMM is then attributed to the existence of irregular field
singularities [2] (or called hypersingularities [3]) at lossless metal-dielectric right-angle edges, for which the
transverse electric field components approach infinity as ρ 1 near the edge (ρ being the distance to the edge). The
nonconvergence of the FMM and the C method for gratings with lossless metal-dielectric arbitrary-angle edges
is further proposed and attributed to the field hypersingularities [3].
Here we propose perturbative treatment to overcome the nonconvergence of the FMM and the C method
arising from the field hypersingularities [4,5]. Triangular gratings and parallelogram (or rectangular) gratings are
taken as representative numerical examples. For triangular gratings with hypersingularities, we replace the sharp
edge with a rounded edge to remove the hypersingularities at the edge, and then observe the convergence of
diffraction efficiency with the C method. However, by gradually decreasing the radius of the rounded edge, the
converged values of the diffraction efficiency do not approach a fixed value (the expected value for the sharp
edge) [Figs. 1(c)-(d)]. For the example of parallelogram (or rectangular) gratings with hypersingularities, we
smooth the grating boundaries with a medium of gradually varied refractive index to remove the
hypersingularities. With the decrease of the width of the perturbative medium, the converged values of the
diffraction efficiency can approach a fixed value for some numerical examples [Figs. 1(a)-(b)] but cannot for
other examples of parallelogram gratings. While for rectangular gratings the converged diffraction efficiency can
always approach a fixed value [4]. We also find that for deep sub-wavelength parallelogram or rectangular
gratings, the FMM tends to converge even with the existence of hypersingularities, and the converged value of
diffraction efficiency consists well with the theoretical value predicted by the effective medium theory.
−

Figure 1 (a) Treatment to overcome the nonconvergence of the FMM for parallelogram or rectangular gratings
by smoothing the sharp lamellar boundaries with a gradually-varied medium (with a width δ). (b) Convergence
test of the 0th-order reflection efficiency R0 for the parallelogram grating with different δ. The grating
parameters are the same as those in Fig. 6(b) of [3], and (b1) shows the reproduced nonconvergence results. (c)
Treatment to overcome the nonconvergence of the C method for triangular gratings by replacing the sharp edge
with a rounded edge (with a radius r). (d) Convergence test of the −1st-order reflection efficiency R 1 for
asymmetric triangular gratings with different r. The grating parameters are the same as those in Fig. 7(b) of [3],
and (d1) shows the reproduced nonconvergence results.
−
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Abstract— The vertical mode expansion method (VMEM) is a special numerical method
tailor-made for analyzing the scattering of light by structures with multiple finite-height cylindrical objects. In this paper, a VMEM with 2D boundary integral equations is implemented for
biperiodic structures consisting of cylindrical objects with arbitrary cross sections.

Ω0
Ω1
Γ1

Extinction (a.u.)

Due to the existing nanofabrication techniques, many photonic structures can be considered as
combinations of numerous cylindrical inclusions. Mathematically, in a Cartesian coordinate system
{x, y, z} where the z-axis is perpendicular to the substrate surface, a typical cylindrical region is
Sl = {(x, y, z) : (x, y) 2 ⌦l , 1 < z < 1}, where ⌦l is the cross section of the lth cylindrical
object, and the material parameters depend only on z in Sl . Taking advantage of the periodicity
of the entire structure, the problem can be considered only in a unit cell. In the simplest case,
a unit cell consists of two regions S0 and S1 , and we assume S0 encloses S1 . Examples of a
biperiodic structure and its unit cell are shown in Fig. 1. In the vertical mode expansion method
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Figure 1: Left: a periodic array of particles on a substrate. Middle: cross section of a unit cell. Right:
extinction spectra of the left periodic array of gold elliptic cylinders for a normal incident plane wave.

(VMEM) [1, 2], the field in Sl is expanded in the vertical modes

(l,p)
(z)
j

(where p = e or p = h for
(l,p)

two di↵erent polarizations) with corresponding expansion “coefficients” Vj
(l,p)
Vj

(x, y). The unknown

satisfies a 2D Helmholtz equation in ⌦l . An important step in the VMEM is to solve a linear
(l,p)

(l,p)

system for all Vj
or @⌫ Vj
on l , where l is the boundary of ⌦l and ⌫ is a unit normal vector
to it. In a unit cell, the linear system only need to be set up on 1 . To achieve this, we calculate
(l,p)
(l,p)
(l,p)
the Neumann-to-Dirichlet operator Nj
which maps @⌫ Vj
to Vj
on 1 for l = 0, 1. The
operators can be obtained by the boundary integral equation (BIE) method [2]. Particularly, for
the domain ⌦0 , we need to incorporate the quasi-periodic boundary conditions in the BIEs. To
illustrate the method, a numerical example is shown in Fig. 1.
The VMEM gives 2D formulations for 3D problems, and it is relatively simple to implement
and highly competitive in terms of efficiency and accuracy.
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Abstract-We identified two different scattering processes characteristic of the low- and high
wavelength ranges of optical reflection spectra of butterfly wing scales. Our computer simulations
based on the solution of 3D Maxwell equations helps to understand the connection between the
wing scale nanoarchitecture and the measured optical spectrum.
The color of various butterflies may originate not only from pigments, but from photonic nanoarchitectures
[1], too, found in the scales covering their wings. Most important tools to analyze the structure of wing scales are
top-view Scanning Electron Microscopy (SEM) and cross sectional Transmission Electron Microscopy (TEM)
imaging. Both methods give only two dimensional (2D) information and it is a non trivial task to decompose the
real three dimensional (3D) structure of the scale based on these 2D images. We performed extensive full 3D
Maxwell equation calculations to reveal the connection between the 3D structure and the optical spectrum,
utilizing many different scale structure models, for the so called “pepper-pot” scale structure, typical of Lycaenid
butterflies [2,3]. Our simulations showed that different scattering processes determine the spectrum in different
wavelength ranges. For large wavelengths (>350 nm) the optical reflection can be well described by a
corresponding effective multilayer model and the peak positions are well represented by a simple first order
scattering approximation [4]. One has to include second order scattering processes inside the layers, however, in
order to correctly reproduce the small wavelength side of the spectrum (<350 nm). Hence, to calculate the large
wavelength part of the spectrum one needs the parameters of the layer structure, which is provided by TEM
images. Detailed information on the layer structure, which is provided by the SEM images, is only necessary for
calculating the small wavelength part of the spectrum.
REFERENCES
1. Biró, L. P. and Vigneron, J. P. “Photonic nanoarchitectures in butterflies and beetles: valuable sources for
bioinspiration”, Laser Photon. Rev. Vol. 5, 27–51, 2011.
2. Bálint, Z., Kertész, K., Piszter, G., Vértesy, Z., and Biró, L. P. “The well-tuned blues: the role of structural
colours as optical signals in the species recognition of a local butterfly fauna (Lepidoptera: Lycaenidae:
Polyommatinae)”, J. R. Soc. Interface Vol 9, 1745–56, 2012.
3. Wilts, B. D., Leertouwer, H. L., and Stavenga, D. G. “Imaging scatterometry and microspectrophotometry of
Lycaenid butterfly wing scales with perforated multilayers”, J. R. Soc. Interface 6 Suppl 2, S185-92 (2009).
4. Márk, G. I., Vértesy, Z., Kertész, K., Bálint, Zs., and Biró, L. P. “Order-disorder effects in structure and
color relation of photonic-crystal-type nanostructures in butterfly wing scales”, Phys.Rev.E Vol 80,
051903-1, 2009.

Polynomial modal method for complex Meta-surfaces modeling
K. Edee1 , J. P. Plumey1 , and A. Moreau1
1
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Abstract— Metasurfaces are planar metamaterials that consist of a single or a few stack of
subwavelength thickness metal-dielectric layers. They could be periodically structured or not
with subwavelength scale patterns according to the transverse directions. The strong interaction between an electromagnetic field components and these surfaces, exhibits some properties
that could not be found in nature. These artificial properties strongly depend on the shape and
arrangement of the elementary patterns and they are often linked to a plasmon resonance phenomenon. Metasurfaces working in the visible range generally consist in periodical arrangments
of plasmonic resonators. These resonators are inherently muti-scale, as their responses relie on
the excitation of resonances in very small gaps, like in the case of gap-plasmon resonators or for
bow-tire antennas. The simulation of their electromagnetic response can be very challenging and
may be successfully treated thanks to a modal method holding the complexity of the patterns
shape. Here we present a polynomial modal method [1, 2, 3, 4] that is particularly suited for
the simulation of metallic structures. Advanced coordinates transformation such as matched
coordinates and tilted coordinates are included in order to hold efficiently the complexity of the
geometry without any approximation. Such a tool even o↵ers the possibility to control the way
the resonators are periodically arranged.
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Tailoring fluctuation-induced interactions with nanostructures.
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Abstract— We investigate how the strength and the functional dependence of fluctuationinduced interactions are altered by acting on the geometry and the material properties of the
system’s constituents.

In the constant race towards miniaturization driven by modern technologies, phenomena which
are irrelevant at the macroscopic level become more and more important for systems with microand nano-scopic size. A large class of these e↵ects are fluctuation-induced interactions which find
their origin in the classical and quantum fluctuations of the system. Paradigmatic examples are van
der Waals forces and the Casimir e↵ect [1]. The understanding and control of these interactions is
essential for opening new avenues for fundamental investigations and for designing new and better
performing nanodevices.
Recent investigations have shown that tailoring the geometry and leveraging on the material
properties of the system can lead to profound modifications of these phenomena, o↵ering an additional knob to study and to harness these interactions [2]. Along these lines, in this contribution
we review some recent results addressing equilibrium and nonequilibrium fluctuation-induced interactions with atomic and mesoscopic systems (e.g. MEMS) [3, 4, 5].

εnl(ω)

ω0

εd(ω)
Figure 1: Two examples of nanostructured systems which were used to tailor fluctuation-induced interactions. (Left) Schematic drawing of an experimental configuration used to measure the Casimir force between
a gold-coated sphere and a gold 1D grating [3]. (Right) Scheme of an atomic system embedded in the
metal/dielectric layered material. This system was analyzed in a framework capable of including local-field
corrections in (weakly absorbing) dielectric systems and the nonlocal optical properties of metals [5].
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Abstract-Through nonlinear crystals, second and third harmonic signals are obtained. However,
such signals are limited to low efficiency as an output. Metamaterials can be used to generate
harmonic signals corresponding to nonlinear behaviors. Here, we introduce a new strategy how to
amplify the second and third harmonic signals via magnetic metamaterials. We theoretically and
numerically show that the higher induced polarization currents with harmonic signals can be
achieved by the grating structure and an actual model is suggested and performed.
Metamaterials which consists of artificial structures under sub-wavelength scale have been well studied and
gave rise to unusual properties such as negative refractive index [1], invisibility cloak [2], super-resolution
imaging [3] and metasurfaces [4]. In addition, nonlinear behaviors based on metamaterials have been researched.
Here, we focus on second and third harmonic generation caused by nonlinear behaviors. Conventional second
and third harmonic signals are so weak and limited to low efficiency. To overcome such disadvantages, we
introduce a new strategy how to amplify the second and third harmonic signals via magnetic metamaterials. First
of all, magnetic metamaterials show their nonlinear behaviors at the magnetic resonance, indicating a higher
absorption coefficient and higher induced polarization currents [5, 6]. So, the enhanced second and third
harmonic signals can be created by the current loop composed of nanostrip metamaterials shown in Fig 1(a). The
nanostrip has inversion symmetry in x-direction and no inversion symmetry in y-direction, resulting in third and
second harmonic signals, respectively [6]. It is well shown in Fig 1(c) that the x component of polarized current
generates the third harmonic signals and the y component of that current generates the second harmonic signals.
Moreover, we recognized that the presence of a grating in the metamaterial structure are absolutely related to the
good performance of the second and third harmonic signals. The grating has the same width with a unit cell of
magnetic metamaterials and is embedded under the glass substrate, which is depicted in Fig. 1(b). We can
readily compare the transmission between no grating structure and grating-based structure in Fig. 1 (c) and (d).
The amplitude of the second and third harmonic signals in grating-based structure is almost doubled and
quadrupled, respectively, compared to the case of no grating structure. We show that enhanced second and third
harmonic signals as nonlinear behaviors are indeed achieved by the grating structure from magnetic
metamaterials. Finally, we fabricate and measure the model suggested in Fig 1(b) in practice and show whether
the amplified second and third harmonic signals are present or not.

Figure 1. (a) Magnetic field distribution and electric field displacement (black arrows) in magnetic
frequency. The external magnetic field induces a current loop which can be divided into two orthogonal groups.
(b) Scheme of the actual model. The model is a 5-layer trapezoid placed on a glass substrate upon a grating. The
grating is embedded under the glass substrate. (c) and (d) indicate the second and third harmonic signals in the
transmitted waves with no grating structure and grating-based structure, respectively.
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Abstract-Photonic and optical devices have been improved using the state of the art
nanofabrication techniques. Also, photonic modulators have been affected by the nanotechnology,
so we has already theoretically designed mode-multiplexed modulator using indium-tin-oxide
(ITO) pattern which can distinguish one modes from waveguide modes. Thus this research is to
verify that the device can modulate two wave modes by fabricating and experiment the designed
structure. The results improve waveguide system multiplying functionality-per-area.
Recently, as nanofabrication enables to create metamaterials and meta-devices, photonic devices have
developed with the progress of nanotechnology. Similarly, wave mode modulators have advanced to increasing
efficiency and improving performance using transparent conducting oxides (TCOs) [1]. TCOs, such as ITO and
aluminum zinc oxide (AZO), are transparent conductive materials which have the both metal and optical
properties in near infrared range (NIR). Also, the TCOs’ optical properties can be changed by controlling carrier
concentration [2]. We used this controllable optical transmission of ITO to create modal dichroism for designing
the mode-multiplexed modulator [3]. The modal dichroism obtained by the modulator increase the bandwidth of
modulation and functionality-per-area. This research is to fabricate the designed device and prove that it can
modulate two wave modes. The schematics of the modulator is shown in Fig. 1(a), and the structure is fabricated
following method. After the silicon etching of silicon on insulator (SOI), three patterns are deposited in order of
ITO, silicon dioxide and gold using E-beam evaporator as Fig. 1(b), (c). Before deposition, the specimen should
be aligned using overlay process. The alignment error is less than 20nm and reproducibility is more than 75% [4],
so three alignments are possible to deposit three materials in accurate location on Si layer. Therefore three panels
of ITO respond separately to the signal from gold panels insulated with 20nm silicon dioxide layer. The charge
density of the ITO panels along vertical axis should be same with the theoretical results in constant doping
concentration and voltage of two panels. Thus, annealing is required to stabilize the state of the ITO panel, and
defining annealing condition is important to this step. Waveguide input and output section is created by
engraving gratings using focused ion beam (FIB) milling or electron beam lithography (EBL). The section
should be fabricated to transmit waves maintaining enough propagation efficiency, so the section has already
been prepared before the main manufacturing process. Total device image is shown in Fig. 1(d). If the device is
fabricated following this method, the device can modulate two modes independently. This means that modal
dichroism can be realized and functionality-per-area is multiplied twice. Therefore, when it is required to select

one mode from two or more modes, the designed device is more efficient than other devices. Also, the method of
three times overlay process help fabricate other structure design requiring several overlay process.

Figure 1. (a) Schematics of the mode-multiplexed modulator. (b) SEM image of the fabricated pattern composed of ITO,
silicon dioxide and gold layers. (c) Cross section of the modulator (d) SEM image of the modulator with waveguide input
and output section.
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Abstract- Hyperlens is an optical imaging method for super-resolution imaging. Due to the
unique hyperbolic dispersion relation of hyperlens, sub-diffraction information of objects
can be propagated to far-field. Here, we propose a new design consisting of multiple
hyperlenses arranged in hexagonal arrays in large scale for high-throughput imaging. With
proposed design, we report the experimental demonstration of sub-diffraction imaging on
hyperlenses. Biomolecular samples are imaged by visible light through the hyperlens array
with resolution down to diffraction limit.

Super-resolution imaging technology has brought interest as a useful tool for observation in
biology and nanotechnology [1]. This technology helps to overcome the diffraction limit of
conventional imaging system, wherein two objects located closer cannot be resolved clearly in the far
field. Recent progress in metamaterials, which are artificial structure never existing in nature, are able
to image beyond the diffraction limit. Hyperlens is the kind of special artificial metamaterials with
hyperbolic dispersion that can resolve small objects in the optical far field [2-5]. Previous hyperlens
research results have been achieved to resolve features down to sub-diffraction limit in visible range [6],
still have difficulty to the use of hyperlenses in practical applications. Here, we propose a new design
consisting of multiple hyperlenses arranged in arrays in wafer scale for high-throughput imaging and
robust to sample positioning. With proposed hyperlens array, we show the experimental result of
super-resolution imaging on hyperlenses by combining to conventional microscopy system for imaging
biomolecules. Hippocampal neuron cells are imaged by visible light through the hyperlens array with
resolution down to 150 nm, beyond the diffraction limit. High resolution imaging result of neuron at
sub-diffraction size shows that hyperlens can be used as a useful imaging tools in biology, pathology,
medical science and nanotechnology.

Figure 1. (a) Neuron image captured by hyperlens. (b-f) Fabricated wafer-scale hyperlens array.
SEM top-view image(c), cross-sectioned TEM image (d) and magnified image of bottom and side wall
region (e-f), respectively [7, 8].
Acknowledgements. J. Rho acknowledges the financial support by Pioneer Research Center program
(NRF-2015M3C1A3022550), Young Investigator Research program (NRF-2015R1C1A1A02036464),
Engineering Research Center program (NRF-2015R1A5A1037668) and Global Frontier program for
the Center for Advanced Metamaterials (CAMM-2015M3A6B3063708) through the National Research
Foundation of Korea (NRF) grant funded by the Ministry of Science, ICT and Future Planning (MSIP)
of Korean government.
REFERENCES

1. Hao, X. et al., “From microscopy to nanoscopy via visible light”, Light Sci Appl., Vol. 2, No. 10,
e108, 2013.
2. Liu, Z. et al., “Far-Field Optical Hyperlens Magnifying Sub-Diffraction-Limited Objects”, Science,
Vol. 315, No. 5819, 1686-1686, 2007.
3. Salandrino, A. et al., “Far-field subdiffraction optical microscopy using metamaterial crystals:
Theory and simulations”, Phys. Rev. B, Vol. 74, No. 7, 075103, 2006.
4. Jacob, Z. et al., “Optical Hyperlens: Far-field imaging beyond the diffraction limit”, Opt. Express,
Vol. 14, No. 18, 8247-8256, 2006.
5. Pendry, J.B., “Perfect cylindrical lenses”, Opt. Express, Vol. 11, No. 7, 755-760, 2003.
6. Rho, J. et al., “Spherical hyperlens for two-dimensional sub-diffractional imaging at visible
frequencies” Nat. Commun., Vol. 1, No. 143, 2010.
7. Lee, D. et al., “Wafer-scale hyperlens array for neuron imaging”, Science Advances, (in review).
8. Byun, M. et al., “Demonstration of nanoimprinted hyperlens array for high-throughput
sub-diffraction imaging”, Sci. Rep, (in review).

Gate set tomography on electron spin qubits in diamond
Ji-Won Yun1, Donghyuck Lee1, and Dohun Kim1

1

Department of Physics and Astronomy, Seoul National University, Seoul 08826, Korea
*

corresponding author: dohunkim@snu.ac.kr

Abstract-Nitrogen-vacancy (NV) centers in diamond are excellent candidates for
investigating quantum phenomena and constructing quantum two level system due to long
coherence time even at room temperature environment [1]. To realize reliable quantum
processor, it is essential to confirm performances of single and multiple qubit gates, and
traditionally quantum state and process tomography are used to fully reconstruct input and
output quantum states under the quantum operator in question [2,3,4]. These methods,
however, are prone to state preparation and measurement (SPAM) errors, and number of
measurement to complete the characterization grows exponentially with number of qubits.
Gate set tomography (GST) is a newly developed method which is self-consistent and
overcomes this limit [5]. In this study, we used GST to characterize the gate fidelity of
electron spin qubit formed by a nitrogen-vacancy center in diamond. We briefly introduce
photo physics of NV centers and GST, and we discuss the accuracy of the single qubit gates
we apply to nitrogen-vacancy centers that was obtained using GST. We further discuss the
characteristics of main noise source due to nuclear spin bath in diamond, which is deduced
from analyzing quantum processes using GST.

Keywords: Nitrogen-vacancy centers, Quantum gates, Quantum tomography, Gate set
tomography, Optically detected magnetic resonance
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Abstract-The confocal microscopy has high resolution and high efficiency, and is used as a major
workhorse throughout the entire optical imaging field, and its applications range from cell imaging
to quantum information experiment using single molecules. For long-term fluorescence
characterization of single molecules or manipulation of single-cell as well as image acquisition, a
technique capable of correcting errors caused by external temperature change, sample drift, etc. is
required, and previously, a method of periodically locating the local maxima of the intensity spatial
distribution such as simulated annealing was used. However, in the quantum information
experiment to measure weak atomic light intensity, it is difficult to use the existing motion tracking
method because the power is at the femto-watt level and the photon statistical shot noise limit. In
this study, we introduce the development of a single-photon-counting three-dimensional position
tracking confocal microscope, which mainly aims at quantum information optical experiment of
Diamond NV center. Combined with single photon counting and software lock-in modulation,
motion tracking in a single molecule level can be performed in real time. As performance
verification we show an example of measuring magnetic resonance of single NV center in bulk
diamond over several days at a signal to noise ratio of 20:1
Keywords: Position tracking, Confocal microscopy, Nitrogen-vacancy centers, Single-photon-counting, Lock-in
modulation, Optically detected magnetic resonance
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A smartphone multi-contrast microscope using a color-coded LED
illumination
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Abstract- We present a low-cost multi-contrast microscope operating on a smartphone platform.
Our method is based on our recently developed color-coded LED microscopy (cLEDscope). In
cLEDscope, LED lights of red, blue and green color illuminate a specimen with different angle, and
computation of the acquired images in each color enables bright-field, dark-field and differential
phase contrast imaging in a single shot. As cLEDscope can be readily built with inexpensive LED
array and CMOS camera, we noted that simple modification of a smartphone, which is already
equipped with a color CMOS camera, would transform it into multi-contrast microscope. We
designed and fabricated a smartphone adapter composed of micro-LED arrays and specimen stage,
so that its installment on a smartphone enables multi-contrast biological imaging. Android-based
App was also implemented to acquire images and perform the computation. Details of our
cLEDscope adapter and experimental demonstration with biological specimens are presented.
We demonstrated cLEDscope on a smartphone platform. Integration of microLED array as an illuminator
and smartphone lens as an objective transformed a smartphone into multi-contrast microscope capable of BF, DF
and DPC imaging in a single shot. Its multi-contrast imaging capability was demonstrated by visualizing
structures of transparent biological specimens. This method may be utilized for educational purposes as well as
diagnostic imaging tool of biological specimens in resource-limited settings.
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in vivo optical coherence tomography imaging of penetration and
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Abstract- We present in situ imaging and analysis of the penetration and dissolution characteristics
of hyaluronic acid based MNs (HA-MN) with various needle heights in human skin in vivo. In
contrast to other studies, we measured the actual penetration depths of the HA-MNs by considering
the experimentally measured refractive index of HA in the solid state. For the dissolution dynamics
of the HA-MNs, structural alteration of the MNs could be clearly visualized, and the volumetric
changes of the MNs were measured.

Transdermal drug delivery (TDD) has been recently highlighted as an alternative to oral delivery and
hypodermic injections. Among many methods, drug delivery using a microneedle (MN) is one of the promising
administration strategies due to its high skin permeability, minimal invasiveness, and ease of injection. Many
researchers have investigated applicability of MN technology to oligonucleotide delivery, insulin delivery,
protein vaccine delivery, and DNA vaccine delivry. In addition, microneedle-based TDD is explored for
cosmetic and therapeutic purposes, rapidly developing market of microneedle industry for general population.
To date, visualization of microneedles inserted into human skin has primarily been performed ex-vivo. MRI,
CT and ultrasound imaging do not provide sufficient spatial resolution, and optical microscopy is not suitable
because of their limited imaging depth; structure of microneedles located in 0.1~1mm into the skin cannot be
visualized.
Optical coherence tomography (OCT) is a non-invasive, cross-sectional optical imaging modality for
biological tissue with high spatial resolution and acquisition speed. Compared with ultrasound imaging, it
exhibits superior spatial resolution (1~10 um) and high sensitivity, while providing an imaging depth of
biological tissue down to 1~2 mm. Here, we present in situ imaging and analysis of the penetration and
dissolution characteristics of hyaluronic acid based MNs (HA-MN) with various needle heights in human skin in
vivo. In contrast to other studies, we measured the actual penetration depths of the HA-MNs by considering the
experimentally measured refractive index of HA in the solid state. For the dissolution dynamics of the HA-MNs,
structural alteration of the MNs could be clearly visualized, and the volumetric changes of the MNs were
measured with an image analysis algorithm.

Figure. 1 Time-series image of XZ cross-sectional OCT tomography of human skin tissue from 0 to xx hour after (A-E)
350µm and (F-J) 600µm insertion. Yellow arrow pointed dashed line is epidermal dermal junction (EDJ). the upper layer is
epidermis and lower layer is dermis. White line pointed by red arrows is boundary of PU. Scale bar is 500µm.
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Abstract- Here, we demonstrate a strategy for single-shot quantitative phase imaging in
color-coded LED microscopy. We employ a circular LED illumination pattern that is trisected into
subregions with equal area, assigned to red, green and blue colors, respectively. We also describe
computational model and single-shot quantitative phase imaging capability of our method by
presenting phase images of calibrated phase sample and dynamics of cells.
we demonstrate single-exposure QPI in the platform of cLEDscope. The LED source pattern is configured as
a circle that is trisected in equal angles with red, blue, and green colors. Image acquisition with a color image
sensor and computation based on weak object transfer functions allow for the measurement of the phase
distribution of transparent biological specimens. We describe a computational model and our phase estimation
algorithm for such configuration. Phase measurement accuracy is validated with imaging of precalibrated silica
microspheres, and the single-shot phase imaging capability is demonstrated with the static and time-lapse
imaging of unlabeled cells.
In cLEDscope, a color LED array replaces the light source of a conventional microscope. Patterned LED
illumination and computation with the images in red (R), green (G), and blue (B) colors realize multi-contrast
and QPI. The circular LED pattern was trisected into subregions with equal area, and each region was assigned
red (R), green (G), and blue (B) colors (Fig. 1). The size of the illumination pattern was set to be larger than the
pupil size of the optical microscope.

Figure. 1 Schematic of cLEDscope for single-exposure QPI. A color LED array is placed ~100 mm away from the

specimen plane (S). The LED illumination pattern is trisected into subregions with equal area. Each region is assigned red,
green, and blue colors. Light passing through a transparent specimen is collected by an objective lens (OBJ), and
subsequently detected by a color image sensor. Computation with R, G, and B images in combination with weak object
transfer functions results in quantitative phase images. S: specimen plane, TL: tube lens.
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This paper describes a long-term stability enhancement of dynamic
spectro-ellipsometry by which we can measure spectral phase difference between p- and
s-polarization of the reflected wave from a periodic nano pattern or a thin film with
extreme high stability. Long-term stability enhancement scheme is provided for a thin film
object by analyzing the spectral ellipsometric parameter Δ(λ) stability.
Abstract:

Typical spectroscopic ellipsometric (SE) system employs mechanical rotating mechanisms or electrical
modulation devices to extract the ellipsometric spectral parameters Ψ(k) and Δ(k). Such time-consuming
polarization modulation scheme limits the measurement speed of conventional spectro-ellipsometry. The
proposed scheme is highly robust to the external noises and it enables us to extract the ellipsometric spectral
parameters of large scale nano-pattern object in real time with high accuracy. [1-2] The newly proposed

snapshot spectro-ellipsometry based on an interferometric spectro-polarization modulation technique
has no moving parts, and it is extremely robust to external vibration due to its unique optical design.
This paper describes how long-term stability of the proposed dynamic spectro-ellipsometry can be
improved.

Fig. 1 Long-term stability evaluation of the dynamic spectro-ellipsometric system
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Abstract- We made graphene quantum dot (GQD) and Au nanocompound as an innovative
fluorescent material. Such sample showed high photoluminescence characteristics and new
emission peak in the visible range, since the strong light confinement obtained from the Au
nanoparticles as an antenna remarkably enhance the light absorption. Our material with nanosphere
structure provided bluish-green emission after the hybridization of GQD and Au (GQD/Au). It
exhibited a photoluminescence quantum yield of up to 26.9%, which is better than twice of GQD’s
(~11%).
We developed a novel nanosphere including GQDs and Au. The UV light was employed to assembly of
GQDs and Au with photo-excited electrons and reducing capability of Au3+. The size of the GQD/Au
nanospheres was 150–170 nm, which is larger than that of the intrinsic GQDs (4–7 nm). The photoluminescence
was improved with two emission peak for blue and green at 468 and 529 nm of wavelength. Our material,
GQD/Au nanospheres showed high emission efficiency with 26.9 % of quantum yield over double of typical
GQD’s. Such fluorescent material can be perceived as exceptional candidates for applications such as light
emitting source, optoelectronic devices, and bio-imaging with intriguing emission wavelength and intensity.

Figure 1. schematic of GQD/Au sample with enhanced photoluminescence of surface plasmon and
fluorescence image of GQD and GQD/Au
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Abstract- The metasurfaces which don’t appear properties in nature have many interesting
properties. Among many properties of metasurfaces, the enhancement of optical signals become
more important for optical and electromagnetic field. In this paper, we changed the optical signal by
using micro patterned planar surface which can control the permittivity and permeability.
Metasurfaces have many properties which don’t appear in nature include anti-refractivity, anti-doppler effect,
independence of wavelength and frequency, anti-phase of phase velocity and group delay, and surface plasmon.
[1-3] The metasurface’s characteristics were appeared by negative permittivity and negative permeability which
made negative refractive index.
For negative refractive index equations,
(1)
where n is refractive index,
permittivity,

is permeability,

is permittivity. For negative permeability and

(2)

(3)

Above (2), (3) equation, we can control permeability and permittivity by changing the wavelength or
frequency and can make a negative permeability and permittivity.
Photonics techniques in biological and medical have been developed rapidly for new optical bio imaging
system and control biological cells. [4,5] The enhancement of optical signal by using metasurfaces can be
embedded in certain part of bio imaging system.
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Abstract-Functional near-infrared spectroscopy (fNIRS) is an emerging brain imaging technique.
We proposed to use metasurfaces and optical antennas to control the absorption and scattering of
light which are the major factors of attenuation of light in the current fNIRS system. Furthermore,
with the use of metasurface, we can not only detect the ballistic component but also the diffusive
and snake components which in result will enhance the receiving signal intensity of the light.
fNIRS is an optical brain imaging technique which uses near-infrared light of wavelength (690 nm to 820
nm) to detect the hemoglobin (Hb) changes in the brain [1]. Photons introduced at the scalp pass through the
most of the tissue, and are either absorbed, scattered, or reflected back from oxy-Hb and deoxy-Hb. Because
relatively predictable quantities of photons follow a banana-shaped path back to the surface of the skin, these can
be measured using photo detectors. The drawback of current fNIRS system is that it can detect a small amount of
light intensity (ballistic component only) of total transmitted intensity of light [2] as shown in Fig. 1. In this
study, we will propose to use metasurfaces and optical antennas to enhance the overall performance of the
optical brain imaging system by detecting ballistic, snake and diffusive components.

Fig. 1. Schematic diagram of light pulse
propagating in a turbid medium showing the
ballistic, snake and diffusive photons. Adapted
from reference [8].
The two major factors for the attenuation of light in current fNIRS system are absorption and scattering [3].
Changes in the chromophore concentrations cause changes in the reflected light intensity, and are quantified
using a modified Beer-Lambert law [1] to detect the ballistic component only [2] given as

I = I 0 exp{− (µa + µ s )L}
Where I is the detected and I0 is the incident intensity,

(1)

µ a is the absorption coefficient, µ s is the scattering

coefficient and L is the differential path length factor.
Photonic techniques in biological and medical research depends on the development of new optically active
materials that can measure, control and process biological cells and molecules at an unprecedented level [4]. For
example optical nano antennas hold promise for enhancing the efficiency of photon detection, light emission,
sensing and spectroscopy [5]. The optical nano antennas are introduced to enhance the transmission efficiency
from the transmitter to the receiver [4]. Furthermore, with the use of optical responses of anisotropic plasmonic
antennas and a new class of metasurfaces based on arrays of these antennas, we can control the constant
interfacial phase gradient that can deflect light into desired direction [6]. With the use of nano structured
metasurfaces we can get minimal reflectance (<0.02%) and maximal transmittance (>99.8%) for a wavelength

range, covering visible and near infrared [7]. So that by combining high transmission, low reflectivity and low
absorption we can detect a high amount of transmitted intensity.
Fig. 2. Schematic of metasurface
with optical nanoantennas
fNIRS signal enhancement.

for

Metasurfaces can be a useful tool to control these parameters which in result will enhance the intensity of the
detected light. Moreover, we will use optical antennas [5] in metasurfaces to further enhance the efficiency of
the light emission and detection. As discussed above, the major part of the intensity of light is consisted of
diffusive component whereas the modified Beer-Lambert law only uses the ballistic component. Therefore, with
the use of metasurfaces we can detect the diffusive component which will enhance the intensity of detected light
given as [2]

Ω
⎡
⎤
I = I 0 ⎢exp{− (µa + µs )L}+
exp(− µ eff L)⎥
4π
⎣
⎦
Where

(2)

µ eff = 3µ a ( µ sʹ + µ a ) and µ sʹ is the reduced scattering coefficient. Figure 2 shows the schematic of

proposed metasurface with optical antennas.
In our future work, we will use the proposed metasurfaces to develop an efficient optical brain imaging
system which can be used as a better brain imaging tool as compared to the current fNIRS system. The
enhancement in the detection of intensity of light will give more useful information about the functionality of the
brain and this could be useful in diagnosis of many brain diseases and disorders. Furthermore, the use of
metasurfaces will improve the spatial resolution of the optical brain imaging system which could be very
beneficial for deep brain imaging.
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Abstract-Anti-reflection characteristics and mechanical reliability of nanostructured polymer films
prepared by nanoimprint process were evaluated to understand effect of the critical imprint
parameters on the performance. The nanoscale cone array in hexagonal pattern was fabricated on
PET and PMMA films by the thermal imprint process. Characterization of anti-reflection (AR)
performance showed that the reflectance and transmittance of the prepared nanopatterned polymeric
films were excellent 0.3% and 99%, respectively. However, a pencil hardness test unveiled that the
nanostuructred AR film were significantly damaged by the scratch and has poor anti-scratch
performance. In this study, the various thermal imprint process with heat treatment process were
proposed and the effect of process on the anti-scratch performance were evaluated. It was found
that the flat pressing under an elevated temperature higher than a glass transition temperature
followed by an immediate cooling improves anti-scratch performance.
The anti-reflection surface treatment technology is highly required for the practical applications such as
optical system, large-area display, solar cell panel and handheld devices. In typical optical system, anti-reflective
(AR) surface improves the efficiency by minimizing reflection of incident light. One of conventional methods is
applying multi-layer AR coating that have different refractive index and induce destructive interference of light
[1]. However, it requires expensive and complicated deposition process which hinder fabrication of large-area
AR surface. Thus, as an alternative solution, AR film employing nanostructure inspired by AR structures in
moth eye was intensely investigated [2], [3]. Nanoimprint lithography technique allows us to fabricate large-area
AR nanostructured film with high fidelity. However, nanoimprinted polymer film exposed to harsh condition
showed poor mechanical reliability owing to the intrinsic mechanical property of polymer substrate. Therefore,
anti-scratch performance of AR nanostructure polymer film is one of main issues should be resolved for the
practical applications.
In this work, anti-reflection characteristics and mechanical reliability of nanostructured polymer films
prepared by nanoimprint process with heat treatment were evaluated to improve mechanical reliability of AR
film. The nanoscale cone array in hexagonal pattern was fabricated on PET and PMMA films by the thermal
imprint process as shown in Figure 1(a). Figure 1(b) shows the fabricated nanoscale cone array on PMMA film.
It was found that the fabricated Characterization of AR performance showed that the reflectance and
transmittance of the prepared nanopatterned polymeric films were excellent 0.3% and 99%, respectively.
However, a pencil hardness test unveiled that the nanostructured AR film were significantly damaged by the
scratch and has poor anti-scratch performance. The continuous measurements of reflectance across the scratch

Figure 1: Schematic diagram of Thermal imprint process for AR nanostructure film (a) and the imprinted
PMMA film with nanoscale cone array in hexagonal pattern (b)
showed that high reflectance is resulted by the mechanical damage of the nanostructure and the substrate.
To improve anti-scratch performance of AR film, the various thermal imprint process with addtitional heat
treatment were proposed and the effect of heat treatment on the anti-scratch performance were evaluated. Figure
2 shows that the maximum reflectance measured form the scratch generated during pencil hardness test on AR
films prepared with various heat treatment process. It can be seen that additional flat pressing followed by
immediate cooling process is effective in comparison with sample 1, imprinted without suggested heat treatment
process. It was found that the flat compression with elevated temperature higher than glass transition temperature
followed by an immediate cooling improves anti-scratch performance. It can be concluded that the improved
mechanical reliability of the film

Figure 1: Reflectance measured from the scratches of the nanopatterned films after pencil hardness test.
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Abstract-Elastic metamaterials that have negative effective properties have been investigated to
prevent acoustic or seismic waves. In this study, seismic metamaterials were developed using leaf
springs to achieve negative effective properties. We fabricated reduction model of seismic
metamaterials and investigated effect of shock absorption using vibration exicter. Finite element
model about reduction model was constructed and was verified validity of simulation results. Using
similarity analysis, effect of shock absorption of real-size seismic metamaterials was investigated
about seismic waves.
Elastic metamaterials can prevent external shock such as acoustic or seismic waves because of negative
effective properties in specific frequency range. Seismic metamaterials of various shapes have been investigated
and designed. S. Brûlé constructed regular mesh of cylindrical and empty boreholes and implemented seismic
test [1]. Y. Yan constructed rubber coated steel of cubic shape [2] and M. Miniaci constructed rubber coated
steel of cylinder shape [3]. These seismic metamaterials use tension-compression stiffness of pure material such
as rubber or soil. Seismic metamaterials require low stiffness because the seismic wave has low frequency
domain (1~10 Hz). However, tension-compression stiffness of pure material has large size to low stiffness, and
therefore unit cell sizes of these seismic metamaterials are larger than 3 m. In this study, seismic metamaterials
using leaf springs was constructed to reduce unit cell size. The leaf springs can be designed to have low stiffness
and small size compared to tension-compression stiffness of pure material. Therefore, seismic metamaterials
using leaf springs are more realistic and effective design than other metamaterials.
The unit cell of seismic metamaterials using leaf springs consists of three components: inner mass, outer
mass, and leaf springs, as schematically shown in Fig. 1. The inner mass and outer mass are cubic and have
length Li and Lo, respectively. The inner mass is high density material and the outer mass is low density material
to widen frequency range when the effective mass is negative. Figure 1 shows one dimensional case of seismic
metamaterials. Leaf springs are supplemented in two or three dimensional cases at each axis.

Outer mass

Leaf spring

Inner mass

Fig. 1 Schematic diagram of the unit cell of the one dimensional seismic metamaterials using leaf springs
The seismic metamaterials using leaf springs that serialize seven unit cells was investigated using finite
element analysis and experiment of reduction model. Input shock is El Centro seismic wave and was applied on
side using exicter. Measurement point is the opposite side and experiment results was measured using
accelerometer. The shock response of seismic metamaterials had band gap to 5 Hz from 10 Hz. This frequency
domain is closed to frequency domain of seismic wave. Therefore, the seismic metamaterials using leaf springs
that has 8.4 m total length can absorb shock of earthquake. This simulation and experiment results will be
presented in the conference.
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Abstract- The narrow band gaps of elastic materials is an obstruction for practical applications. In this paper, we
proposed a method of changing band gaps through variable stiffness of the proposed lattice structure. We used
attractive force between ferromagnetic materials and electromagnets that works like a spring. Electromagnetic
circuit was designed to make variable stiffness of the structure. The dispersion equation and attenuation factor of
this system was derived.

Elastic materials do not have negative mass density and stiffness in naturally. Recently, some researchers
demonstrated that elastic metamaterials with double negativity can be achieved by combining structures.[1-3]
However, most of the metamaterials that is aforementioned have negative effective mass and stiffness in narrow
frequency region. The band gap of combining structures can be defined by lattice model as shown in Fig.1. The
dispersion equation can be derived as below
m! !! ! ! −

!! + !! !! + 2!! !! 1 − cos !"

! ! + 2!! !! 1 − cos !"

=0

(1)

where, ! is forcing frequency and ! is a wave number.

Fig. 1 Lattice model of metamaterials with combining structures
Conventional model has the fixed stiffness !! in a unit cell. In this study, the stiffness !! could be
changed by an electromagnet. Moving mass !! is an electromagnet and attracted by another electromagnet.
The attractive force can be controlled by flowed current in the coil. An electromagnetic circuit is proposed to
have linear force between two electromagnets acting as a stiffness as shown in Fig. 2. Therefore, the band gap
can be changed by the changeable stiffness !! .

Fig. 2 A electromagnetic circuit of a unit cell
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Abstract-Nitrogen-vacancy (NV) centers in diamond are excellent candidates for
investigating quantum phenomena, constructing quantum two level system, and realizing
quantum limited sensors due to long coherence time even at room temperature
environment. In this talk, I briefly introduce optical quantum manipulation and
measurements realized using spins in diamond, including electron spins and nuclear spins.
For characterizing quantum processes, gate set tomography (GST) is a newly developed
method which is self-consistent and overcomes limit of traditional state and process
tomography. We apply GST method to electron spins and discuss accuracy of the single
qubit gates obtained by analyzing gate sequence data using GST. We further discuss the
way toward using GST method to multiple spins and qubits.

Keywords: Nitrogen-vacancy centers, Quantum gates, Quantum tomography, Gate set
tomography, Optically detected magnetic resonance
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Abstract-A metal enhanced fluorescence DNA microarray analysis has been demonstrated using
glancing angle deposited (GLAD) Ag nanorods substrate for diagnosis of atopic dermatitis. To
maximize the fluorescence enhancement factor, the effects of nanorod length on the fluorescence
signal were examined. To examine the feasibility of the proposed highly sensitive DNA microarray
for real application, a DNA screening chip for diagnosis of Atopic dermatitis was prepared using
the fabricated GLAD substrate and the performance of the chip was tested using the real blood
sample from the patient.
Metal-enhanced fluorescence (MEF) shows a significant potential to enhance the sensitivity of fluorescence
detection by allowing fluorophores to interact with enhanced electromagnetic fields generated by the localized
surface plasmon resonance effects of metallic nanostructures. We used a glancing angle deposition (GLAD)
process to fabricate Ag nanorods on the whole area of slide glass substrate to serve as an inexpensive and
large-area metal-enhanced fluorescence substrate for DNA microarray [1]. To maximize the signal enhancement,
the effects of length of Ag nanorods (Ag-NRs) on the signal enhancement were examined. To measure the
enhancement factor of GLAD-MEF substrates, a Cy5 conjugated Kallikrein-related peptidase 7 (KLK-7-Cy5)
DNA probes, which is one of the DNA marker for atopic dermatitis, were spotted on each substrate and the
fluorescence signal was measured after the blocking and washing process. The maximum enhancement factor of
~108x comparing with glass substrate was obtained from Ag-vertical nanorods with 500 nm length. To examine
the reliability of GLAD-MEF substrate, we compared the performance of GLAD-MEF substrates with the
commercial Amine slide (Amine 2®, Array-it, USA). From the fluorescence measurement experiments, the
maximum signal enhancement of ~26x was obtained from the GLAD-MEF substrates compared to commercial
amine slides. To examine the feasibility of the proposed MEF substrate for real application, we prepared the
atopic dermatitis DNA microarray chip using the optimized Ag-NRs MEF substrate and examine the
fluorescence signals repeatability and accuracy by using the blood samples from asthma patient.
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Abstract- A glass micromixer with high chemical resistance was fabricated by glass molding
process with vitreous carbon (VC) mold. A VC mold was fabricated by carbonization of replicated
furan precursor. The effects of molding temperature and pressure on the replication quality were
examined to optimize the glass molding process. The channel shape changes of glass chip during
the mixing process with organic solvent as a working fluid were measured and compared with the
conventional PDMS chip.
Although the polymer replicated microfluidic chips are generally used in various research fields due to its
cost-effectiveness, a glass microfluidic chip offers more advantageous than polymer chips when a high thermal,
mechanical and chemical durability are required. In this study, a low-cost glass micromixer fabrication has been
realized using glass molding process (GMP) and thermal fusion bonding process (TFB). In the GMP, a mold
having durability at high temperature is essentially required. A low cost and high surface quality vitreous carbon
(VC) mold was fabricated by carbonization of replicated furan precursor. A photoresist master pattern was
fabricated by photolithography technique and the master pattern was transferred to a polydimethyl-siloxane
(PDMS) mold by soft lithography. A mixture of 89.9 wt% furan resin, 0.2 wt% p-Tolenesulfunic acid and 10
wt% ethanol were poured into the PDMS mold and a furan precursor having microchannel structure was
obtained by curing process. To obtain VC mold with microchannel cavitiy, a carbonization process was carried
out with a maximum temperature of 1000˚C in a temperature history programmed furnace [1]. A GMP process
was conducted to fabricate glass microchannel structure on a soda line glass substrate at a molding temperature
of 720˚C and a pressure of 10 kPa. To test the feasibility of glass micro mixer, the inlets and outlet were drilled
of the molded glass micro structure and another soda-lime glass was bonded by thermal fusion bonding process
with a temperature of 620˚C, pressure of 16.2 kPa, and holding time of 3 hrs. To examine the advantage of the
fabricated glass micromixer, a mixing experiment using toluene with different colors were injected using syringe
pump in fabricated glass micromixer and PDMS micromixer which was replicated using the fabricated VC mold.
The channel width was decreased in the PDMS chip due to the swelling effects. However, glass chip shows high
chemical resistance as expected.
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Abstract-A micro/nano hierarchy structure was fabricated by UV-nano imprinting process and
glancing angle deposition (GLAD) technique to improve the signal noise ratio of GLAD
metal-enhanced fluorescence (MEF) substrate. Since the metallic nanorod structure formed only on
the top of micropillar structure (Spotting area), the non-spot region shows lower background signal
than the full metallic nanorod structure substrate, which improve the signal to noise ratio of
enhanced fluorescence substrate.
Metal-enhanced fluorescence (MEF) is a powerful technology to improve the sensitivity of fluorescence
analysis by allowing fluorophores to interact with enhanced electromagnetic fields generated by the localized
surface Plasmon resonance effects of metallic nanostructures [1]. As a low cost and large area MEF substrate
fabrication process, a glancing angle deposition (GLAD) has been proposed [2]. GLAD is a physical vapor
deposition process in which deposition flux is incident onto the substrate at a large oblique angle to the surface
normal (>75°). Although the fluorescence signal from the biomolecules spotted on the GLAD nanostructures
increased significantly, the background signal also increased. In this study, a micro/nano hierarchy structure was
proposed to improve the signal to noise (S/N) ratio of GLAD MEF substrate. The proposed high S/N ratio MEF
substrate was composed of micropillar structures which corresponding to the spotting area and GLAD
nanostructures. The micropillar structures were fabricated by UV-nanoimprinting process on a slide glass
substrate, and a GLAD process was carried out with a rotation speed of 5 rpm and glancing angle of 85° on the
fabricated micropillar structure. During the GLAD process, the nanorod structures formed only on the top of
micropillar structure due to the shadowing effect of micropillar. To examine the proposed hierarchy structure,
the S/N ratio of Straptavidin-Cy5 spots on the proposed substrate were measured and compared with that on a
conventional GLAD substrate. The measured S/N ratio of the proposed substrate was 223.4 and that of the
conventional GLAD was 148.6.
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Abstract-In photosynthesis of plant cells, algae, or cyanobacteria, high energy electrons are
generated and transferred in a photosynthetic electron transfer chain. The photosynthetic electrons
(PEs) are either used to maintain the life of the plants or stored in a form of carbohydrates. There
are multiple approaches to harvest the PEs and utilize them as a clean energy source. In this
presentation, recent development of bio-solar cells based on PE harvesting will be introduced and
discussed.
Plant cells produce photosynthetic electrons (PEs) by splitting water during photosynthesis. In the beginning
of photosynthesis, antenna complex embedded in thylakoid membrane absorbs photon energy and converts them
into excited electrons with high quantum efficiency. These excited electrons, known as PEs, are transferred
through electron acceptors in order to grow cell or store surplus energy as a form of carbonhydrates. However,
since the energy state of the PEs is lowered once they are stored as organic matter, many researchers have tried
to extract PEs from photosynthetic electron transfer chain before their conversion into organic matter. Such
previous works include collection of PEs by electrochemical oxidizing through mediator as an electron
interceptor and use of electrical linker materials such as CNTs, electrically-conducting polymer matrix, or
conducting linker to working electrodes between photosynthetic components and the surface of electrodes.
Although these works demonstrated the feasibility of harvesting PEs in large scale, there are still issues
including efficiency decrease from mediator use and limited stability or requirement of additional electron
donors of isolated photosynthetic extracts. In this work, we present nanoelectrode systems to directly extract PEs
without mediator. Fabrication of vertically-aligned patterned nanoelectrode systems is explained. Furthermore,
we will discuss how the nanoelectrode geometry and illumination conditions affect the longevity of algal cells
inserted by the nanoelectrodes during PE extraction. PE extraction for up to 7 days was achieved from
nanoelectrode inserted into living algal cells.
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Spectral Beam Combining (SBC) of multiple fiber lasers is a simple and straightforward
method to obtain high power laser beam. The SBC system is typically composed of three
parts, fiber laser arrays, transmission optical system, and diffraction grating parts.
Performance of the SBC system is mainly determined by the diffraction grating parts where
diffraction efficiency and damage threshold problems are dealing with. Thus, many SBC
related researches have been focused on a highly efficient and robust diffraction gratings.
Metallic gratings exhibit high diffraction efficiency with thin layers, but they have very small
laser damage thresholds due to high light absorption in a metal. On the other hand, dielectric
gratings can have relatively high-damage thresholds and also by stacking low refractive index
and high refractive index medium alternatively, high reflectance mirror can be realized and
reflectance become higher as number of layers increases. Moreover, exquisite grating
patterns on the uppermost layer can engineer diffracted beam efficiency, but unfortunately
most of geometrical parameters, such as number of multilayers, thickness and grating height,
in the dielectric gratings are in a trade-off relationship. For instance, increasing number of
multilayers is favorable for reflectance, but unfavorable for laser damage threshold.
Therefore, all the geometrical parameters in the multilayer dielectric gratings (MLDG) should
be optimized [1, 2]. In this abstract, I will discuss our efforts in design and experimental
demonstration of MLDG, which is composed of HfO2 and SiO2 multilayers. First, I will
present two design methodologies, rigorous coupled-wave analysis (RCWA) [3] and finitedifference time-domain (FDTD) method. RCWA is used to optimize different parameters and
FDTD is used to calculate near/far-field characteristics. Second, I will present a laser
interference lithography (LIL) set-up used in the device manufacturing. Through LIL set up,
large-scale MLDG device (35mm x 35mm) is fabricated on a thick fused silica substrate
(20mm). Finally, I will introduce optical characterizations for reflectance, diffraction
efficiency and laser induced damage threshold. I believe our efforts for design optimization
and large-scale fabrication will result in high efficient and robust MLDG for high power SBC.
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Abstract- We propose a method to design a flexible superlens system for large area nano patterning
below the diffraction limit. The superlens structure including silver layer, silicon oxide layer and
chrome nano mask was designed through FDTD simulation. To fabricate flexible superlens
structure, silicon oxide layer(spacing layer, protective layer), silver layer and chrome grating mask
were formed on a silicon substrate as a sacrificial wafer. PDMS was spin coated onto the chrome
grating in order to achieve a flexible superlens substrate. After silicon etching, the flexible superlens
structure was fabricated. Using the flexible superlens structure, we demonstrated that large-area nano
patterns with a 60nm half-pitch below the diffraction limit were achieved at 365 nm illumination
wavelength.
Superlens has received much attention for its ability to overcome the diffraction limit by amplifying the
exponentially decreasing evanescent wave via surface plasmon resonance of thin metal slab. Since superlens
lithography can be integrated with conventional photolithography systems, it is possible to fabricate nanopatterns
below the diffraction limit at low cost and high throughput.[1] However, most of the previously reported
superlens are fabricated on a rigid substrate(quartz substrate), which makes it difficult to fabricate large-area
nanopatterns due to the issue of conformal contact between superlens and photoresist in photolithography
process.[2,3]
This study proposes a method to design a flexible superlens system for large area nano patterning below the
diffraction limit. By using a flexible superlens, conformal contact between superlens and photoresist can be
achieved. First, the superlens structure was designed to amplify the evanescent wave via surface plasmon
resonance of silver layer through finite difference time domain(FDTD) analysis. Simulation results show that the
intensity of the evanescent wave can be maximized when superlens structure is designed as follows; a 60 nm
half-pitch chrome grating mask with a thickness of 35 nm, a silicon oxide layer with a thickness of 30 nm, and a
silver layer with a thickness of 30 nm. The light of 365 nm wavelength was illuminated to a superlens in normal
incidence.
Based on the FDTD simulation results, the superlens structure was fabricated. A 5nm thick silicon oxide
layer(protective layer) was first deposited on a silicon substrate as a sacrificial wafer by electron beam
evaporator, and then silver (superlens) with a thickness of 30nm and silicon oxide(spacing layer) with a
thickness of 30nm were deposited on a silicon oxide protective layer. A 60nm half-pitch chrome grating with
35nm thick was patterned on top of the spacing layer by using UV nanoimprint lithography. Subsequently,

PDMS was spin coated onto the chrome grating in order to achieve a flexible superlens substrate. After an
etching process of silicon in potassium hydroxide(KOH) solution, a flexible superlens structure was fabricated.
Superlens lithography was performed using a conventional photolithography system at 365 nm. A nano-pattern
with a half-pitch of 60 nm below the diffraction limit was fabricated. Applications of nano patterns fabricated
through superlens lithography is a subject of an ongoing research.
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Abstract- This talk will address how nanopatterns can be created at high speed and improved
scalability, by utilizing continuous mechanical methods highlighted by roll-to-roll imprinting,
nanoscale inscribing, and vibrational nanoindentation. Such continuous and scalable mechanical
methodologies are based on simpler and cheaper principles, free from ponderous instruments, and
applicable to flexible substrates, thereby enabling a big array of tangible applications particularly
requiring large-area fabrication. In particular, we focus on two recent results on the plasmonic
biosensors and polymer light-emitting diodes.
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Abstract- A more facile nanoarchitecturing methodology for localized surface plasmon resonance
(LSPR), particularly securing scalable and cost-effective fabrication procedure, is called for. We
develop 3D plasmonic nanoarchitectures comprising the double-bent Au strips (DAS) integrated on
transparent nanogratings, which can be continuously fabricated via roll-to-roll nanoimprint
lithography along with inclined Au deposition. We also demonstrate the DAS shape can be tuned
for optimal LSPR performance simply by controlling the Au deposition angles, towards flexible
and transparent plasmonic sensors with high sensitivity.
Localized surface plasmon resonance(LSPR), generating optical absorption peaks at specific wavelengths
due to surface plasmon confinement in a nanoscale metallic structure, has been capitalized in many diverse
sensing devices. The present methods involving both top-down and bottom-up approaches, such as colloidal
nanoparticle synthesis and etching-based nanofabrication, work well but suffer from exacting alignment, high
cost, limited processable area, and overall complex procedure. A facile method to create LSPR nanoarchitectures
in a scalable and cost-effective fashion is therefore called for.
Figure 1. (a) Schematic and
conceptual drawing of the overall
fabrication procedure based around the
continuous R2R NIL. (b) Enlarged
conceptual view of the angled Au
evaporation over the NIL-ed transparent
polymer nanograting structures

Figure 2. (a) Calculated extinction,
absorption and scattering cross-sections of the
double-bent Au strips on 1D grating. (b)
Calculated extinction cross-sections of the
partical segment of the double-bent Au strips.

In this work, we develop a scalable 3D plasmonic nanoarchitecture comprising the double-bent nanoscale
Au strip array integrated within the transparent nanograting framework, which can be continuously fabricated on
a large-area flexible substrate via roll-to-roll nanoimprint lithography (R2R NIL) and angled Au deposition
without resorting to laborious etching or tedious alignment for orderly nanostructures (Figure 1). We first form
the polymeric nanograting pattern array by R2R NIL, and then to deposit a metal layer onto the top and/or
sidewall of each grating. Here, the long metallic structures can be ‘folded’ along the nanograting topography in a
more compact fashion, compared to the ones simply patterned on a flat surface, thereby yielding the longer
oscillation length for surface plasmon polaritons (SPPs) for higher sensitivity in a smaller device footprint.
While the nanoscale Au strips can be tuned to unbent, single-bent, or double-bent shapes simply by controlling
the Au deposition angle and thickness, (Figure 2b), we investigate that the double-bent Au strips (DAS) shows
the best LSPR performance (Figure 2a). Utilizing the DAS formed on a flexible large-area polymer films, we
demonstrate one specific example: a plasmonic sensor detecting the biological molecules. The continuous
R2R-based manufacturing methodology and straightforward working principle may spur the DAS strip array to
further extend the scalability and applicability; it can be conjugated with various antibodies on universal
substrates, towards highly-sensitive, reliable, and inexpensive molecular detection platforms.
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Abstract- This study reports a cost-effective method of replicating glass microfluidic chips using a
vitreous carbon (VC) stamp. A glass replica with the required microfluidic microstructures was
synthesized without etching. The replication method uses a VC stamp fabricated by combining
thermal replication using a furan-based thermally-curable polymer with carbonization. To test the
feasibility of this method, a flow focusing droplet generator with flow-focusing and channel widths
of 50 µm and 100 µm, respectively, was successfully fabricated in a soda-lime glass substrate.
The VC mold was fabricated via carbonization of a Furan-based replica, which was itself fabricated via a
series of replication steps using PDMS and a furan-based thermal curable polymer. Since the demolding
properties of the furan-based resin are extremely poor, it is not feasible to replicate a silicon wafer master pattern
directly. The first replication step generates an elastomeric intermediate mold made from PDMS. PDMS has
superior mechanical and surface properties, and can transfer a pattern to a Furan-based resin with high fidelity.
The intermediate PDMS mold was fabricated via a conventional soft-lithography process using 10 parts of
Sylgard 184 (Dow Corning, USA) and 1 part of a curing agent. The master pattern of the microfluidic structure
was fabricated on a 4 inch silicon wafer via using a photolithography process that employed SU-8 3050
(Microchem Co., USA) as a photoresist. The height of the master pattern was 40 µm.
The second replication step was performed using a mixture that included a furan resin (Kangnam Chemical
Co. LTD.), p-TSA (p-Toluenesulfonic acid), and ethanol. The furan mixture was poured onto the PDMS mold.
Before solidification, the mixture was degassed to remove air bubbles created during mixing. In the first curing
process, the mixture was allowed to polymerize naturally over 5 d under atmospheric conditions. Next, thermal
curing was performed in a conduction oven at up to 100 ˚C for 2 d.
The furan precursor synthesized using the aforementioned method was carbonized in a furnace at 1000 ˚C
under N2 for 5 d. During this process, pyrolysis phenomena caused shrinkage of the furan precursor to occur.
Fig. 1 (a)~(d) shows a schematic diagram of the proposed VC stamp fabrication method.
A soda-lime glass substrate with a thickness of 3 mm was used as imprinting material. Fig. 1(e)~(f) shows
the schematic flow diagram of the glass imprinting process. First, the VC mold was installed in the middle of the
imprinting system and the glass substrate was placed to cover the VC mold. To prevent the oxidization of the VC
mold during the process, the chamber was maintained in an inert environment via nitrogen purging. Meanwhile,
the mold and substrate were heated beyond the glass transition temperature of the soda-lime glass, i.e. to 680 °C.
Pressure of up to 163.5 kPa was then applied. After cooling to room temperature, the glass replica was removed
from the VC mold.

Fig. 1 Proposed fabrication method for the glass microfluidic device

To verify the fidelity of the glass imprinting process, the samples were measured at each step. As shown in
Fig. 2, the difference between the surface morphologies of the silicon master (a) and Furan replica (c) is
negligible. However, considerable shrinkage occurs during the carbonization process. Based on the measurement
results, the sample volume shrinks by approximately 30%.

Fig. 2 3D microscope measurement results of (a) the silicon master, (b) the PDMS mold, (c) the furan precursor, (d) the
vitreous carbon stamp and (e) the replicated glass microfluidic structure, and comparison of the surface profiles measured in
(f) the channel and (g) the orifice.
We demonstrated that our approach can provide cost-effective glass microfluidic chip fabrication. Fabrication of all-glass
chips via thermal fusion bonding is the subject of ongoing research.
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Abstract- An all-glass bifurcation microfluidic chip for blood plasma separation was fabricated by a
cost-effective glass molding process using an amorphous carbon (AC) mold, which in turn was fabricated by the
carbonization of a replicated furan precursor. To compensate for the shrinkage during AC mold fabrication, an
enlarged photoresist pattern master was designed, and an AC mold with a dimensional error of 2.9% was
achieved.
An all-glass bifurcation microfluidic chip for blood plasma separation was fabricated, using the glass molded
microchannel plate prepared from an AC mold. To compensate for the shape change during AC mold fabrication,
an enlarged silicon master pattern was prepared by conventional photolithography. A furan precursor was
obtained by thermal replication using a replicated PDMS mold from the master. After the carbonization of the
furan precursor, an AC mold with microchannel cavities was obtained. Finally, the glass bifurcation microfluidic
chip was obtained by implementing glass molding for the microchannel plate, micro-drilling for the inlet and
outlet connecting holes, and thermal fusion bonding for sealing. To examine the feasibility of the all-glass
bifurcation microfluidic chip, the performance of the blood plasma separation was evaluated.
Fig. 1 shows the 3D surface profiles of the fabricated (a) silicon master, (b) PDMS mold, (c) furan precursor,
(d) AC mold, and (e) molded glass microfluidic plate, obtained from the confocal microscopy results. It is
clearly seen that the positive and negative microfluidic channel structures were uniformly transferred in each
fabrication step. The measured widths and heights of microchannels in each sample are summarized in Table 1.
Fig. 2 shows the comparisons of the cross-sectional surface profiles of the inlet microchannel (a) between the
silicon master, PDMS mold (inverted), furan precursor, and AC mold, and (b) between the AC mold and the
glass replica (inverted). Fig. 2(a) shows that a small shape change (shrinkage) occurred during the PDMS and
furan precursor replication processes due to polymerization, and a significant shape change took place during the
AC mold fabrication because of material decomposition during carbonization. Although an inherent substantial
shape change occurred during the AC mold fabrication process, the shape change during the glass molding
process is negligible, as shown in Fig. 2(b).

(a)

(b)

(c)

(d)

(e)

Fig. 1 3D microscope images of the (a) master pattern on Si wafer, (b) polydimethylsiloxane (PDMS) mold, (c)
furan precursor, (d) AC mold, and (e) replicated glass microfluidic structure.
Table 1. Summary of the measured widths and heights of the microchannels for each fabrication step.
Inlet channel
Samples

Outlet channel

Extraction channel

Width
(µm)

Height
(µm)

Width
(µm)

Height
(µm)

Width
(µm)

Height
(µm)

Silicon Master

204.5

71.4

600.4

71.9

200.3

71.6

PDMS mold

202.5

71.0

584.9

71.7

190.6

71.1

Furan Precursor

196.4

67.8

585.9

68.2

190.8

68.9

AC mold

153.6

51.6

462.7

53.7

151.0

53.4

Glass replica

154.9

52.9

464.6

54.4

155.4

53.9

PDMS mold (inverted)
AC mold

80
60
40
20

AC mold
Glass replica (inverted)

70

Height (µm)

Height (µm)

Si wafer
100
Furan Precursor

60
50
40
30
20
10
0

0
0

50

100

150

200

Position (µm)
(a)

250

300

-10

0

50

100

150

200

Position (µm)

250

300

(b)

Fig 2. Comparison of cross-sectional surface profiles of the (a) silicon master, furan precursor, and AC mold, and
(b) AC mold and replicated glass microfluidic structure.
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Abstract- Screening for enzymatic activities at the single cell level is of particular importance to
find variants with specific desired activities, either in the natural diversity or in synthetic libraries
obtained through mutagenesis. Droplet-based microfluidics offers promising platforms for the
automation and miniaturization of assays, usable for single cell analysis. We demonstrate here a
complex coupled assays for the measurement of the enzymatic activity of the bacterial asparginase.

Droplet-based microfluidics technology has become a powerful tool for the quantitative analysis of
compartmentalized reactions which can take place in tremendously small volumes. Water-in-oil
emulsions have been successfully used to a variety of biotechnological applications serving as
diagnostic platforms, set-ups for sample analysis or combinatorial screening. The latest advances in
chip design, construction and formation of monodisperse droplets have allowed the generation of
volumes in the fL range. Such small volumes have formed a solid basis for the study of single-molecule
enzymatic reactions and there has been an explosive interest towards this direction, as evidenced by the
numerous high-impact research reports during the recent years. In addition, there have been reported
several studies where microfluidic approaches have been successfully applied for high-throughput
screening of libraries resulted from directed evolution experiments. The analysis of such libraries aims
at the isolation of variants with the desirable properties while the selection pressure can be tuned by the
experimental conditions. Notably in cases where, enzyme variants are to be screened for the
identification of catalytically improved species, it is very critical to be able to discriminate distinct
catalytic properties. Therefore, the success of such high-throughput screening set-ups solely relies on
the availability of a highly sensitive enzymatic assay, which allows the quantitative activity
characterization of each variant on the single-cell level.
In this paper, the quantitative characterization of single-cell enzymatic reactions using the most recent
state-of-the-art droplet-based microfluidic set-ups. For that purpose, we displayed the therapeutic
enzyme L-asparaginase II from E.coli (EcASNaseII, EC 3.5.1.1) in the inner membrane of E.coli cells
by capitalizing the ApEx (Anchored Periplasmic Expression) system. Upon compartmentalization of
single cells displaying EcASNaseII in water-in-oil emulsions, we measured enzymatic activities and
performed steady-state kinetic experiments by applying a highly sensitive Amplex Red-based
fluorescent assay. Figure 1 shows the enzymatic kinetics of the L-asparaginase.
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Fig. 1 Recorded fluorescent signal from the enzymatic reaction of the L-asparaginase. (a) Initial
fluorescent signal and (b) the saturation point. (c) Kinetic comparison between the negative and
positive control of the proposed enzymatic assay.

REFERENCES
1. .Agresti JJ, et al., Ultrahigh-throughput screening in drop-based microfluidics for directed evolution. Proc
Natl Acad Sci U S A 107:4004–4009, 2010
2. Sjostrom SL, et al., High-throughput screening for industrial enzyme production hosts by droplet
microfluidics. Lab Chip 14:806–813, 2014

High-throughput and scalable micro- and nanopatterning by
continuous mechanical inscribing and its application in photonic
devices
S. Lee1, D. K. Oh1, J. Park1, J. D. Kim1, J. H. Lee1 and J. G. Ok1*
1
Department of Mechanical and Automotive Engineering, Seoul National University of Science and Technology,
Seoul 01811, Korea
*
corresponding author: jgok@seoultech.ac.kr
Abstract- We perform the designing, constructing, and operating of the high-throughput and
scalable micro- and nanopatterning system that utilizes continuous mechanical inscribing of a
well-cleaved rigid pattern mold edge over a compliant substrate. By controlling the mold shape,
inscribing force and speed, and processing temperature, many diverse small-scale patterns including
1D grating and 2D mesh, can be continuously created on any commercial polymer films at high
speed. We also demonstrate the applications of such flexible micro- and nanopattern films.
Small-scale patterns have attracted a considerable amount of research and commercialization effort for the
performance innovations of existing systems as well as the novel device developments in many fields involving
photonics, sensing, bioengineering, metamaterials, displays, and so forth. However, most of the current micro- and
nanopatterning processes based on such as photolithography, e-beam lithography, and laser interferometry, have
suffered from complicated processes, long processing times, and difficulty in large area processing. A more
straightforward and scalable micro- and nanopatterning methodology, hopefully without resorting to complex
optical instruments and post-etching, is therefore highly requested.

Fig. 1. (a) Schematic overview of continuous
micronanopatterning by inscribing a rigid mold
edge on a flexible substrate. SEM images of (b) a
well-cleaved 700 nm-period SiO2 nanograting
mold and (c) a resulting pattern inscribed on a
polycarbonate substrate.

Fig. 2. The high-throughput micronanopatterning system
utilizing continuous inscribing principle: (a) a 3D modeling
assembly where three main modules are categorized and (b) a
completed prototype connected with a servo motor, force
sensor, heater, and the controller.

Fig.

3.

Fabricated

samples

applying the continuous inscribing
based micronanopatterning system
on a flexible PC substrate: (a) 1D
and (d) 2D optical view and SEM
images of (b) 1D, (e) 2D top and (c)
1D, (f) 2D cross-sectional views.

To this end, we adopt a reliable mechanical machining protocol to small-scale patterning, developing a
Dynamic Nano-Inscribing (DNI) process. Figure 1 depicts the overview of DNI; a rigid mold containing desired
pattern, typically 1D grating, is cleaved across the grating direction. The edge of a mold then makes conformal
contact to the target substrate, usually of compliant polymers. Under proper force and temperature, the mold edge
slides over the substrate while continuously inscribing the nanopatterns. DNI enables continuous micro- and
nanopatterning at high speed by using a simple and compact system as shown in Figure 2. By controlling the mold
shape, inscribing force and direction, many diverse micro- and nanopatterns can be readily created, as demonstrated
in Figure 3. Starting from the 1D nanograting structures (Figure 3a-b), we can extend it to multidimensional
nanopatterns simply by sequentially performing DNI in multiple directions (Figure 3c-d), which otherwise demand
complicated nanofabrication.
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Abstract- We developed a compact desktop-sized Roll-to-Roll nanoimprinting system equipped
with an airbrushing module for high-speed and uniform resin coating. A diluted resin can be
smoothly airbrushed on a continuously moving substrate. The resin-coated substrate then makes a
conformal contact with a roll bearing a flexible nanopattern mold, where the nanopattern is
continuously stamped on a substrate as the rolling proceeds. The system enables the control of
initial resin film thickness as well as the residual layer thickness of imprinted pattern.
While micro- and nanoscale patterns are of great interest for both academia and industry due to their
extraordinary characteristics particularly in photonic and metastructure fields, the existing nanopatterning
methods based on optical lithography and laser interferometry suffer from their low throughput, high cost, and
area limitation. Nanoimprint lithography (NIL) can be an alternative solution to improve the nanopatterning
productivity by performing direct mechanical stamping on the target substrate using a nanopattern mold. To
further expand its scalability and applicability, NIL can be integrated with a continuous roll-to-roll (R2R)
processing principle, where the roll wrapped with a flexible nanopattern mold continuously imprints the pattern
on a UV-curable resin-coated substrate as rolling proceeds under conformal contact, finalized by UV curing at
the outlet (Figure 1). To better utilize R2R NIL in scalable fabrication of diverse devices at high yield, a
parametric study on a set of important parameters including rolling speed, contact force, and UV curing
conditions is crucial. In this work, we develop a simple, desktop-sized R2R NIL system that realizes facile and
handy parametric research without resorting to ponderous and expensive instruments.
Figure 2 schematically depicts the airbrushing process. A UV-curable nonvolatile resin is diluted in volatile
solvent, which is smoothly airbrushed onto the desired flexible or rigid substrate to make a uniform thin film.
Airbrushing can make uniform thin films over highly topographic surfaces at high speed, which is suitable for
the continuous R2R processing principle. By regulating the resin concentration and airbrushing time, the initial
thin film thickness as well as the residual layer thickness (RLT) in the R2R NIL-ed pattern can be readily

controlled. Figure 3 shows the core design of the R2R NIL system. The mold roll and backup roll can make
conformal contact under a controlled force, while the supporting rolls afford smooth feeding of a substrate. We
will demonstrate the detailed parametric investigation of the airbrushing and R2R NIL with varied resin
concentration, airbrushing time, and NIL conditions, along with representative nanopatterning results. We will
also discuss the effects of key parameters of each process towards optimized R2R NIL and potential applications
in flexible and large-area photonic and metastructure devices.

Figure 1 Conceptual scheme of a Roll-to-Roll
nanoimprinting. The two main processes,
imprinting and UV curing, along with the other
necessary processes including the resin coating
and motorized rolling are also marked

Figure 2 Schematics of airbrushing setup.
The airbrushing nozzle is installed at a
height 15 cm apart from the substrate,
and is sprayed in a vertical direction at an
injection pressure of 0.15 MPa.

Figure 3 3D CAD drawing of an imprinting
module; the mold roll and backup roll are
responsible for pressurized imprinting, while the
support rolls help secure uniform and continuous
substrate feeding.
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Abstract- We made graphene based metal nanocompounds as an innovative fluorescent material.
Such sample showed high photoluminescence characteristics and new emission peak in the visible
range, since the strong light confinement obtained from the metal nanoparticles as an antenna
remarkably enhace the light absorption. Our material with nanosphere structure provided broad
emision after the hybridization between materials. It exhibited a photoluminescence quantum yield
of ~ 25 %, which is better than twice of graphene's.
We developed a novel nanosphere including GQDs and Au. The UV light was employed to assembly of
GQDs and Au with photo-excited electrons and reducing capability of Au3+. The size of the GQD/Au
nanospheres was 150–170 nm, which is larger than that of the intrinsic GQDs (4–7 nm). The photoluminescence
was improved with two emission peak for blue and green at 468 and 529 nm of wavelength. Our material,
GQD/Au nanospheres showed high emission efficiency with 26.9 % of quantum yield over double of typical
GQD’s. Such fluorescent material can be perceived as exceptional candidates for applications such as light
emitting source, optoelectronic devices, and bio-imaging with intriguing emission wavelength and intensity.

Figure 1. schematic of GQD/Au sample with enhanced photoluminescence of surface plasmon and
fluorescence image of GQD and GQD/Au

Wideband metamaterials for antennas and related applications
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Abstract- The shielding effectiveness (SE) and complex permittivity of Multi-walled carbon
nanotubes and polyester (MWCNTs/PE) composites were investigated in the microwave frequency
region from 8.2 to 18 GHz. A rectangular waveguide transmission line method was used to measure
the complex permittivity and SE properties of MWCNTs (0-20%) composites. In the microwave
range, composite samples with highest conductivity have the greater SE. The results show SE of the
composites increased as the amount of the CNTs increased.
SUMMARY
In this work, samples under test were prepared by mixing MWCNT with resin (PE), and methyl ethyl ketone
peroxide (MEKP) hardening agent. The MWCNTs/PE composites with different content of MWCNTs were used
to fabricate as various shield materials. The MWCNTs weight ratios are shown in Table 1. The MWCNTS/PE
samples were fabricated by using two different moulds, i.e., WR-90 and WR-62 moulds. The MWCNTS/PE
samples were prepared in two different rectangular shapes, which fit into WR-90 and WR-62 waveguide sample
holders.
Table 1. Multi-walled carbon nanotubes composites (%total weight)
Sample code
M1 M2 M3 M4 M5
Multi-walled Carbon nanotube (wt. %)

0

5

10

15

20

In this work, the samples were prepared precisely into 22.86 mm x 10.16 mm x 5mm and 15.799 mm x 7.899
mm x 5 mm to fit into the waveguide sample holder for SE and complex permittivity measurement at 8.2-12.4
and 12.4-18 GHz. The MWCNTS/PE samples were measured using two pairs of WR-90 and WR-62 waveguide
flanges that were connected to an Agilent E8362B P-series Network Analyzer (PNA) with Agilent flexible
coaxial cables. The complex permittivity of the MWCNTS/PE samples were measured in the frequency range of
the X-band and the Ku-band using commercial Agilent Technologies 85071E software. Two pairs of WR-90 and
WR-62 waveguide flanges were used to transmit the EM wave to the sample material and to receive transmitted
signal. Figure 1 shows the mould (sample holder) that was used to fabricate the rectangular MWCNTS/PE

microwave absorbers.

Figure 1. Mould (sample holder) used to fabricate MWCNTS/PE samples

Table 2. Dielectric properties of samples
Samples
M1
M2
M3
M4
M5

Dielectric constant, 𝜀 𝑟’
3.315
9.647
15.946
21.778
31.670

Average value
Loss factor, 𝜀 𝑟’’
0.496
3.274
8.615
15.455
26.069

Conductivity,(S/m)
0.36
2.33
6.09
10.92
18.14

In this study, Multi-walled carbon nanotubes and polyester composites were successfully prepared. The
complex permittivity and the EMI SE were measured in X-band and Ku-band frequency. The results showed that
the MWCNTS/PE composite with 20 wt% MWCNTs had excellent EMI shielding ability, with SE > 35 dB in
measured frequency range. The MWCNTS/PE composites with high dielectric loss were good candidates for use
as EMI shielding materials over the 8.2 to 18-GHz frequency range. The results showed that the MWCNTS/PE
composites have potential for applications as EMI shielding materials.
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Abstract-This paper aims to present two types of carbon nanotubes composite materials
(CNTs-composite) for antenna applications within sub terahertz (THz) frequency band. These
composite materials consist of CNTs coated by copper and silver separately to construct
CNTs-copper and CNTs-silver composite materials. The scientific comparisons between the dipole
antennas of these structure materials with CNTs and copper dipole antennas are presented to
exhibits the performance evaluation of presented dipole antennas. The mathematical modeling of
CNTs-composite material is presented in this paper.
The presented CNTs-composite materials consist of CNTs coated by a thin layer of copper and silver
separately, where the single-walled carbon nanotube (SWCNT) is the specific structure of CNTs utilized in this
work. The main structure of CNTs-composite material is illustrated in Figure (1). In this figure, (r) represent the
radius of SWCNT and (t) represent the average thickness layer of coating material. The mathematical model of
presented structure derived based on the mixture rule [], for a simple parallel model of the radial interface of
coating material and SWNT for a simple parallel model of the radial interface of coating material and SWCNT.
The general formula of the electrical conductivity of CNTs-composite material was presented in Equation (1).

ACompisite

Structure =

CSWCNT

SWCNT

+ ACoat

Coat

(1)

Where, (AComposite) represent the cross-sectional area of CNTs-composite structure, (CSWCNT) represent the
cross-section area of individual SWCNT (circumference of SWCNT) and (ACoat) represent the cross-sectional
area of coating material. While, (σStructure) represent the electrical conductivity of CNTs-composite material,

(σSWCNT) represent the electrical conductivity of SWCNT [1], and (σCoat) represent the conductivity of coating
material. Then, the final formula of this conductivity was presented in Equation (2).

Structure ( w)

1
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j
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Figure 1: Structure of CNTs-composite material

The comparisons of simulation results for the CNTs-copper and CNTs-silver dipole antennas with SWCNT
dipole antenna have been presented based on the similarity of dimensions of these dipole antennas. These
comparisons are presented in Table (1).
Table 1: Summary of comparison results for SWCNT and CNTs-copper dipole antennas

L
(µm)

SWCNT dipole antenna
Fr

Directivit

(GHz)

y

Gain

Efficiency

CNTs-copper dipole antenna
Fr

Directivit

(THz)

y

(dBi)
20

162

2.05

Gain

Efficiency

6.47×10-

5.68×10-2

(dBi)
9.89×
10-5

6.18×10-5

1.6

2.10

2
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Abstract- In this paper, a compact tri-band microstrip patch antenna loaded with mushroom-like
composite right/left-handed structure is presented. The mushroom-like structure is composed of a
mushroom with two L-shaped slots. This composite right/left-handed structure can excite zeroth-order
resonance (ZOR) mode and first-positive-order resonance (FPOR) mode. The first order resonance
frequency can be adjusted by varying the spacing of two L-shaped slot such that the FPOR frequency
can be reduced. As a microstrip upper patch stacked with the mushroom-like structure, the proposed
antenna revealed triple-band behavior in 2.31 GHz, 2.92 GHz, and 3.7GHz.

Omini-directional antennas are widely used in the wireless communication systems such as WiFi and mobile
communications. Dipole, monopole, and planar inverted F antenna (PIFA) are generally fabricated for producing
omidrectional pattern. In recent years, with the rapid progress of metamaterials (MTMs), MTMs which include CRLH and
periodic structures are used to design microwave circuits and antennas [1]-[7]. One kind of these applications is the
zeroth-order resonance (ZOR) antenna [1]-[3]. ZOR antenna has many unique properties, for instance, the ZOR frequency is
independent of the physical length due to the characteristic of infinite wavelength, and therefore the antenna size could be
reduced. Mushroom structure is similar to the convention microstrip patch antenna, however, they have substantial different
radiation patterns. Mushroom has monopolar radiation pattern because of its unique “equal amplitude/phase” electric-field
distribution [4]. Recently, dual mode antennas with omidrectional and directional radiation pattern have been proposed
[6]-[7]. In [6], the antenna utilized ZOR and first-order resonance for producing variant radiation patterns.

Unfortunately,

first-positive-order resonance (FPOR) frequency and first-negative-order resonance (FNOR) are generally restricted by the
number of unit cells. Once the number of the unit cells is decided, the FPOR frequency cannot be adjusted. To overcome
this drawback, we propose a modified mushroom-like structure by adding two L-shaped slots on a mushroom to control the
frequency of the FPOR frequency. Our proposed antenna has dual mode antenna patterns including a monopolar

radiation pattern and a patch-like radiation pattern. The ZOR frequency generates a monopolar radiation pattern,
while the FPRO frequency generates a patch-like radiation pattern. We apply the stacked antenna technique [8] to
add an upper patch over our proposed modified mushroom-like CRLH structure. In [8], dual-frequency behavior of stacked
microstrip patch has been investigated. By using the stacking antenna technique, we can excite the third resonance
frequency in our proposed antenna. Our proposed antenna only contains a unit cell of the modified mushroom-like structure.
Therefore, the size of the antenna is small and easy to be fabricated.

The antenna is designed to work in 2.31 GHz, 2.92

GHz and 3.7 GHz. The first operating frequency is the ZOR frequency, the second is the FPOR frequency, and the third
frequency is determined by the top microstrip patch size. The antenna radiation patterns are shown in Figure 1. Both
simulation and measurement results of the proposed dual-mode tri-band antenna will be presented and discussed.

Fig.1. Simulated and measured radiation patterns of the proposed antenna. (a) xy-plane at 2.31GHz. (b) yz-plane at 2.31GHz. (c) xz-plane at 2.92GHz. (d)
yz-plane at 2.92 GHz. (e) xz-plane at 3.7 GHz. (f) yz-plane at 3.7 GHz.
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Abstract
A super wideband microstrip patch antenna based on
reconfigurable metamaterial is proposed in this paper. The
ground plane of the proposed super wideband antenna is
modified with the designed metamaterial structure to obtain
the reconfigurable characteristics. The antenna has a zig-zag
shape on the patch and the metamaterial structure consists
of a ring resonator with two switching configurations. The
characteristics of proposed antenna are varied with the
effectively activate or deactivate by with the switches.
Finite integration technique commercially available
electromagnetic simulator is utilized to design and
numerical investigation. The return loss (S11) shows the
super wideband from 31 to 52.50 GHz. In addition, the
performance of the antenna is analysed with the changing of
the switch configurations.

1. Introduction
In recent years, for the rapid development of wireless
communication technology, the antenna is required to be
capable of working with different polarizations or different
radiation patterns to satisfy the variation of system working
environments. Conventional single-functional antennas
can’t meet those demands since their characteristics are
fixed and inflexible, and thus the system performance will
be limited. To this end, antennas with reconfigurable
characteristics have drawn much attention in recent years.
Moreover, millimetre wave has been attracting attentions of
many scientists and engineers of different fields for much
higher channel capacity and better resolution in mm-wave
radar/imaging systems. In addition, metamaterial is an
engineered electromagnetic material having exotic
electromagnetic properties and a metamaterial based
millimetre wave reconfigurable antenna has the ability to
acquire and track moving targets, 5G communication,
change radiation pattern, radiation polarization, operating
frequency, etc [1]. Few investigation have been done on the
previous research in this study. V. G. Veselago first 1968
discussed about metamaterial. After a long time at 2003 R.
W. Ziolkowski developed a metamaterial by capacitor
loaded strips and split ring resonators, which exhibited
negative permittivity and permeability both at the X-band
frequency [2]. Later until nowadays a lot of research have
been done on the metamaterial characteristics and its

applications, such as Hasan et al. proposed a compact zshaped double negative metamaterial for C- and X-band
operations. The metamaterial structure single unit cell was
10×10 mm2 and effective medium ratio was more than 4
[3]. A negative index meta-atom, the resonance at C-, Xand Ku-band with wide negative refractive index bandwidth
from 7.0 to 12.81 GHz was presented in [4]. Moreover, the
meta-atom presented negative index characteristics at Xand Ku-band. A circularly polarized reconfigurable
millimetre wave antenna was presented for achieving lowcost beam steering in 32.5 GHz with the axial ratio <1 dB.
The antenna was constructed by placing a periodic array of
transverse strips along the surface of a dielectric waveguide
[5]. A microstrip line fed star-star fractal antenna with notch
loaded semi-elliptical ground plane was proposed for super
wideband applications. An impedance bandwidth of 4.60 to
52.0 GHz, which was a bandwidth ratio of 11.31:1 was
achieved for VSWR less than 2. The simulated resonances
were at the frequencies of 5.60, 8.50, 14.30, 18.0, 21.0,
30.0, 33.50, 36.50, 41.0, 43.50, 46.0, and 48.0 GHz as well
as the measured resonances were at 5.60, 8.50, 14.30, 18.0,
29.80, 33.20, 36.20, 41.10, 44.10, 46.30, and 47.40 GHz
[6]. A fractal antenna with triangular slot for super
bandwidth from 3.0 to 35.0 GHz was suggested, which
designed by the triangular slot on a hexagonal metallic
patch with tapered microstrip feedline. The SWB antenna
total dimension of 20.0×33.4×1.57 mm3, a bandwidth ratio
of 11.6:1, and gain varies from 2.2 to 11.2 dBi in the
frequency range of 3.0 to 35.0 GHz [7]. A star-triangular
fractal monopole SWB antenna with a semi elliptical
ground plane was designed to operate the frequency band
between 1.0 to 30.0 GHz for VSWR less than 2.0 [8]. In
this paper a textile fractal SWB antenna was proposed that
the total electrical size of 0.28×0.285×0.00875λ and the
antenna based on the triangular circular patch and a
modified elliptical ground plane. The proposed SWB
antenna showed the operation band from 1.40 to 20.0 GHz
[9]. A SWB antenna that consisted of a hexagonal radiation
patch with two iterations of Sierpinski square slots for the
operating bands, 3.81 to 29.64 GHz and 31.34 to 36.79 GHz
[10]. Hossain et al. presented a frequency reconfigurable
metamaterial antenna using a coupled-resonator structure
and the effects of resonator structure are altered by closing
and opening the splits using switches [11]. A compact
12.0×12.0×1.128 mm3 antenna was developed in 2017 for

operating higher frequency from 57.0 to 64.0 GHz, high
gain <8 dBi, an isolation of better than 25 dB between the
transmitting and receiving antenna in [12]. A metamaterial
of electromagnetic band gap (EBG) was incorporated to an
antenna for frequency re-configurability. The EBG
consisted of two identical unit cells that provided multiple
band gaps from 1.88 to 1.94 GHz, 2.25 to 2.44 GHz, 2.67 to
2.94 GHz, 3.52 to 3.54 GHz, and 5.04 to 5.70 GHz with
different EBG configurations. Subsequently, an EBG
structure was added with antenna to achieve different
reconfigurable frequencies at 1.60, 1.91, 2.41, 3.26, 2.87,
5.21, and 5.54 GHz respectively. The antenna had the
potential to be implemented for Bluetooth, Wi-Fi, WiMAX,
LTE, and cognitive radio applications [13]. Further, a planar
polarization
reconfigurable
antenna
array
using
complementary square split ring antenna element based on
SIW technique was investigated. The polarization states of
the proposed antenna element could be reconfigured
between the LP, LHCP, and RHCP modes. The antenna
array had an impedance bandwidth (S11<-10dB) of 7.98 to
8.75 GHz and a 3-dB axial ratio bandwidth of 8.18 to 8.45
GHz for the two CP modes, and had an impedance
bandwidth of 8.01 to 8.24 GHz for the LP mode. In
addition, the maximum gains of the two CP modes and the
LP mode were respectively 10.47 dBi, 9.9 dBi and 10.75
dBi [14]. Ding et al. introduced a millimetre wave pattern
reconfigurable antenna, which adopts a linear array
structure with three radiating elements with three
reconfigurable modes in 2013. In addition, the three
reconfigurable patterns point to -550 to 30 and -550 to +620
in the elevation plane [15]. In 2007 Liu et al. invented a
dual band reconfigurable fractal patch antenna where the
switches etched in the antenna slots and by changing the
status of the switches the radiation patterns of the antenna
were changed around 60.0 and 80.0 GHz, covering the
elevation angles of 130 to 450, -130 to -450 around 60 GHz
and of 150 to 500, -150 to - 500 around 80 GHz [16].

metamaterial structure to obtain the reconfigurable
characteristics. The metamaterial structure consists of a ring
resonator with two switching configurations (switch-A and
switch-B) between the splits in the resonator. Moreover, the
total dimensions of the antenna and the unit cell structure
are respectively, 50×40 mm2 and 50×40 mm2.The
schematic views of the radiating patch, metamaterial based
ground plane, and the metamaterial single unit cell is shown
in figure 1(a-c). The proposed SWB antenna has been
printed on a Rogers RT 5880 material (thickness of 1.575
mm, dielectric constant of 2.2 and loss tangent of 0.0009).
Copper is used as a resonator on the dielectric substrate
with an electrical conductivity of σ=5×8 s/m. The dielectric
thickness, mainly helps the coupling between the electric
resonance occurred on the metallic resonators with the
bottom metallic layer. This coupling creates a magnetic
response and makes the effective impedance to be equal to
the impedance of the free-space. The fabricated view of the
antenna displayed in figure 1(d-e) and optimized
dimensions of the designed antenna exhibited in table 1.
Table 1: Optimized dimension (mm) of the proposed SWB
reconfigurable antenna.
Para.

LA

WA

L1

WP

Wf

W1

W2

Size

50.0

40.0

38.0

36.0

6.0

23.0

7.0

Para.

Lg

Wg

WS

HS

g2

A

W

Size

9.0

40.0

8.0

2.0

41.0

30.0

22.0

The dimensions of the proposed reconfigurable
metamaterial single unit cell structure are: length (A)= 30.0
mm, width (W)= 22.0 mm, metal (copper) width (d)= 4.0
mm, and gap (g)= 4.0 mm. To make the designed
metamaterial as reconfigurable metamaterial two switches
(S-A and S-B) is placed on the resonator structure in
between the splits as shown in figure 1(c). Depending on
the state of switches, three different configurations (Conf-1,
Conf-2, and Conf-3) are considered. The ‘0’ and ‘1’ states
of switch are used for open and close conditions of a switch,
respectively. As described in table 2 configuration, Conf-1
consists of both switches (S-A and S-B) are open. The
Conf-2, the configuration consists of switch S-A open and
switch S-B close state as well as Conf-3 configuration
consists of both switches (S-A and S-B) are close.

In this paper, a super wideband (SWB) antenna based on
reconfigurable metamaterial is presented, which has a zigzag shape on the patch and the metamaterial structure
consists of a ring resonator with two switching
configurations in the splits on the resonator. By changing the
switching state, the performance of proposed antenna is
varied. The return loss (S11) of the antenna show the super
wideband from 31.0 to 52.50 GHz (bandwidth of 21.50
GHz). At present, in order to support increased traffic
capacity, high data rate transmission bandwidths are
required in the millimetre wave frequency range (more than
30 GHz) for the communication. This presented antenna
includes the frequency bandwidth spectrum from 31.0 GH to
52.50 GHz. As a result, the mentioned bandwidth of the
antenna is applicable for the millimetre wave frequency
range applications.

Table 2: State of the switch on different configuration.
Configuration
Conf-1
Conf-2
Conf-3

2. Reconfigurable Antenna Design
The proposed reconfigurable SWB antenna is designed by a
radiating patch where a zig-zag shape on the patch. The
slotted ground plane of the antenna is modified with a
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where, ‘d’ is the thickness of the substrate, ‘C’ is the
velocity of light, ‘S11’ is the reflection coefficient, and ‘S21’
is the transmission coefficient.

3. Antenna Performance
The metamaterial structures provide a resonant lumped
circuit behavior in some certain frequency bands. The
ground metamaterial structure resonator metal strips behave
like inductors and the gaps as capacitors. To illustrate how
the structure works when placed in an electromagnetic field
region, the surface current distribution is presented in figure
2. It can be observed from figure 2 that the current is
uniformly distributed along the surface of radiating patch,
feed line and the ground plane. The magnetic field shows a
similar distribution as the current supports that the
resonances are obtained of magnetic type. Moreover, a
close examination of the current distribution in figure 2
leads to the observation of some gaps. These gaps occur at
current minimum points and this provides an additional
capacitance-like response. The electric field is highly
localized around these gaps and the reason of the high
concentration around the actual gaps is the capacitive effect
at these regions.

(c)

(d)

(e)

Figure 1: Schematic prototype of the SWB antenna:
Front view, (b) Back view, (c) Schematic view of
reconfigurable metamaterial; Fabricated prototype of
SWB antenna: (d) Front view, (e) Back view with
reconfigurable metamaterial.

(a)
the
the
the

The simulation of the proposed antenna is performed by the
CST Microwave Studio and measurement is done by the
Agilent N5227A vector network analyzer, whereas the
network analyzer is calibrated by the Agilent N4694-60001
to achieve the perfect over the entire super wide band
(SWB) spectrum. To understand the characteristics of the
metamaterial unit cell integrated on the antenna ground
plane simulation of the unit cell is done in CST-MWS,
whereas the electric boundary is set as an E-field and
magnetic boundary is defined H-field. The Nicolson-RossWire method has been utilized to retrieve the effective
parameters, which are as follows [17],

(a)

(b)

Figure 2: Surface current distribution at 42.99 GHz in: (a)
Radiating patch (front view), (b) Ground plane with the
reconfigurable metamaterial (back view).
The full wave simulation of the design antenna with three
different switching states, which explained above are shown
in figure 3. In figure 3(a) the simulated return loss (S11) of
the antenna for three different configurations (Conf-1, Conf-
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2, and Conf-3) are displayed. The simulated resonances at
34.14, 43.0, 49.41, and 50.71 GHz are found quite similar to
the proposed antenna three different configurations (Conf-1,
Conf-2, and Conf-3), whereas the measured results only for
Conf-1 in displaying when the both switches (S-A and S-B)
are open state. The measured return loss shows resonance
peaks at 34.20, 36.96, 41.82, 43.50, and 49.41 GHz when
the both switches (S-A and S-B) are open state in figure
3(b). The measured results are slightly different from the
simulated results due to the effects from Sub Miniature
Version A (SMA) connector soldering with feed line, proper
calibration characteristics and toleration of the measurement.
Basically, the proposed metamaterial single unit cell
structure of the ground plane has strong negative
characteristics in the higher frequency and remove the high
frequency band of the antenna to create a stop band. Figure
3 (c) depicts the effective medium parameters (permittivity,
permeability, and refractive index) curve of the integrated
metamaterial. From the graph negative permittivity is from
30.0 to 46.80 GHz and the permeability is shown two
negative regions from 35.11 to 40.75 GHz and 48.12 to
51.16 GHz. Moreover, at the resonance points of the
reflection coefficient (S11) the amplitude of the permittivity,
permeability and refractive index are respectively -0.450.29j, 8.33+4.12j, 1.10-1.89j at 34.14 GHz, -0.45+0.12j,
0.64-0.30j, 0.53+0.036j at 43.0 GHz, 0.32-0.05j, -2.53-0.23j,
0.032-0.89j at 49.41 GHz, and 0.37-0.15j, -2.0-0.66j,
0.167+0.88j at 50.71 GHz. There is variation between the
results of the permittivity, permeability and refractive index
for the polarization effects on the internal structure of the
materials. The loss depends on the effective medium
parameters and defined by the ratio between the imaginary
and the real magnitude of the effective permittivity or
permeability. In addition, the imaginary components of the
effective medium parameters attributed to bound charge and
dipole relaxation, which gives rise to energy loss that is
indistinguishable from the loss due to the free charge
conduction. However, figure 3(d) shows the simulated
results of the VSWR of the proposed antenna at different
switching state, which are illustrated in table 2.

(b)

(c)

(d)
Figure 3: (a) Simulated return loss (S11) at different
switching state (shown in table 2), (b) Measured and
simulated return loss of the proposed antenna at both
switches (S-A and S-B) are open state, (c) Amplitude of the
effective medium parameters of the designed reconfigurable
metamaterial at both switches (S-A and S-B) are open state,
(d) Simulated VSWR of the proposed SWB antenna at
different switching state (shown in table 2).
The y-z (E-plane) and x-z (H-plane) radiation patterns of the
proposed antenna at 42.99 and 49.06 GHz are shown in
figure 4(a-c) and figure 5(a-c). It is observed from the plot
that the radiation patterns are omnidirectional and stable in
the y-z plane. In x-z plane patterns, few nulls have been
observed in the broadside direction due to the diverse
electric current distribution. With the raise of the frequency
more nulls are observed with some ripples in the amplitude
due
to
many
refection
into
the
field.

(a)

4

4. Conclusion

(a)

A SWB antenna with reconfigurable metamaterial has
been analysed in this paper. This proposed antenna takes
full advantage of the metallic patch with a zig-zag shape
slot in the patch as an effective radiation element without
introducing any parasitic elements. The performance of the
antenna is significantly affected by the ground plane.
Modification of a large ground plane into a partial phase
decreased ground plane dependency, enhances the operating
band, overcome design complexity and development
difficulty. The reconfigurable technology is present in the
integrated, switchable metamaterial structure in the ground
plane of the antenna. By changing the switching state, the
performance of the antenna is changed and the designed
antenna shows the large bandwidth of the return loss for the
millimetre wave applications. Moreover, a considerable
amount of back lobe was observed, possibly because of the
utilization of partial ground plane. A full ground plane can
reduce this back lobe at the cost of low gain, low efficiency
and narrow bandwidth. Finally, the controlling metamaterial
structure characteristics of proposed antenna create a new
way of designing reconfigurable antenna.

(b)

(c)
Figure 4: Simulated radiation pattern of the proposed SWB
reconfigurable antenna at 42.99 GHz: (a) Both switch (S-A
and S-B) are open state, (b) Switch S-A open and switch SB close state, (c) Both switches (S-A and S-B) are close
state.

(a)
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Abstract
A metamaterial based frequency reconfigurable antenna is
presented for 5G communication. It is composed of a
straight feed-line monopole with two double split-ring
resonators (DSRR). The DSRR is developed by an outer
and inner split ring resonators with inverse E-shape metal
strips of copper are connected with the outer ring resonator.
Commercially available electromagnetic simulator is
utilized to design and numerical investigation. The return
loss (S11) shows the resonance in 32.08, 35.07, and 41.60
GHz. The performance of the proposed reconfigurable
antenna is analyzed by activate or deactivate the DSRR.
However, the designed metamaterial shows left handed
characteristics and compact in size.

1. Introduction
The fifth generation (5G) networks are expected to use the
higher frequency bandwidths due to the growing need for
wider bandwidths and higher data rates. Compared with the
cellular networks used today, 5G mobile networks will the
proposed bands in the millimetre wave region are, 37.0 to
40.50 GHz, 42.50 to 43.50 GHz, 45.50 to 47.0 GHz, 47.20
to 50.20 GHz, which have allocations to the mobile service
on a primary basis. Besides, 31.80 to 33.40 GHz, 40.50 to
42.50 GHz, and 47.0 to 47.20 GHz, which may require
additional allocations to the mobile service on a primary
basis for 5G wireless communications. Re-configurability
of an antenna adds more versatility in the application, like
frequency of operation, direction of the main beam, beam
width, of a particular antenna. Metamaterials are an
artificial material with more compact size compare with
conventional structures and have some infrequent
properties, which does not exist in the nature materials.
Metamaterial based reconfigurable antenna can achieve a
high performance by dynamically changing its physical
structure. It is equivalent to having multiple antennas with
different physical aperture [1]. So, the metamaterial based
reconfigurable antenna can reduce the overall cost, weight,
and size of a system. Moreover, few metamaterials based
reconfigurable antenna has been investigated in this study.
V. G. Veselago first 1968 discussed about the concept of
metamaterial. After a long time at 2000, D. R. Smith and his
colleagues invented a material that shown the negative
permittivity and permeability at a same time with some
infrequent properties [2]. The use of metamaterial in the
antenna structure make the antenna structure compact,

flexible for low or high frequency applications, etc. As a
result, huge research had been done on metamaterial
antenna from the past to present days. Such as a z-shaped
double negative metamaterial had been proposed for C- and
X-band operations in 2016. The metamaterial structure
single unit cell was 10×10 mm2 and effective medium ratio
was more than 4 [3]. A negative index meta-atom, the
resonance at C-, X- and Ku-band with wide negative
refractive index bandwidth from 7.0 to 12.81 GHz was
projected in [4]. A reconfigurable loop antenna with two
parasitic Inverted-L grounded strips for modern smartphone
devices was presented, which outer metal rim generates
three loop modes and the inner parasite grounded strips
provided two monopole modes. By merging these two types
of antenna modes, it covered GSM 850/900 and LTE
2300/2500 operations with a compact antenna size of 945
mm2. For lower-band (from 824 to 960 MHz), the antenna
gains and total efficiencies were approximately 0.3 to 1.7
dBi, and 45 to 60%, respectively, as well as for the upper
operating band (from 1710 to 2690 MHz), gains and total
efficiencies were respectively about 1.2 to 4.2 dBi and 47%
[5]. In this paper a planar polarization reconfigurable
antenna with a simple switching topology by utilizing the
dual resonating-mode behaviour of the substrate integrated
waveguide (SIW) cavity was introduced. Two input-ports
were adopted to adjust the phase distributions of the
radiating slots etched on the top surface of the SIW cavity.
The LHCP, RHCP and linear polarization (LP) could then
be realized by using the proper input port. The LHCP had a
3dB axial ratio bandwidth from 5.87 to 5.89 GHz and 5.86
to 5.89 GHz for the RHCP states. The bandwidth of return
loss and gain for the LP state were respectively, from 5.65
to 5.9 GHz and 10.0 dBi [6]. A millimetre wave antenna
(operation band from 46.0 to 70.0 GHz) consisted of two
planar dipoles and a shorted patch, provided over 50%
impedance bandwidth and almost 8 dBi gain, but radiates
unidirectional with low cross-polarization and back
radiation levels [7]. An advanced integration technique for
the millimetre wave beam was analysed, where the
operational bandwidth and true time delays of the technique
were superior to millimetre wave beam steering for 5G
wireless networks [8]. A bowtie antenna loaded with a
metamaterial to generate a dual beam pattern from 55.0 to
68.0 GHz. The double-sided split-ring resonator structure
arrays were integrated and tilted 15° to adapt the radiation
beam and the antenna exhibited a high gain of 11.4 dBi in
62.0 GHz [9]. A negative index metamaterial based antenna

was presented, where the narrowband tuned over a broad
frequency (from 1.60 to 2.23 GHz), while the higher band
remained constant by using a varactor diode (capacitance
from around 0.1 to 0.7 pF). Moreover, the total dimension
of the antenna ware 0.056λ0×0.047λ0 and placed over a
0.23λ0×0.111 λ0 CPW ground plane [10]. In 2007 Liu et al.
invented a dual band reconfigurable fractal patch antenna
where the switches etched in the antenna slots and by
changing the status of the switches the radiation patterns of
the antenna were change around 60.0 and 80.0 GHz,
covering the elevation angles of 130 to 450, -130 to -450
around 60 GHz and of 150 to 500, -150 to - 500 around 80
GHz [11]. For the millimetre wave applications a dual band
reconfigurable fractal patch antenna was proposed that
showed similar operating frequencies, but different
radiation patterns between the zeroth-order and the +1 order
resonance mode [12]. A chiral metamaterial structure based
on the inverse E-shape combined with the outer ring
resonator printed on Rogers RT 5880 material was
proposed, which showed resonance at C-band and 5.14 GHz
bandwidth from 4.0 to 9.14 GHz [13]. A reconfigurable
dipole antenna was suggested for 5G applications that
maintained by the switches in square patches. The designed
antenna was accomplished to switch the polarization among
one linearly polarized and two orthogonal circularly
polarized states. The antenna shown the bandwidth from
5.07 to 5.95 GHz 8.20 dBi stable gain [14].

left side DSRR, and without DSRR are shown respectively
in figure 2(a-b), and figure 3(a-d).
Table 1: Optimized dimension of the proposed SWB
reconfigurable antenna.
Parameters

L

W

WL

WR

Wf

W1

W2

Size (mm)

20.0

22.0

8.0

8.0

3.0

9.5

9.5

Parameters

LLg

LRg

LUg

gL

gR

Lg

Wg

Size (mm)

11.50

9.0

3.0

1.0

1.0

7.0

13.0

(a)

In this paper, we present a metamaterial based frequency
reconfigurable antenna that is composed of a straight feedline monopole with two double split-ring resonators for 5G
applications. The designed metamaterial single unit cell
integrated with the antenna, which is developed by an outer
and the inner split ring resonators with inverse E-shape
metal strips of copper are connected with the outer ring
resonator. The results show the resonances of return loss
with DSRR or without DSRR or right side DSRR or left side
DSRR are around at 32.08, 35.07, and 41.60 GHz. At
present, in order to support increased traffic capacity 5G
extend high data rate of transmission for communication.
This includes a new spectrum from 30 GH to higher
frequency. As a result, all of the mentioned resonance peaks
is applicable for the 5G applications.

(b)

2. Structural Design of the Proposed Antenna
Figure 1(a-c) shows the detailed configuration of this
metamaterial based reconfigurable antenna. As shown in
figure 1 the proposed antenna is printed on a Rogers RT
5880 material (thickness of 1.575 mm, dielectric constant of
2.2 and loss tangent of 0.0009). The optimized size of the
antenna is 20×22 mm2 and metamaterial single unit cell is
8×8 mm2. Moreover, the antenna is composed of a straight
feed-line monopole with two double split-ring resonators
(DSRR). The DSRR is developed by an outer and the inner
split ring resonator with inverse E-shape metal strips of
copper are connected with the outer ring resonator. A
connector is attached to the port of the antenna that delivers
a 50Ω impedance. However, the fabricated front and back
view and the antennas with two DSRR, right side DSRR,

(c)
Figure 1: Schematic view of the proposed reconfigurable
antenna: (a) Front view, (b) Back view, and (c) Schematic
view of the designed metamaterial single unit cell.
The dimensions of the designed metamaterial single unit cell
structure are: outer resonator length (LL)= 8.0 mm, outer
resonator width (WL)= 8.0 mm, inner resonator length

2

(LIN)= 3.0 mm, inner resonator width (W IN)= 2.0 mm, C=
3.2 mm, and resonator metal (copper) width (d)= 0.5 mm.
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(b)
Figure 2: Fabricated view of the proposed antenna: (a) Front
view, and (b) Back view.
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where θ= ξd, ‘d’ is the thickness of the substrate, ‘R1’ is the
normalized impedance ‘C’ is the velocity of light, ‘S11’ is
the reflection coefficient, and ‘S21’ is the transmission
coefficient.

3. Antenna Performance
To understand the operating principle of the antenna, the
current distributions on the proposed antenna at 32.08 GHz
is shown in figure 4. The current is distributed parallel and
anti-parallel at the surface of metallic patches for the
resonance frequencies. Parallel surface current distribution
regulates the electrical resonance whereas antiparallel
surface currents control magnetic resonance. The source of
surface currents is a strong magnetic and electric coupling
and the magnetic and electric resonance that pairs with
external applied fields. The color in the figure indicates the
intensity of the current, besides the directions of the current
is shown by the arrows.

Figure 3: (a) Antenna with two DSRR, (b) Antenna with
right handed DSRR, (c) Antenna with left handed DSRR,
and (d) Antenna without DSRR.
The simulation of the proposed antenna is performed by the
CST Microwave Studio software and measurement is done
by the Agilent N5227A vector network analyser, whereas
the network analyser is calibrated by the Agilent N469460001 to achieve the perfect over the entire super wide band
(SWB) spectrum. To understand the characteristics of the
metamaterial unit cell integrated on the antenna ground
plane simulation of the unit cell is done in CST-MWS,
where perfect electric and perfect magnetic boundaries are
applied along x and y planes, so that the electric field is
oriented along x-direction and magnetic field is oriented
along y-direction. Nicolson-Ross-Wire method has been
utilized to retrieve the effective parameters, which are as
follows,

Figure 4: Surface current distribution at 32.08 GHz of the
proposed antenna with two DSRR.
The antenna performance is described by the return loss
(S11), VSWR, gain, radiation pattern. The performance of
the designed antenna is analysed by integrating the
metamaterial structure at different position. The simulated
and measured results of the proposed antenna are shown in
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figure 5(a-b). In figure 5(a) the simulated results resonances
at 32.08, 35.07, and 41.60 GHz are around similar for the
variation of the proposed antenna configuration, whereas the
measured results are in figure 5(b). The measured results are
slightly different from the simulated results due to the
effects from Sub Miniature Version A (SMA) connector
soldering with feed line, proper calibration characteristics
and toleration of the measurement. Figure 5(c) display the
simulated voltage standing wave ratio (VSWR) of antenna
with two DSRR, right side DSRR, left side DSRR, and
without any DSRR. The properties of the metamaterial are
characteristics by the effective medium parameters
(permittivity, permeability, and refractive index ratio).
Figure 5(d) exhibited the curve of effective medium ratio.
From the curve real magnitude of effective negative
permittivity from 30.0 to 44.42 GHz, negative permeability
has two negative regions from 33.64 to 36.69 GHz and
41.64 to 47.14 GHz. In addition, at the points of the
reflection coefficient (return loss) the permittivity,
permeability, and refractive index amplitude are
respectively, -1.41+0.40j, 0.62-3.77j, 1.81+0.57j at 32.08
GHz, -1.36-0.93j, -5.87+4.11j, 3.43-0.024j at 35.07 GHz,
and -0.026-0.50j, -29.88-73.04j, 1.12+0.93j at 41.60 GHz.
There is variation between the results of the permittivity,
permeability, refractive index for the polarization effects on
the internal structure of the materials.

(c)

(d)
Figure 5: Proposed reconfigurable antennas: (a) Simulated
results of return loss (S11), (b) Measured results of return
loss (S11), (c) Simulated VSWR, and (d) Amplitude of the
effective medium parameters of the integrated metamaterial.
The material can be characterized by the electrical
permittivity and the magnetic permeability. From figure 5(d)
the loss of the integrated metamaterial structure is defined
by the amplitude ratio of the imaginary value of the
(permittivity or permeability) and real value of (permittivity
or permeability). If the ratio is more than 1 (<1) then loss
positive and when it’s less than 1 (>1) loss is negative.
Moreover, the two dimensional (2D) radiation patterns at
32.04 and 42.60 GHz are demonstrated in figure 6(a-d) and
figure 7(a-d), where both Phi =0° and Phi =90° are included
as E-plane and H-plane, whereas the y-z plane is considered
as the E-plane and the x-z plane is considered as the Hplane. It is seen from figure 6(a-d) and 7(a-d) that the
radiation patterns at Phi = 0° are nearly omnidirectional. The
results of the y-z plane in radiation pattern at similar
resonance frequency seems almost same for all of the
different configuration of the proposed antennas. At the
lower frequency the number of the side lobes reasonably
less, but with increasing frequency, the patterns have more
side lobes and slightly directional. There are few nulls are
observed at lower frequencies due to lower order harmonics,
the antenna exhibits stable radiation patterns throughout the
operating band. The ripples in the radiation patterns may be
due
to
the
refection
into
the
field.

(a)

(b)

4

4. Conclusion

(a)

The field of wireless communication has witnessed
tremendous growth as the technological facility of
telecommunications infrastructure, improved significantly
in the last decade. Irrespective of the applications, most of
the reconfigurable antenna has similar requirements of
increased functionality, improved operation, small size and
most importantly low system cost. However, the demand on
the basic requirement a metamaterial based reconfigurable
antenna is proposed by utilizing a metamaterial unit cell
integrated with the antenna structure in this paper. The
performance of the antenna is varied and investigated by
changing the position of the metamaterial with the antenna
feed line. As a demonstration, the antennas are designed
with a 1.575 mm thickness Rogers RT 5880 substrate
material. Experiments are carried out to verify the designs,
which show well agreement with the designs. The proposed
antenna is showing resonance in higher frequency above 30
GHz, which are desirable for the 5G communication
applications. So, the proposed reconfigurable antennas can
be used for the diverse applications of the high speed
wireless system.

(b)

(c)
(d)
Figure 6: Simulated radiation pattern of the proposed
antenna at 32.08 GHz: (a) with two DSRR, (b) with right
handed DSRR, (c) with left handed DSRR, and (d) without
DSRR.
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A considerable amount of back lobe was observed, possibly
because of the utilization of partial ground plane. A full
ground plane can reduce this back lobe at the cost of low
gain, low efficiency and narrow bandwidth.

(a)
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Structural Color for Displays and Imaging

Dynamic plasmonic colour display
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Abstract - Plasmonic colour printing based on engineered metasurfaces has revolutionized colour
display science due to its unprecedented subwavelength resolution and high-density optical data
storage. However, advanced plasmonic displays with novel functionalities have remained in their
infancy. Here we demonstrate a dynamic plasmonic colour display technique which enables all the
aforementioned functionalities using catalytic magnesium metasurfaces. Controlled hydrogenation
and dehydrogenation of the constituent magnesium nanoparticles, which serve as dynamic pixels,
allow for plasmonic colour printing, tuning, erasing, and restoration of colour.
In this work, we demonstrate a dynamic plasmonic display technique based on catalytic Mg metasurfaces.
Different from other hydrogen-storage metals such as palladium (Pd) and yttrium, which are associated with
poor optical response, Mg exhibits excellent plasmonic properties at high frequencies. For example, Mg
nanostructures have been used for chiral sensing in the UV spectral range and for hydrogen sensing in the visible
spectral range1-4. Most importantly, the unique hydrogenation/dehydrogenation kinetics of Mg nanoparticles is
ideally suited for creating dynamic plasmonic systems.

Figure1 | a, Schematic of the plasmonic metasurface composed of hydrogen-responsive Mg nanoparticles interacting
with incident unpolarized white light. b, Colour palette obtained by stepwise tuning of s and d. c, Colour evolutions of
the selected colour squares upon hydrogen exposure over time ln(t). The grey-dotted lines indicate the colour vanishing
times in the two cases.

Here, we demonstrate successively plasmonic microprint displays with high reversibility, plasmonic animations
with subwavelength resolution, and highly secure plasmonic encryption. Our work will stimulate fascinating
colour display applications utilizing plasmonic dynamic pixels with nanoscale controllability.

Figure2 | a, Colour evolutions of the selected colours used to construct the Minerva logo during hydrogenation and
dehydrogenation, respectively. b, Overview and enlarged SEM images of the Minerva logo. The scale bars in I and II are
5 µm. c, Optical micrographs of the Minerva logo during hydrogenation and dehydrogenation for colour erasing and
restoring, respectively. Scale bar: 20 µm.

Acknowledgements: This project was supported by the Sofja Kovalevskaja grant from the Alexander von
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The metamaterial based perfect light absorber for colour generation
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Abstract- In this work, we developed a variety of colour utilizing the metamaterial based perfect
absorber based on a coupled nanocrystals (NCs). It is essential to produce two optical absorption
spectra with broad bandwidth for the vivid colours. Previously, a conventional metamaterial
absorbers, typically made of metals such as silver, gold or aluminum are limited to a narrow
bandwidth, and it have difficulty for generation of distinct colours. The chemically coupled NCs
(metals, semiconductors and insulators) are newly designed materials in this study for the controlled
optical properties of metamaterials. In the corresponding results, the developed NC based absorber
in visible wavelength showed the high absorption above 98% in two absorption spectra containing a
high reflectance peak, and we tuned the desired colour of varying NC type and nanostructure.
Metamaterial absorbers have great potential in applications for a solar energy harvesting devices, an image
application such as digital displays and so on due to their partial absorption spectra. With the point towards higher
color resolution and a various color generation in reflective displays, a high absorption property is necessary in
partial wavelength. In this study, we focus on the coupled NCs based metamaterial perfect absorber for the color
generation in the visible and NIR regions.
NCs can be used as new material in metamaterial building block because their optical properties are different
with their type, shape and size. When the coupled NCs which are either same materials or different materials are
covalently linked via short ligand on surface of each NC, the optical properties can be controlled. In this study, the
coupled Ag NCs and the Ag based hybrid NCs were developed, and the metamaterial structure which consists of
NCs were fabricated by nanoimprinting lithography and lift-off method. Also, perfect absorbers were successfully
developed containing with the nanodisk array or nanohole array for the variation of absorption wavelength.
Finally, the simulated and fabricated metamaterial perfect absorber using NC showed the high absorption
above 98% in visible and NIR range. As the materials are changed and metamaterial structures are controlled in
perfect absorbers, the absorption property could be tuned, and the specific vivid colours were generated. Color
reproduction, or color gamut, represents about 19%.
This work has been supported by the Pioneer Research Center Program through the National Research
Foundation of Korea funded by the Ministry of Science, ICT & Future Planning (NRF-2013M3C1A3063046)
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Abstract- We demonstrate a new plasmonic approach to high-density optical data storage; using
dual-color plasmonic nano-pixels to encode two information sets into the same unit area using single
arrays of two-state metal nano-apertures.
The ability to effectively separate discrete colors from white-light lies at the heart of how we record and view
optical information; whether that be the arrangement of colored inks in painting and printing applications, or the
spectral filters that enable many modern image display and recording technologies. In each case, color separation
is typically provided by organic compounds; dyes and pigments that absorb and scatter particular wavelengths of
light, leading to their distinct color profiles. Recently, structural color systems based on engineered nanophotonic
materials have emerged as an appealing alternative to absorptive dyes [1]. Among these examples are color filters
based on plasmonics; filters which rely on the resonant interaction between incident photons and the free-electrons
of nano-scale metal structures. Plasmonic filters hold several dimensional and stability advantages over their
micro-scale, dye-based counterparts. As a result, they have been positioned as new technological solutions for subwavelength color printing [1], RGB splitting for image sensors [2], anti-counterfeiting measures [3], and optical
data storage [4]; thus representing one of the most promising, commercially relevant areas of current plasmonic
research activity.
Here, we demonstrate a method for patterning full-color images and codes, at subwavelength resolutions, that
exhibit dual, polarization-dependent information states. Our individual pixels are comprised of asymmetric crossshaped nano-apertures in a thin film of aluminum; each aperture engineered to exhibit 2 independent plasmonic
color resonances that can be individually tuned across the sRGB spectrum. This enables us to encode 2 arbitrary
information sets into the same unit area using the same array of nano-pixels. We show that using a standard optical
microscope, color separation can be controlled down to 2x2 nano-pixels (approximately 370 x 370 nm), while
retaining polarization selectivity. This, in turn, defines our maximum data storage capability; each 2x2 pixel area
acting as a 2-state data bit that can be read optically. The maximum data density we can achieve using this
technique is approximately 1.46 Gb/cm2, with the added ability to further encode each of those pixels using the
full visible-color spectrum.
Acknowledgements. The work was supported by the Royal Academy of Engineering (grant 10216/103) and
the EPSRC (grants EP/P51133X/1 and EP/N016874/1).
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Abstract- Resonators and antennas that operate in the visible spectrum have enabled color printing
by controlling the local geometry of nanostructures. These color prints exhibit unique properties,
e.g. polarization dependent colors, ultra-high resolution ~100,000 dpi, and fade resistance. Recent
developments of laser printing, active color tuning, stacked plasmonic colors, and scale-up to large
areas have been demonstrated. To a large extent, nanostructures of silver, gold, and aluminum have
been investigated. However, rapid developments in high-index dielectric nanoantennas have shown
great promise in overcoming some of the shortfalls in plasmonic nanostructures, i.e. ohmic losses,
and heating effects. In this talk we will discuss our latest investigation of the potential of dielectric
nanostructures in high-resolution color prints.
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Abstract- We demonstrate a liquid crystal-plasmonic system capable of producing the full RGB
color basis set solely as a function of voltage. This is achieved through surface morphology
induced polarization dependent color and liquid crystal effects which manifest at different voltages.
We further show the integration of such a surface with a thin-film-transistor array to display
arbitrary images.
Plasmonic nanostructures have many
advantages for novel color and display
applications including: diffraction limited
color, the ability to control polarization
and phase, and post-fabrication tuning
through control of the surrounding media.
The later of these phenomena could lead to
dynamic color changing surfaces and
displays, however current demonstrations
have been limited in the range of color
tuning achieved.
Here, we show an
increase in this ability and span the full
RGB color basis set.
The liquid crystal-plasmonic system is
shown in Figure 1a. Ambient white light
passes through a polarizer, a traditional LC
Figure 1 | Liquid crystal-plasmonic device. (a) Schematic
cell (glass, ITO, rubbed polyimide) and a
illustrating the system and its three voltage states which reflect red,
high birefringent LC (LCM1107). The
green and blue. (b) Reflection spectra and matching simulation.
light is then incident upon a nanostructured
Line colors are obtained through the CIE color matching functions
plasmonic surface consisting of 30 nm of
and insets are microscope images.
aluminum deposited on a nanoimprinted
polymer. The pattern is a 2D sinusoidal grating 300 nm in periodicity and 100 nm in amplitude. The structure
hosts grating coupled surface plasmon resonances within the visible domain, the spectral location of which
depends on the orientation of the LC near the surface. The resonance further depends on the surface
morphology of the deposited aluminum and through which we control the degree of polarization dependence of
the reflected color. We use this to create a device which reflects blue or red light in the 0V (V1, Off State)
given the orientation of the top polarizer. For the given orientation of Figure 1b, this results in a blue reflection.

At voltage V2 (3.5Vrms), the bulk LC reorients and rotates the polarization of the incident light to that of the
orthogonal state, resulting in a red. Lastely, at the high voltage of V3 (50 Vrms), the LC near the aluminum
nanostructured surface reorients to a near vertical state. This red-shifts the plasmonic resonance resulting in a
green and the loss of the surface’s polarization dependence. These voltages are given for a cell gap of 8.5 um,
however we believe they can be lowered by reducing this cell gap.

Figure 2 | TFT integrated liquid crystal-plasmonic surface. a)
Microscope image (x10) showing the unit cell of the TFT array. (b) Display
of the text “UCF” through a computer interface.

To show the system’s compatibility with preexisting LCD technology, we have integrated the surface with a
thin-film-transistor (TFT) array to create an actively addressed plasmonic surface. We procured a conventional
transmissive LCD panel (Adafruit, ID: 1680) and harvested the TFT array and attached electronics by removing
polarizers, backlight, diffusers and ITO glass. The plasmonic surface is then UV glued onto the TFT with 8.5
um spacers and filled with LCM1107. A microscope image of the device is shown in Figure 2a. Here, the
plasmonic surface (red) is imaged through the TFT glass and contacts. By keeping the electronics attached to
the TFT intact, individual pixels can be controlled through an HDMI-to-TTL converter and a laptop. Figure 2b
shows the letter “UCF” displayed through a text editor. While this device can be used to display arbitrary
shapes, images and video, there are several engineering problems to still overcome. Namely, the white
reflection from the TFT metallic lines and the lack of high voltage drivers needed to display green.
Here we have shown a dynamically tunable LC-plasmonic surface that spans the full RGB color basis set
with a single metallic nanostructure. We further demonstrate the system’s compatibility with existing LCD
technology by integrating it with a commercial TFT and display arbitrary text. We believe this could lead to a
new class of displays.
Acknowledgements: This work at University of Central Florida was supported by NSF grant No.
ECCS-1509729.
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Military Applications of Metamaterials
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Abstract- Transparent conducting oxides (TCOs) exhibit low loss plasmonic properties in the near
infrared region of the electromagnetic spectrum and their carrier density can be tuned by doping. In
this talk, we will present details on the properties of TCOs, such as Sn-doped In2O3 and Al-doped
ZnO, and VO2 along with light trapping metamaterial devices consisting 1D and 2D metallic
gratings and TCO, which forms a Schottky contact with Si, for solar cell applications with
enhanced photocurrent.
Noble metals such as Au and Ag have been used traditionally for plasmonic devices in the visible spectral
range due to their strong interaction with light and good ohmic contact. However, conventional metals are not
suitable for near infrared plasmonic applications due to their relatively large optical losses at these wavelengths.
Transparent conducting oxides (TCOs), on the other hand, have been considered for low loss metallic
components in the near infrared region of the electromagnetic spectrum because they can provide a tunable
carrier density (1020 - 1021 cm-3) by doping. For example, the zero-cross-over permittivity values of TCOs can
easily be tuned from 1.2 µm to 3 µm by adjusting doping levels (Figure 1). Optical losses in devices made from
these metal oxide materials are generally found to be much lower than those obtained with conventional metals.
We have investigated various metal oxides such as Al-doped ZnO, Sn-doped In2O3 and VO2. The details of
electrical and optical properties of these metal oxides will be presented [1-3].
In order to extend Si sensitivity to infrared region without impacting visible response in Si solar cells, we
have developed light trapping metamaterial devices based on TCO-Si heterostructures. The metamaterial
structure consists of metallic 1D or 2D gratings, which couple light through a thin dielectric layer into the thin
TCO layer, which forms a Schottky contact with Si. In this configuration, 1) surface plasmons interact strongly
with incident light at the plasmon resonance, resulting in enhanced light concentration into the TCO layer, 2) IR
photons absorbed as hot electrons in the TCO, and 3) these hot electrons move across a Schottky barrier into the
Si substrate, resulting in enhanced photocurrent (Figure 2). We will present details on the optimization of
geometric properties of the metal gratings (dimension, pitch) and tunable properties of the TCO layer (thickness,
carrier density).
Acknowledgements: This work was funded by the Office of Naval Research (ONR) through the Naval
Research Laboratory Basic Research Program.

Figure 1. Real (a) and imaginary (b) parts of the dielectric function as function of wavelength for ITO films

with various carrier densities from 1020 – 1021 cm-3. The data for Ag film is added in (b) for comparison.

Figure 2. Light trapping metamaterial devices consisting of Au 2D grating and ITO, which

forms a Schottky contact with Si, for solar cell applications with enhanced photocurrent.
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Compressive sensing and enhanced detectors with plasmonic metasurfaces.
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Metamaterials provide the ability to design materials properties to meet the unique needs of applications
beyond what is possible with conventional materials. From spatially tailored dielectrics to tunable, dynamic
material properties and unique nonlinear behavior, these systems offer tremendous flexibility to application
engineers. Applications across the electromagnetic spectrum have been proposed; from novel RF antennas to
devices utilizing optical magnetism. Researchers have pursued optical, RF and acoustic materials and
applications. The aim of this work is to gauge the readiness and maturity of metamaterials for the field. Within
AFRL, applications spanning the electromagnetic spectrum have leveraged metamaterials. The work we have
pursued utilizes the unique traits of meta systems to match broadly different wavelengths and to have dramatic
changes in response as a function of wavelength to develop novel communication and sensing systems.
Looking to the future, dynamic and tunable metamaterials will be pursued. In the near term, 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. 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 more efficient acquisition
data with higher information content, while preserving mission utility. Our research develops a combined
method to integrate plasmonic and micro-optical elements onto detector structures which can both improve the
performance of detector systems and provide a means to introduce compressive sensing and computational
imaging methods. By coupling a variety of simulation environments which cover the optical, plasmonic, and
electronic domains, we can efficiently comprehensively model 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 modeled device performance for several device
configurations such as the one pictured below.

Figure 1: Metasurface filters integrated at the pixel level are engineered to modify the pixel responsivity. This forms the basis set
for compressive spectral sensing of images where many spectral bands can be synthesized from linear combinations of the
response of the basis set.
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Abstract-Tightly Coupled Dipole Array (TCDA) is a ultrawideband array antenna proposed by
Munk [1]. The operation principle of the TCDA is cancellation between inductive reactance of the
ground plane at low frequency and capacitive reactance of coupled capacitance of neighboring
element dipoles. In this paper, we present variety dimensions (2D, 1D, and 0D) TCDAs which can
be used at electric warfare.
First, we propose the low-profile wideband 2D TCDA. To obtain the low profile and wide bandwidth, we
control the impedance of element dipole antenna using vertical gap to operate at low frequency. The common
mode and unwanted resonances are adjusted by shorting posts and via holes, respectively. The proposed element
antenna is presented in Fig. 1, and its S-parameter response is shown in Fig. 2. The simulation shows that the
bandwidth of the proposed array antenna is 3.37:1 (from 1.97 to 6.66 GHz) and low profile of 1/12.7 λ at lowest
operating frequency.
Second, we propose the dual-polarized 1D TCDA. To maintain 2D TCDA characteristics, we locate the
additional structures which consist of conducting wall with vertical slits and ferrite sheets beside the 1D arranged
TCDA as shown in Fig. 3. The simulated -10dB reflection coefficient bandwidth is 2.83:1 (from 1 to 2.83 GHz)
for both polarizations with 1/5 λ height at lowest operating frequency when it radiates broadside as shown in

Fig.4.
Third, the dual-polarized 0D TCDA is proposed. The additional structures which is used at the 1D TCDA
are locates around the horizontal and vertical polarization dipoles that use discrete port feeding at the center of
the unit cell, respectively, as shown in Fig. 5. In Fig. 6, the simulated bandwidth of the 0D TCDA is 2.27:1 (from
1.22 to 2.77 GHz) with 1/6 λ height at lowest operating frequency.
The details of the design procedure and other characteristics of the three antennas will be discussed at the
conference.

Fig. 1. Configuration of element antenna of the low-profile 2D TCDA.

Fig. 2. VSWR of the proposed 2D TCDA.

Fig. 3. Unit cell of the 1D TCDA antenna model

Fig. 5. Unit cell of the 0D TCDA antenna model

Fig. 4. Simulated S-parameter response of the 1D TCDA

Fig. 6. Simulated S-parameter response of the 0D TCDA
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Abstract-In this presentation, we demonstrate an electromagnetic wave focusing using
reconfigurable metasurface. We made a metasurface which can modulate microwave spatially.
Each unit structure constituting the metasurface is controlled electrically. With optimization process,
we could concentrate electromagnetic wave energy into a spatially localized spot.
The concept of metasurface was proposed due to readily fabricated using lithography method. Therefore,
metasurface is a thin layer made of an array of unit structure with spatially varying geometrical parameters. [1]
Because of its strong electromagnetic wave spatial modulation capability even with very thin thickness,
metasurface fits to application such as flat optics. Recently, study on metasurface is extending toward
accomplishing active and dynamic functionalities with a fast switching speed. [2-5]
In this presentation, we demonstrate a modulating spatial distribution of electromagnetic waves in
microwave range using electrically controlled metasurface. We developed a spatial microwave modulating
metasurface using readily available electronic components. Each unit structure in the metasurface is controlled
electrically and changes electromagnetic wave locally. With optimization process, electromagnetic wave
modulated by the device could be localized into a specific spot. Our electromagnetic wave spatial scanner shows
that electromagnetic wave modulated by the metasurface can be focused into a localized area and it is different
from the beam forming of microwave. We expect our device can be used in many applications such as wireless
power transfer, microwave imaging, and indoor radar.
Acknowledgements, This work was supported by the Center for Advanced Meta-Materials (CAMM)
funded by the Ministry of Science, ICT and Future Planning as Global Frontier Project (2014M3A6B3063710).
REFERENCES
1. Yu, N. and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Materials, Vol. 13, 139–150, 2014.
2. Kaina, N., M. Dupre, M. Fink, and G. Lerosey, “Hybridized resonances to design tunable binary phase
metasurface unit cells,” Opt. Express, Vol. 22, No. 16, 18881-18888, 2014.
3. Kaina, N., M. Dupre, G. Lerosey, and M. Fink, “Shaping complex microwave fields in reverberating media
with binary tunable metasurfaces,” Sci. Rep., Vol. 4, 6693, 2014.
4. Cui, J., C. Huang, W. Pan, M. Pu, Y. Guo, and X. Luo, “Dynamical manipulation of electromagnetic
polarization using anisotropic meta-mirror,” Sci. Rep. Vol. 6, 30771, 2016.
5. Chen, K., Y. Feng, F. Monticone, J. Zhao, B. Zhu, T. Jiang, L. Zhang, Y. Kim. X. Ding, S. Zhang. A. Alu,
and C.-W. Qiu, “A Reconfigurable Active Huygens’ Metalens,” Adv. Mater., 1606422, 2017.

Development of mechanical machining technology
for microwave absorber metasurfaces
E. c. Jeon1*, S. H. Moon1, J. R. Lee1, M. S. Heo2, M. J. Kim2, J. H. Shin2, T. J. Je1 and T. I. Choi3
1
Dept. of Nano Manufacturing Technology, Korea Institute of Machinery and Materials, Korea
2
 Dept. of Materials Science and Engineering, KAIST, Korea
3
 Center for Advanced Meta-Materials, Korea
*

corresponding author: jeonec@kimm.re.kr

Abstract-We designed microwave absorber metasurfaces consisting of three layers: a patterned
conductor, an insulator and a conductor, and developed ultra-fine mechanical machining
technologies for manufacturing of the designed metasurfaces. The patterns of the conductor should
be accurately machined for avoiding decrease in absorbance of the metasurfaces. We optimized a
few machining parameters, and succeeded to manufacture the microwave absorber metasurfaces
without machining errors (delamination, warpage and burr). The developed technology can be
applied to microwave absorber.

Stealth function is much important for protecting soldiers and expensive weapons. Generally, the paint
absorbing the microwaves is used for fighting planes and warships. However, this method needs frequent
maintenance which cost too much. Therefore, we suggested a film-type microwave absorber metasurfaces and
mechanical machining technologies for easy mass-production in this study.
The suggested metasurfaces consist of three layers: a patterned conductor, an insulator and a conductor. The
shape of the patterns on the patterned conductor determines the range of microwaves and the absorbance, thus, it
is much important to design the high-performance pattern shapes and to manufacture them accurately. We
designed discrete channel patterns having the width of about 100um and verified high absorbance of microwaves
by numerical analysis. The ultra-fine planing technology which is one of the mechanical machining technologies
was used for manufacturing the designed patterns. A few kinds of machining errors such as delamination,
warpage and burr at the machined patterns could be sorted out by optimization of the machining parameters. The
width of the cutting tool affected warpage and burr, and the depth of cut affected delamination. Finally, we
succeeded to manufacture the accurate microwave absorber metasurfaces having the discrete channel patterns on
a conductor.
Acknowledgements, This research was supported by the ‘Center for Advanced Meta-Materials(CAMM)’
funded by the ‘Ministry of Science, ICT and Future Planning’ as ‘Global Frontier Project
(CAMM-2014M3A6B3063707)’.

Absorber using a split eight equal Circular Sectors Resonator
N. T. Trung1*, and S. Lim2
School of Electrical and Electronic Engineering
Chung-Ang University, Seoul 156-756, Korea
sungjoon@cau.ac.kr, nguyentoantrung28190@gmail.com.
Abstract-In this paper, a polarization-insensitive metamaterial absorber is proposed. The unit cell
of the metamaterial is designed with a split eight equal Circular Sectors Resonator is introduced for
the polarization -insensitivity of the MM absorber. A vertically and horizontally symmetric
structure of unit cell enables polarization-insensitivity. The performances of the proposed absorber
are demonstrated with full-wave simulation and measurements. Under normal incidence, the
fabricated absorber shows 98% absorptivity at 9.26 GHz for all polarization angles, while for
oblique incidence, the fabricated absorber maintains an absorptivity higher than 91% for incident
angles up to 70˚ for both transverse magnetic (TM) and transverse electric (TE) modes.
Electromagnetic metamaterials (MTMs) are defined as artificial and effectively homogeneous
electromagnetic structures with unusual and unique properties that do not exist in the nature. Basically, to design
an absorber, we have to maximize the absorption coefficient. It is equivalent to minimize both the transmission
(T) and reflection (ᴦ) coefficients in the Eq. (1), where A is absorption coefficient.

A 1

T

(1)

The geometry of the proposed fabricated absorber prototype is shown in Fig. 1. A split eight equal circular
sector is realized on the top pattern and the bottom layer is fully covered with a copper sheet. The absorptivity of
the unit cell is varied for different incident angles. It is demonstrated from a full-wave simulation that the
proposed complementary circular sector enables absorptivity insensitive to incident angles. When the EM wave
incident to the absorber, there are the reflected wave and the transmitted wave.

Figure 1: (a) Top view and (b) 3D view of the proposed absorber.

To verify the MM absorber was fabricated consisting of 20×20 unit cells. As shown in Fig. 2, the fabricated
prototype is observed. The metallic structures on the top and bottom layers of the substrate are is fully covered
with a copper sheet. The substrate of absorber is FR4 with thickness of h = 0.8 mm. Its relative permittivity and
dielectric loss tangent are 3.9 and 0.02, respectively.

Figure 2: Fabricated absorber prototype absorber

Figure 3: Measured absorptivity of the fabricated prototype absorber (a) for incident anglesθranging
from 0˚ to 70˚ in (b) TE and (c) TM mode.

The measured under oblique incidence, both of TE (Fig. 3. (a)) and TM (Fig. 3. (b)) modes, the absorptivity at
9.26 GHz exceeded 91% even for incident angles (θ) varying from 0˚ to 70˚.
In this paper, a novel planar metamaterial absorber has been proposed. It is observed that the metamaterial
absorber is polarization insensitive for both transverse electric (TE) and transverse magnetic(TM) waves. The
measurement and simulation results are in very good agreement.
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Abstract - Infrared signals from the stagnation region where the aerodynamic heating occurs due to
supersonic flow and engine and surrounding hot parts of aircraft are detectable and directly related
to survivability. To implement the infrared stealth, it is necessary to reduce the contrast radiant
intensity (CRI), the difference of intensities between object and background. We have designed
metamaterials to control the spectral infrared emissivity, suppresses detectable band emission and
enhance non-detectable band. Finally, the infrared stealth performance of metamaterial was
evaluated.
The stealth is a technology that prevents detection from enemies and it is being developed to operate
independently or integrally with detection areas such as visible, acoustic, infrared, and radar, depending on the
operating environment. The most actively developed radar stealth has been studied in the direction of reducing
the radar reflection wave of the object and already applied to the aircraft. Thus, the new detection systems have
been developed to neutralize radar stealth technology, and the number of weapons systems that detect infrared
signal of targets. Infrared is a kind of electromagnetic wave that radiates when all objects have a temperature of
above 0K, which is proportional to the surface temperature and the emissivity of surface. Therefore, the infrared
signal can be reduced by cooling down surface temperature or controlling surface emissivity. The quantitative
index of infrared stealth is evaluated by the difference between the infrared signal of the background and the
object, and the lower the CRI value means the better the infrared stealth performance. Therefore, to calculate the
reliable CRI value of an aircraft, not only the surface temperature distribution but also the infrared characteristics
of the atmosphere should be considered.
The infrared signal of the aircraft analyzed for 3~5 µm and 8~12 µm bands, considering the infrared
transmission characteristics of the atmosphere, 5~8 µm opaque band due to strong absorption of CO2 and H2O.
Infrared signals in the band of 3~5 µm and 8~12 µm were generated in the aircraft engine and surrounding hot
parts. In stagnation regions, such as nose, leading edges and engine intake where aerodynamic heating occurs,
infrared signals in the 8~12 µm band mainly occurred. In this study, the gas radiation from hot plum was not
considered but only aircraft fuselage infrared signal was evaluated.
We analyzed the infrared signal of a combat aircraft of a single jet engine flying at an altitude of 5000 m
with Mach 1.5. To accurately calculate the aircraft surface temperature, two numerical analyzes were conducted
in an iterative manner. Ansys Fluent was used to obtain aerodynamic heating and heat transfer coefficients on
the aircraft surface and RadthermIR was used to calculate conduction, convection, and surface to surface
radiation. The bidirectional reflectance distribution function (BRDF) IR image and CRI of the aircraft were
calculated by considering the surface temperature distribution of the aircraft and infrared transmittance of
atmosphere from the Modtran module of RadthermIR.
In order to reduce the infrared signal of the aircraft, it is necessary to lower the surface temperature or lower
the surface emissivity. The method of lowering the surface temperature is not practical because it requires

additional equipment and increases aircraft weigh. Therefore, it is effective to reduce the CRI value by
controlling the surface infrared emissivity of the aircraft. However, if the surface emissivity is kept low in the
entire infrared band, the radiative cooling performance is significantly reduced, and the surface temperature may
increase. Therefore, in this study, we designed and fabricated metamaterials that keeps high emissivity at only
undetectable 5 ~ 8 µm band and low emissivity in detectable 3~5 µm and 8~12 µm bands.
The metamaterial composed of metal-dielectric-metal (MDM) can keep the high emissivity in the selected
wavelength band depending on the shape, size of the upper metal structure and thickness of the intermediate
dielectric layer. And it maintains low emissivity in the non-resonant wavelength region. We fabricated infrared
emissivity controlling metamaterial using photo lithography with gold and ZnS. The thickness of metal layer and
upper structure was 100 nm and the thickness of intermediate dielectric layer was 200 nm. Since the upper metal
structure, circular disk array with same pitch distance, determined resonance wavelength, the selective emission
property of MDM structure could be effectively controlled. MDM structure spectral emissivity is measured with
FT-IR spectroscope and applied to surface emissivity when calculate CRI of aircraft. Finally, the aircraft CRI is
reduced to 1/4 of blackbody surface by applying MDM metamaterials at same flying condition.
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Abstract- While, it was shown that for the lossless acoustic cloak the illumination direction independent cloaking
can be achieved with the structure with compressed geometry and complementary media, the effect of the material
loss have not been fully explored yet. Here, we show that realistic cloaking materials with moderate loss still works
when complementary media is introduced but with attenuated back scattering waves. However, the advantages of
introducing complementary media are almost lost when the loss tangent of cloaking shell becomes large.
Most of the existing works1-5 on acoustic cloaking is based on using analogy between the acoustic equations
and the transverse electric (TE) polarizations of the 2D electromagnetic field equations. However, it is found
that for the electromagnetic fields the cloaking performances of the cloak is superior for the transverse magnetic
(TM) polarizations than the TE polarizations because the scattering coefficients for the latter do not vanish
completely.6 Previously, we have the studied7 the lossless acoustic cloaking using the analogy of acoustic
equations and the TM polarizations of the electromagnetic field equations and showed that the acoustic cloak
with both cloaking shell and complementary media has the illumination direction independent cloaking
properties when the loss can be ignored. The material parameters for the acoustic cloak were obtained by
comparing 2D Maxwell’s equations in the TM polarization with acoustic field equations for general curvilinear
coordinates with the effective medium theory.7 In this work, we consider a more realistic lossy acoustic cloak
and show that the cloak with loss still works but attenuated back scattering waves exist. Dispersive full-wave
finite-difference time-domain (FDTD) method6 is employed for the numerical analysis.

Fig. 1 Comparision of the lossy cloak without (left) and with (right) complementary media.

In Figure 1, the p wave distributions propagating along the negative y direction, respectively, are depicted for the

operation frequency of 1 KHz for a loss bipolar cylindrical exterior cloak without the complementary media (left)
and with lossy complementary media (right). We assumed the loss tangent as tan (δ) = 0.01 and tan (am) = 0.01
both for the cloak and the complementary media. In the later case, the acoustic cloak is observed to be working,
but due to the presence of losses in the cloaking materials, there are shadowing effects on the fields behind the
cloaking shell along the direction of wave propagation. It is remarkable that loss in the complementary media
does not affect the cloaking performance significantly when the loss tangent is relatively small and one can see
that the advantage of employing complementary media.
Acknowledgements, This work were supported by the Global Frontier program of MSIP/NRF 2014M3A6B3063729.
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Air-filled acoustic metamaterials for wide range compressibility
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Abstract-Metamaterials consisting of Helmholtz resonators exhibit compressibility several times
larger than that of air but tuning range is limited. Here we present an acoustic metamaterial based
on internally connected double Helmholtz resonators. The wall separating the two Helmholtz
resonators has two holes one of which is simply open whereas the other is covered with a thin taut
membrane. We experimentally demonstrate tuning the effective compressibility continuously from
zero to 10 relative to air. Applications include tunable acoustic lens.
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funded by the Ministry of Science, ICT and Future Planning as a Global Frontier Project
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Abstract- In this study, we used reduced graphene oxides (rGOs) and CdSe/ZnS QDs to fabricate
rGO-QD-rGO sandwich-structure films. The sandwich structure is willing to alleviate the
deterioration of QDs in surroundings by virtue of the covering of graphene. We found that the
optoelectronic conversion efficiency of the QD-graphene system was significantly improved by
incorporating silver nanowires (AgNWs) into the QD layer.
Over the past decade, QDs have been widely studied on the application of solar cells, sensors, light emitters,
and bioassays. Recently, many studies revealed that the excited energy of QDs could be transfer effectively to
graphene because of the high conductivity and luminescence quenching ability of graphene [1]. In generally, the
quenching possible mechanism can be ascribed to the following routes: Forster resonance energy transfer,
surface energy transfer and photo-induced electron transfer [2]. Some studies have shown experimentally that
the quenching of QDs by graphene was assigned to surface energy transfer. In this study, we prepared the
reduced graphene oxide (rGO)-CdSe/ZnS quantum dots (QDs) hybrid films on a three-layer scaffold that the QD
layer was sandwiched between two rGO layers. The photocurrent was induced by virtue of the facts that the rGO
quenched the photoluminescence of QDs and transferred the excited energy. Unlike graphene, the metal
nanostructural surfaces, nanoparticles, or nano-holes not only quench but also enhance the PL of QDs through
the excitation of localized surface plasmon resonance (LSPR) of metal nanostructures, which amplifies the local
electric field to alter the optical properties of QDs. As a result, both the PL quenching and enhancement are
observed after the excitons of QDs coupling with LSPR of metal nanostructures.
Besides exciting and quenching the PL of QDs, AgNWs may absorb and scatter the incident light by the
localized surface plasmon resonance and the large diameter, respectively. Therefore, the effect of AgNWs on
optoelectronic conversion efficiency of QDs is still vague. We incorporated AgNWs into the QD layer and found
the AgNW incorporation can enhance significantly the photocurrent. While the addition of AgNWs changed
from 0 to 300 μL, the photocurrent density increased from 22.1 to 80.3 μA cm-2, a near 3.6-fold enhancement.
However, too much AgNW incorporation reduced the photocurrent enhancement as a result of the high
extinction coefficient and the large scattering effect of AgNWs. In order to realize the mechanism of AgNW
enhancement on the photocurrent, the PL spectra of rGO-QDs with/without AgNWs were measured (Figure 1).
Although rGO shows the ability of quenching the PL, the AgNW incorporation can enhance the suppression on
the PL, being more efficient to transfer the exciton energy. We evaluated the influence of the various shapes of
silver (AgNPs, AgNRs, AgNWs) on the optoelectronic conversion efficiency. Figure 2 shows the photocurrent
response of the rGO3-QD/AgNW3, rGO3-QD/AgNR, and rGO3-QD/AgNP hybrid films. The photocurrent
density increases in the following sequence: rGO3-QD/AgNP < rGO3-QD/AgNR < rGO3-QD/AgNW3. We

infer that the enhancement on the optoelectronic conversion efficiency may arise from the strong quenching
ability of silver and the rapid electron transfer of AgNWs.

Figure 1. PL spectra of the GO-QD, rGO-QD, and rGO-QD/AgNW hybrid films under 350-nm excitation.

Figure 2. Photocurrent density-time curves of the rGO3-QD/AgNW3, rGO3-QD/AgNR, and rGO3-QD/AgNP
hybrid films under on/off-cycle light irradiation.
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Abstract- Office of Naval Research Global (ONRG) is a funding organization within the United
States Department of the Navy to support worldwide basic scientific research in the areas of Navy
interest. This talk will provide an overview about the ONRG mission and funding opportunities.
The Office of Naval Research (ONR) is an organization within the United States Department of the Navy
that coordinates, executes, and promotes science and technology programs of the United States Navy and Marine
Corps. ONR-Global is the international arm of the ONR that assists the ONR to execute its mission by fostering
international collaborations, promoting fundamental researches, and building partnerships around the world in
the areas of mutual interest to the partner countries and United States. Through the positive engagements, the
ONRG brings the full spectrum of worldwide science and technology to Navy and Martine Corps. The ONRG
has forward physical presence on five continents with headquarter in London, United Kingdom. Other regional
offices are located in Chile, Japan, Australia, Singapore, Czech Republic, and India.
We all live on the same planet. Scientific knowledge has led to remarkable innovations that have been of great
benefit to humankind. Fundamental research is universal and should be open to general public. The ONRG
mission is to foster international collaborations, promote basic scientific researches, build partnerships, and
contribute open source data to global technology awareness. The ONRG has three funding programs to execute
its mission:
•
Collaborative Science Program (CSP): Support international workshops, conferences, and seminars
of navy interest held outside the United States.
•
Visiting Scientist Program (VSP): Support short term travel for international scientists to US to
interact with researchers and socialize S&T ideas/findings with the NRE that advance basic research through
collaboration.
•
Naval International Cooperative Opportunities in Science Program (NICOP): Provide direct funding
support to international scientists to conduct fundamental research and insert innovative science and
technology into core ONR and Naval Research Enterprise Programs.
Above programs aim to promote innovative long-rang basic researches, advance sciences and technologies
of mutual benefits, and foster a culture of communications and networking. The seed funding from ONRG will
provide opportunities for worldwide talented young scientists and engineers, as well as senior professionals, to
expand their careers and grow their researches into the full potential.
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Charge-Transfer Dynamics Controlled by Manipulating Dielectric
Permittivities with Hyperbolic Metamaterial Structures as Solvent
Analogues
Kwang Jin Lee1, Yiming Xiao1,2, Jae Heun Woo1,3, Eunsun Kim1, David Kreher2, André-Jean Attias2,
Fabrice Mathevet2, Jean-Charles Ribierre1†, Jeong Weon Wu1, Pascal André4
1

Department of Physics, Quantum Metamaterials Research Center, Ewha Womans University, Seoul, South
Korea.
2
Sorbonne Universités, UPMC Univ. Paris 06, CNRS, Institut Parisien de Chimie Moléculaire, UMR 8232,
Chimie des Polymères, 4 place Jussieu, 75005 Paris, France.
3
Center for Length, Division of Physical Metrology, Korea Research Institute of Standards and Science (KRISS),
Daejeon, South Korea.
4
RIKEN, Wako, Japan.
Present Address: OPERA, Kyushu University, Fukuoka, Japan.
*
corresponding author: kjlee0514@ewha.ac.kr
Abstract - We demonstrate that multilayered hyperbolic metamaterial (HMM) substrates alter
charge transfer (CT) dynamics by showing that both charge separation and recombination
characteristic times are increased by factors of 2.4 and 1.7, respectively, resulting in longer-lived
CT states. We successfully rationalize the experimental data by introducing image dipole
interactions in Marcus theory to tune the driving force. The number of metal-dielectric pairs
induces a non-local effect formalized in the dielectric permittivity, and is presented as an analogue
to local solvent effects.
Charge separation (CS) and recombination (CR) are crucial phenomena which impact numerous phenomena1, in
electronics2, magnetism3, biology and photosynthesis4, and chemistry5. Understanding and artificially tuning
charge transfer (CT) dynamics are then of the greatest importance. We experimentally evidenced that organic
semiconductor CT dynamics depends on substrate nanostructures6. Charge separation (CS) and charge
recombination (CR) characteristic times from triphenylene donor to perylene acceptor in columnar dyad were
both increased by factors up to 2.5 and 1.7, i.e. slower by ~ 140 and 73 %, respectively7. Marcus theory could
qualitatively describe this trend when including Coulomb interactions and image dipoles in the multi-layered
system to reveal the role of HMM image dipole interactions in manipulating dielectric permittivity with
non-local effects. The reported control of the CT dynamics is analogous to the use of solvents presenting
different dielectric permittivity. This solvent effect is well known, but, to the best of our knowledge, unheard of
in solid HMM nanostructured substrates. Furthermore, the relatively small variation of the non-local dielectric
permittivity compared to a more traditional solvent effect needed to get a comparable CT dynamic rate alteration
is attributed to the very different mechanisms involved. In the former case, directional image dipole interactions
apply to a D:A thin films, whereas the latter relies on variation of the polarity of the solvent molecules

surrounding each and every single of the D:A moieties.
Marcus theory finds applications in numerous systems from solutions to interfaces and solids. The present work
represents an original extension of it towards solid multi-layered media. Image dipole interactions are influenced
by dyad-HMM interface separations, dipole orientations, charge separation within the dipole, as well as HMM
periodicity and pair number. From this general features, one can then envisage that more HMM layers should
induce a stronger CT dynamic alteration. Similar behaviors are expected for any nanostructured media allowing
the periodic formation of image dipoles. We focused on layered Ag:Al2O3 but other inorganic and organic
materials as well as dissymmetric substrates should provide some control over CT dynamics.

Transient absorption measurements of annealed dyad molecule thin films. a, Relative transmission variation as a
function of the wavelength for time delays ranging from 30 to 590 ps measured on fused silica with 325 nm pumping. Time
resolved ΔT/T spectra probed at 725 nm monitoring b, the formation and c, the disappearance of the anionic PerDi (inset
and SI: semilog plots with inverted scale illustrating the single exponential recovery behaviour). Colored lines are
guide-for-the-eyes (a) and exponential fits (b, c).
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Abstract-We introduce isospectral transformations for disordered light-matter interactions.
Exploiting supersymmetric transformation, we show a novel disorder having perfect bandgap and
confined modes, and demonstrate the switching of disordered light without loss of information. We
will also discuss the Householder transformation for interdimensional phase matching.
Global phase matching between eigenspectra [1], i.e. isospectrality, allows collective controls of multimodes
for high information capacity. For the eigenvalue equation Hψ = λψ, a proper transformation operator A
constructs the isospectrality AHψ = Hs(Aψ) = λ(Aψ), when the new Hamiltonian Hs is physically allowed. Here
we introduce physically allowed isospectrality in optics, imposing disordered properties on optical phenomena.
First, we discuss supersymmetric (SUSY) transformation [2-4] which derives transformed optical potentials
while preserving the entire eigenspectrum except the ground state. Figure 1a,b represents SUSY-transformed
crystal and quasicrystal having perfect bandgaps despite disordered potential landscapes [3]. We will show that
degrees of disorders and spatial widths of eigenmodes (Fig. 1c,d) can be controlled by multiple SUSY
transformations, implementing a new type of bandgap media. We also introduce the SUSY transformation for
integrated optics, which enables the switching of random waves without any loss of information (Fig. 1e,f, [4]).

Figure 1. (a,b) SUSY-transformed (a) crystal and (b) quasicrystal with potential landscapes and bandgap
evolutions. (c,d) Spatial widths of eigenmodes in SUSY-transformed (c) crystal and (d) quasicrystal. (e,f) SUSY
paired potentials for random wave switching: (e) OFF state and (f) ON state.

In the talk, we also discuss the Householder transformation which derives isospectral optical structures each
in different dimension [5]. We show that the 2-/3-dimensional disordered structure without degeneracy has a 1D
partner structure (Fig. 2a) having a same eigenspectrum (Fig. 2b). From this interdimensional phase matching in
a global spectrum, we implement the lossless transfer of light waves between different dimensions (Fig. 2c).

Figure 2. (a) An isospectral pair of different dimensional structures. (b) The identical spectrum of disordered 1D
and 3D structures in (a). (c) Wave transfer between 1D and 2D optical structures.
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Abstract-We present for the first time the quantitative measurement of the far-field light scattering
properties of a single optical nanostructure. A goniometer-based solid angle scanning enables us to
overcome the limitations of the conventional back-focal-plane method and quantitatively measure
the differential scattering cross-section of a single metal nanorod and its far-field distribution over
the full hemisphere. We expect that the angle- and spectrum-resolved far-field measurements will
be highly useful for evaluating the performances of optical nano-devices and metamaterials.
Strong light scattering of optical nanostructures enables to effectively interface free-propagating
electromagnetic waves to localized near-fields and vice versa1. In recent decades, the resonant light scattering
has been widely investigated and used to facilitate various applications, including highly-efficient light-emitting,
nonlinear signal generation, photovoltaics, spectroscopy, and optomechanics2. In the novel applications to
optical metasurfaces and metamaterials, it is also required to measure and understand the far-field scattering
characteristics of individual nanostructures, which make up the metasurfaces and metamaterials. However,
quantitative measurements of the far-field scattering distribution and cross-section of a truly single nanostructure
on the wavelength scale or less have not yet been reported. Conventional back-focal plane imaging suffers from
optical distortion and aberration and covers only a limited solid angle determined by the numerical aperture of
the objective lens3. Only the total scattering or extinction cross-section has been measured for an array or colloid
of nanostructures4.
In this study, we demonstrate for the first time the direct and quantitative measurements of the far-field
scattering properties of a single metal nanorod. A home-built goniometer-based solid angle scanning system
measured the differential scattering cross-section of the single metal nanorod with a high signal-to-noise ratio of
~27.4 dB and its far-field distribution over the full hemisphere of 2π steradians. The differential and total
scattering cross-sections are the most fundamental parameters for characterizing the far-field scattering
properties. Based on the systematic measurements, we experimentally revealed that the differential and total
scattering cross-sections of the metal nanorod depend on different mechanisms, the phase-matching conditions to
the free-propagating radiation and the Fabry–Perot resonances of surface plasmon polaritons, respectively. In
addition, we also performed angle- and spectrum-resolved far-field measurements of the far-field light scattering
of a single metal nanowire and investigated its physical behaviors in the energy (wavelength)–momentum
(wavevector) space. The measured far-field scattering cross-section and distribution show excellent agreement
with numerical simulations and analytic models. We believe that our novel far-field measurement scheme will be
highly useful for investigating and evaluating not only optical nanostructures but also metamaterials and
metasurfaces.
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Abstract - We investigate multiple Mie resonances in high-index dielectric structures. Especially,
we study spectral (Fano resonances and Superscattering) and spatial (Beam steering) features that
occur in overlapped multiple Mie resonances. We also explore the possible applications of these
dielectric structures in sensing and spectroscopy.

It is known that high-index dielectric structures (e.g. semiconductor structures) can support various Mie
resonances [1]. When these multiple Mie resonances overlap together, various spectral and spatial features can
appear: Fano resonances, Superscattering, Beam steering, etc. The spectral positions of Mie resonances can be
controlled by engineering the geometry of subwavelength dielectric blocks. And these could find useful
applications in sensing and spectroscopy.
For example, we theoretically investigate sharp Fano resonances in the mid-infrared spectral region and
consider active tuning of those resonances. Two kinds of dielectric resonators, InSb cylinder and coupled block
pair array, are considered [2]. We exploit InSb-based dielectric resonators to take advantages of high refractive
index and low optical loss. Firstly, we consider a simple cylinder array. The representative electric field
distribution of the Fano resonance is depicted in Fig. 1(a, b), which occurs as a result of the interference between
quadrupolar Mie resonance and broad resonance. If the dielectric structure is optically pumped to generate
carriers, Fano resonances can be gradually tuned.
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Figure 1 (a) Electric field distribution of Fano resonance and (b) resonance tuning for various carrier densities of cylinder
arrays. (c) Electric field distribution of Fano resonance and (d) resonance switching for various carrier densities of block
pair arrays.

The block pair array shows different behavior. The two blocks are assumed to have the same physical size,
but different carrier density. If only one block is optically pumped, the Fano resonance can be effectively
switched on and off. Fig. 1(c, d) depicts the antiparallel displacement field distribution and spectrum of Fano
resonance originating from symmetry breaking. Intriguingly, as the carrier density increases, the resonance
sharpness decreases but the resonance intensity increases. To understand this behavior, we adopt the two coupled
oscillator model. Our studies on multiple Mie resonances can be extended to other spectral region too.
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Abstract— Transient optical rotatory power (ORP) of chiral metamaterial is measured to
clarify the temporal development of ORP by exciting d-band electrons to the conduction p-band
of Au using a circularly polarized light pump beam. Three distinct transient behaviors are
identified, resulting from diﬀerent energy relaxation processes of hot electrons that occur during
a period of a few picoseconds after pumping. Theoretical analysis of the transient ORP is carried
out by introducing a temperature-dependent dielectric function and finite-diﬀerence time-domain
simulation.

Time-resolved pump-probe measurement is a well-known tool used to clarify microscopic electron dynamics responsible for a macroscopic temporal response in optical materials. For example,
temporal evolutions of the spectral shift and broadening of the localized surface plasmon resonance
(LSPR) of metallic nanostructures have been studied to relate the geometry of nanostructures
with LSPR spectral changes in terms of hot electron energy relaxation processes in the confined
geometry. [1, 2, 3]
When chirality is introduced to the geometry of a metallic nanostructure, it becomes circularly
birefringent, giving rise to optical rotatory power (ORP) for linearly polarized light. Since chirality exists in an inversion-symmetry broken structure, it carries a sense of right-/left-handedness.
Transient dynamics of handedness changes in natural chiral molecules have been studied via an
ultrafast, time-resolved chirality measurement. [4]
In this work, we introduce a plasmonic chiral metamaterials (CMM) and investigate how ORP
evolves in an ultrafast timescale via a time-resolved pump-probe measurement with circularlypolarized light (CPL) pump beam. Three diﬀerent temporal regions are identified where distinct
behaviors of transient ORP are observed. Nonthermal hot electrons follow the electric field of
a pump beam almost instantaneously in region 1, while electron-electron and electron-boundary
scatterings are dominant in region 2. In region 3, where an electron-lattice interaction couples two
thermal baths of electrons and lattices, electron temperature is determined using a two-temperature
model. The dielectric function of Au at an elevated temperature is obtained, with which an FDTD
theoretical simulation is performed to find ORP at elevated temperatures.
The transient behavior of chirality can be characterized by measuring circular dichroism or
optical rotatory dispersion, which are related by Kramers-Kronig. To compare with the static
ORP spectrum, the temporal behavior of ORP is directly measured using a time-resolved pumpprobe setup. The polarization-bridge configuration is employed to attain the maximum sensitivity of polarimetric measurement, with the linear polarization direction of the probe beam being
horizontal.[5, 6] Parallel and perpendicular polarization-components of a linearly polarized probe
beam are separated by a Wollaston prism, and transient ORP at a given wavelength is extracted
from the intensities of two orthogonal polarization-components.
First, we study the transient behavior in the temporal region of t ≤ 2ps. The diﬀerences in
ORPs for opposite pump beam CPL helicities are negligible at both 640 nm and 720 nm wavelengths. However, the sign of δθ/θ is negative at both 640 nm and 720 nm, regardless of pump
beam CPL helicity. Second, in the temporal region of 0.9 < t < 2ps, there is a non-vanishing
negative value of the diﬀerence between diﬀerential ORPs ∆θ/θ at both 640 nm and 720 nm .

That is, at both 640 nm and 720 nm, RCP (σ) pumping results in a more weakened ORP than
LCP (σ+) pumping, i.e., the transient ORP depends on pump beam CPL helicity. Third, in the
temporal region of 0 < t < 0.9ps, a large transient ORP occurs with opposite signs of the diﬀerence
between diﬀerential ORPs ∆θ/θ. At 640 nm, RCP (σ−) pumping results in a very large positive δθ
and LCP (σ+) pumping results in a small negative δθ. On the other hand, at 720 nm, RCP (σ−)
pumping results in a small positive δθ and LCP (σ+) pumping results in a very large negative δθ.
At both 640 nm and 720 nm, RCP (σ−) pumping gives rise to a positive δθ, with the magnitude
being larger at 640 nm than at 720 nm, while LCP (σ+) pumping gives rise to a negative δθ, with
the magnitude being larger at 720 nm than at 640 nm.
The dynamics of hot electrons in plasmonic chiral metamaterials are studied to relate electron
energy relaxation processes with transient optical rotatory power in the visible spectral range.
Time-resolved pump-probe measurement in a polarization bridge configuration reveals that there
are three distinct temporal regions showing diﬀerent transient behaviors of optical rotatory power
during a period of a few picoseconds after pumping using a circularly polarized light beam.
In the first and second temporal regions (0 < t < 2ps), nonthermal hot electrons experience the
Lorentz force from an inverse Faraday eﬀect and electron-boundary scattering, yielding a pump
beam circularly polarized light helicity-dependent transient optical rotatory power. In the third
temporal region (t ≥ 2ps), hot electrons are in thermal equilibrium with the lattice due to electronlattice coupling, where electron energy is distributed among occupied states, as described by FermiDirac statistics. In t ≥ 2ps, the transient optical rotatory power is found to be independent of
pump beam circularly polarized light helicity. For thermal hot electrons, the temporal behavior
and pump beam circularly polarized light helicity independence of optical rotatory power are well
explained by a two-temperature model of the electron cooling process and the selection rule of
electron excitations.
Theoretical analysis of the transient optical rotatory power in terms of the energy relaxation
of thermal hot electrons is carried out by introducing a temperature-dependent dielectric function
and finite diﬀerence time domain theoretical simulation of the optical rotatory dispersion. It is
found that the magnitude of optical rotatory power at an elevated temperature is reduced to
less than that at room temperature. Identification of three distinct temporal behaviors of hot
electron energy relaxation processes elucidates how information regarding the handedness of a chiral
nanostructure is carried to a transient optical rotatory power during a period of a few picoseconds
after pumping. [7]
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Abstract- High-refractive-index dielectric nanoparticle (NP) has been extensively viewed as one of
a prominent building block for optical metamaterial. Recent progresses have shown that a strong
magnetic responses with a significantly low loss can be driven from silicon (Si) NP. However,
currently available synthesis methods hinders its practical and universal application in devising
all-dielectric nanoantenna and nanophotonic device. Here we report high-index-dielectric
perovskite NPs by one-pot and mild method and their assembly as a practical way for efficient
optical magnetism.

Split ring resonators (SRRs), landmark features of metamaterial, have been conventionally used for artificial
magnetism at gigahertz [ref1], terahertz [ref2], and near infrared domains [ref3]. However, at visible range, such
structural motifs doesn’t hold promise anymore due to inherent losses in noble metal and technological
limitations for fabrication [ref3]. Different approaches have undertaken to circumvent these limitations including
assembly of metallic nanoparticles (NPs) into ring motifs [ref4]. However, these metallic NP assembly methods
still suffers from intrinsic ohmic losses.
To harness low loss, yet strong magnetic response, high-refractive-index dielectric material has paved new
road map for metamaterial [ref5]. According to theoretical prediction based on Mie theory, a single dielectric NP
with high-refractive-index can exhibit low loss and strong magnetic responses at visible frequency [ref6]. Thus,
growing consensus of using high-refractive-index NP, for example, silicon (Si), has been considered extensively
as building block for low loss metamaterial. However, practical access to uniform Si NP poses great challenges,
as harsh chemical conditions with extremely high pressure and temperature and multiple reaction steps are
required. [ref5, 7].
In this work, we suggest another type of dielectric NP made of high-refractive index perovskite (refractive
index: ~2.4), which can be accessible with relatively versatile hydrothermal synthesis method. [ref8]. Various
shapes and sizes of perovskite NPs with high uniformity were successfully obtained in a reliable and simple way.
Subsequently, AFM nanomanipulation was used for a deterministic assembly of perovskite NP into the
rationally designed cluster. As such, the peculiar resonance features resulting from an isolated or coupled
magnetic mode were systematically studied including directional scattering and Fano resonance. This low-loss
magnetic resonance available with perovskite NP enriches the material library for all-dielectric metamolecules
and metamaterials, which could be widely used toward highly efficient nanoantennas and optical filters.
Acknowledgements, This work was supported by Samsung Research Funding Center of Samsung Electronics
under Project Number SRFC-MA1402-09.
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Abstract- Hyperbolic metamaterial (HMM) enables to manipulate nonlocal dielectric environment to
control photo-induced energy and charge transfers. Here, we address how nonlocal effect of HMM
modifies ICT emission spectral features in a way distinct from local effect. A 7nm blueshift is observed
in intramolecular charge emission from DCM dye dispersed into a polymer matrix, accounted for by 7%
reduction of nonlocal dielectric constant based on Lippert-Mataga formalism. Such a capability of
spectral shift control opens new means of designing devices.

Tuning of the photophysical properties of dyes (i.e spectral shift, photoluminescence quantum yield (PLQY),
decay rates) is essential to obtain efficient devices that could be readily commercialized. To this end, plasmonic
nanostructures have been extensively used in order to control photophysical processes such as spontaneous
emission and energy transfer owing to the importance of technological applications such as optical sensing,
imaging, solar cells, and light-emitting devices.1 Among the plasmonic nanostructures, hyperbolic metamaterials
(HMMs) displaying hyperbolic dispersion have been studied intensively for emission rate control making use of
high photonic density of states over a broad spectral range, characteristic of hyperbolic dispersion.2-8 However,
little is known on the nonlocal effect of HMM structure on photoluminescence of organic dyes. In this context,
we inspected this effect on photoluminescence arising from π-π* transition and intramolecular charge transfer
transition (ICT i.e. in push-pull type of systems) by using perylene bisimide and
4-dicyanomethylene-2-methyl-6-(p-dimethylaminostyryl)-4H-pyran (DCM) laser dye, respectively, blended in
polymethyl methacrylate films. To this end, HMM structure consisting of 10 nm thick Ag and Al2O3 alternative
thin films deposited on fused silica were used with the number of bilayer varying from 1 to 4 and compared the
photophysical properties to the one obtained on fused silica. We demonstrate that various thin films containing
ICT dyes could result in emission blueshifted by using HMM structure. In addition to the spectral shift, we
examined the fluorescence radiative decay rate and non-radiative decay rate as well as photoluminescence
quantum yield (PLQY) and found significant changes in these properties based on the effect of HMM structure.
In particular, we focus on the effects of local and nonlocal dielectric constants on the emission characteristics of
dyes dispersed into polymeric thin films. As such, we used Lippert-Mataga (L-M) formalism to elucidate the
difference and similarities between local and nonlocal dielectric constant in evidencing the appearance of
spectral changes of the ICT emission. Within those dyes, the decrease of PLQY and of fluorescence lifetimes
originate mainly from the hyperbolic dispersion effect as observed with other dyes on HMM structures. However,
a noticeable spectral blueshift of ICT emission in the presence of HMM substrate was evidenced, which

indicates that HMM structure can nonlocally affect the ICT energy level which cannot be related to hyperbolic
dispersion. This shift continuously increases as the number of metal-dielectric pair increases. We demonstrated
that this phenomenon has the same analogue as negative solvatochromic (hypsochromic) shift based on L-M
formalism. Around up to 7.2 % decrease in non-local dielectric constant was demonstrated by comparing DCM
monomer with liquid solution. From this study, not only the experimental observation of CT energy level
variation but also the same experimental realization of solvatochromic shift is evidenced. We believe that whole
description of nonlocal effect from HMM structure is addressed in terms of both temporal and spectral properties
of CT. As such, we established that fundamental underlying mechanism of nonlocal effect is the quasi
electrostatic Coulomb interaction yielding a nonlocal dielectric constant affecting the film properties.
Acknowledgements, This work is supported from the Ministry of Science, ICT and Future Planning, Korea
(2015001948, 2014M3A6B3063706).
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Metasurfaces as ultrathin flat metamaterials induce substantial phase changes in the propagating
light thereby enabling a new field of planar photonics. However, the ability of metasurfaces to
create non-trivial strongly localized near fields has not received much attention. Here, we address
applications of metasurfaces to the sensing chiral molecules by utilizing highly inhomogeneous near
fields created by metasurfaces. We establish underlying physical theories for chiral molecule
sensing and explain the role of metasurfaces in enhancing sensing signals.
The circular dichroism (CD) spectroscopy is the optical technique to measure signals of chiral
molecules, containing their stereochemical information. Recently, it has been demonstrated that CD
signals of chiral molecules can be enhanced by plasmonic nanostructures and metamaterials [1-4].
Few theoretical models have been suggested to describe the surface-enhanced CD signals of chiral
molecules adsorbed on the surfaces of nanostructures and metamaterials: the chiral field generation
(Figure 1) [1, 2] and (2) the circular differential scattering (Figure 2) [3]. In particular, CD signals of
chiral molecules is shown to be proportional to the optical helicity of the local electromagnetic
fields[1]. Therefore, the strong optical helicity generated by nanostructures and metamaterials can
be used to enhance molecular CD signals [1, 2]. Equally important, but so far ignored, factor to the
enhancement is the asymmetric scattering of left- and right-circularly polarized lights by
nanostructures and metamaterials in the presence of chiral molecules [3].
Here, we provide a complete description on the metasurface-enhanced CD signals of chiral
molecules [5]. We provide a simple theoretical account for the two major mechanisms of the
surface-enhanced CD signals. We show that the circular differential scattering of nanostructures and
metamaterials plays a crucial role in the surface-enhanced CD signals, rather than the chiral field
generation. We exlain how our results can provide a design principle for the surface-enhanced CD
spectroscopy using nanostructures and metamaterials.

Figure 1. The chiral field generation in the negative-index metamaterials.[4]

Figure 2. The circular differential scattering in nanospheres embedded in the chiral medium [4].
References
1. Y. Tang, and A. E. Cohen, Phys. Rev. Lett. 104, 16, 163901 (2010).
2. S.J. Yoo, and Q.H. Park, Phys. Rev. Lett. 114, 20, 203003 (2015).
3. S.J. Yoo, and Q.H. Park, Sci. Rep. 5, 14463 (2015).
4. S.J. Yoo, M.H. Cho, and Q.H. Park, Phys. Rev. B. 89, 16, 161405(R) (2014).
5. S. Lee, S.J. Yoo, and Q.H. Park, to appear.

Emergent and Nonlinear Properties of Macroscopic Quantum
Superconducting Metamaterials
Melissa Trepanier,1 Daimeng Zhang,1,2 Edward Ott,2 Thomas Antonsen,2 Steven M. Anlage1,2*
1
Center for Nanophysics and Advanced Materials, Physics Department, University of Maryland,
College Park, Maryland 20742-4111 USA
2
Department of Electrical and Computer Engineering, University of Maryland,
College Park, Maryland 20742-3285 USA
*
corresponding author: anlage@umd.edu
Abstract- Through experiments, numerical simulations, and theory we explore the behavior of 2D
rf SQUID (radiofrequency superconducting quantum interference device) metamaterials, which
show extreme tunability and nonlinearity [1 - 2]. The emergent properties are sensitive to the
degree of coherent response of the driven metamaterial. Coherence suffers in the presence of
disorder, which is experimentally found to be mainly due to a dc flux gradient. We investigate
methods to recover the coherence, specifically by varying the coupling between the SQUID
meta-atoms and reducing the SQUID tunability [3]. We also investigate the SQUID metamaterial
as a nonlinear medium through detailed two-tone intermodulation (IM) measurement over a broad
range of tone frequencies and tone powers [4]. The response of nonlinear metamaterials and
superconducting electronics to two-tone excitation is critical for understanding their use as
low-noise amplifiers and tunable filters, for example. A sharp onset followed by a surprising
strongly suppressed IM region near the resonance is observed. Using a two time scale analysis
technique, we present an analytical theory that successfully explains our experimental observations.
The theory predicts that the IM can be manipulated with tone power, center frequency, frequency
difference between the two tones, and temperature. This quantitative understanding potentially
allows for the design of rf-SQUID metamaterials with either very low or very high IM response.
Acknowledgements This work is supported by the NSF-GOALI Program through Grant No.
ECCS-1158644 and CNAM.
REFERENCES
1 M. Trepanier, Daimeng Zhang, Steven M. Anlage, Oleg Mukhanov, “Realization and
Modeling of
Metamaterials Made of rf Superconducting Quantum-Interference Devices,” Phys. Rev. X 3, 041029 (2013).
2 Daimeng Zhang, Melissa Trepanier, Oleg Mukhanov, and Steven M. Anlage, “Tunable Broadband
Transparency of Macroscopic Quantum Superconducting Metamaterials,” Phys Rev. X 5, 041045 (2015).
3 Melissa Trepanier, Daimeng Zhang, Oleg Mukhanov, V. P. Koshelets, Philipp Jung, Susanne Butz, Edward
Ott, Thomas M. Antonsen, Alexey V. Ustinov, Steven M. Anlage, “Coherent Oscillations of Driven rf SQUID
Metamaterials,” Phys. Rev. E 95, 050201(R) (2017).
4 Daimeng Zhang, Melissa Trepanier, Thomas Antonsen, Edward Ott, Steven M. Anlage, “Intermodulation
in Nonlinear SQUID Metamaterials: Experiment and Theory," Phys. Rev. B 94, 174507 (2016).

New Avenue in dielectric cavities; Transformation optics perspective
Muhan Choi1*, Yushin Kim2, Jung-Wan Ryu3, Inbo Kim1, and Bumki Min2
School of Electronics Engineering, Kyungpook National University Daegu, 41566, South Korea
2
Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology, Daejeon, 34141,
South Korea.
3
Center for Theoretical Physics of Complex Systems, Institute for Basic Science, Daejeon 34051, South Korea
*
corresponding author: mhchoi@ee.knu.ac.kr
1

Abstract-We have proposed a new methodology based on transformation optics to manipulate
mode properties of dielectric cavity such as directionality, chirality of resonance modes while
maintaining High-Q values. The novel mode properties can be realized in inhomogeneous dielectric
cavities which can be defined by imposing spatially-varying refractive index derived from the
transformation optics theory.
Optical whispering gallery modes (WGMs) in a dielectric disk cavity exhibit a very long lifetime (ultrahigh
Q-factor), and this extreme feature is a crucial requirement for cutting-edge photonic devices, such as ultralow
threshold micro-lasers, nonlinear optical oscillators, and highly sensitive sensors[1]. Despite this outstanding
merit, the WGMs have been considered inefficient in certain practical optoelectronic applications due to their
rotationally uniform (isotropic) radiation. Hence, considerable efforts have been devoted over the last 15 years to
achieving directional emission without Q-spoiling. However, in all methods that have been proposed to date, the
introduction of directionality inevitably causes substantial Q-spoiling due to the destruction of WGMs. Here, we
showed that the optical mode properties of dielectric cavities, such as quality factor and emission directionality,
can be tailored at will by using transformation optics[2-3]. In this work, we present a novel scheme to
manipulate mode properties of dielectric cavity such as directionality, chirality of resonance modes, without
Q-spoiling. The key idea is to restore Whispering Gallery mode in a deformed dielectric cavity by utilizing the
angle-preserving feature of conformal mapping from the transformation optics. The spatially varying refractive
index profile can be implemented by drilling subwavelength-scale air holes in a dielectric slab. The proposed
design scheme of microcavities based on the transformation optics will open a new horizon of application
beyond the conventional microcavity application
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Experimental Investigation of Transparent Conducting Oxide
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Abstract
CNT/ZnO and N-CNT/ZnO thin films were prepared using
sol gel method, to extract their usefulness in photovoltaic
applications. The optical and electrical properties have been
investigated in this research. The electrical conductivity has
found to be more imperative for ZnO films filled with NCNTs. This finding is pretty explained by the electronic
conduction hold by nitrogen as charge carriers within
carbon nanotubes which provide higher performance to the
active layer.

1. Introduction
Transparent conductive oxides (TCOs) are required as a
front side electrode for efficient thin film solar cells, since a
metallic grid as used in crystalline silicon solar cells cannot
be used. Numerous metal oxides with different doping
materials can be used as a TCO. In general, a compromise
between conductivity and transparency of the TCO must be
made. Transparent conducting oxides (TCOs) are employed
as transparent electrodes in electrochromic windows, flatpanel displays (FPDs), solar cells and light-emitting diodes
(LEDs) [1–4]. Many researchers reviewed on many
Photovoltaic applications recently [5], where TCOs are
working as front electrode in solar cells. Although there are
imperative secondary requirements for such transparent
electrodes such as chemical stability, interfacial properties,
etc.), the primary requirements are good visible
transparency (in thin film form) and high electronic
conductivity. In addition, band alignment matching with the
active absorber components is important. For organic
conductors, the band alignment at the TCO interface is
expected to depend directly on TCO work function [6, 7].
For inorganic thin film solar cells, knowledge of the TCO
surface potentials such as Fermi level and ionization
potential) provides important standards for interpreting band
alignment at TCO/inorganic interfaces. Typical TCOs
employed in several types of solar cells, adapted from
Fortunato et al. [5], including CdTe solar cells, which
commonly employ F-doped SnO2 front electrodes [8,9].
Although these same oxides have been employed for

organic photovoltaics (OPVs), Fortunato et al. highlight the
need for TCOs with higher work functions than are
currently available [5].
The aim of this work is to prepare ZnO; CNT/ZnO and NCNT/ZnO systems using sol-gel method. Several analyses of
prepared samples have been performed by optical and
electrical characterization techniques. It is found that, the
calculated fundamental band gap of ZnO is close to the
experimental one and in a good agreement with other
theoretical calculations.

2. Experimental Methodology
Sol-gel method was used to make the N-CNT/ZnO thin
films.
Initial
material
Zinc
acetate
dihydrate
Zn(CH3COO)2. 2H2O was selected to proceed the
experiment. Two-methoxy ethanol was used as solvent and
monoethanolamide (MEA) was used as a stabilizer. Zinc
acetate dihydrate and N-CNT were first dissolved in a
mixture of solvent (MEA) and stabilizer (two-methoxy
ethanol) at room temperature. The zinc acetate
concentration was about 0.35 M while the molar ratio of
MEA to zinc acetate Zn(CH3COO)2 was 1.0. To get a clear
and homogeneous solution, this mixture was stirred at 60 °C
temperature for time of 2 h. After cooling the mixture at
room temperature, it was served as the coating solution.
After the 24 hour preparation of mixture, coating was made.
The solution was poured onto glass substrates, with the
rotation cycles of 1000 rpm for time of only 30 s. Once the
spin coating has been done, the gained films were dried at a
temperature of 400°C for the time of 20 min on a hot plate.
The purpose of this experimental process was to evaporate
the solvent and remove organic residuals. This whole
procedure was repeated twelve times so that the thickness of
the sintered films should approach 800 nm.

3. Results and Discussion
The XRD characterization was carried out using a
diffractometer of Bruker D8 Type where X-radiation from
the Kα emission of copper, with wavelength λ = 1.5406 Å,
X-ray diffraction provides information on the
crystallographic growth directions of the ZnO layers. The

comparison with the data of the ASTM files indicated that
the obtained layer of undoped ZnO is of wurtzite structure.
The measured optical transmittance revealed that the ZnO
films are more transparent in the visible region (600nm)
87%. It can also be observed that the MWCNT addition has
a profound effect on the film's optical transparency; with
decrease in transparency down to 65% and great decrease in
N-CNTs/ZnO samples Fig. 1. (a). The reduction in optical
transmittance is due to the fact that the CNTs are not
transparent and absorb the incoming light and increase the
light scattering. The optical bandgap of the ZnO/CNTs and
ZnO/N-CNTs thin films was determined by assuming that
ZnO is a direct band-gap semiconductor.
From the transmission spectra we deduced the optical gap
of the ZnO films using the relationship that links the
coefficient of absorption α to the photon energy hv:
(α .hv)2 =B (hv-Eg)
(1)
From the plotted graph of (αhν)2 versus the incident photon
energy (hν), where α is denoted as the absorption
coefficient, one can estimate the optical band gap by
extrapolation of the straight line region into the x-axis
(αhν)2. For MWCNT/ ZnO composite, the bandgap of
around 2eV was obtained from the film doped with 0.5wt%
of CNTs, whereas for N-CNT/ZnO thin film at the same
doping rate, the extracted bandgap is around 1.5eV.The
obtained band gap deviates from the pure ZnO due to the
addition of MWCNTs which influences the overall carrier
concentration and reduces the bandgap. The bandgap
narrowing effect has been clearly observed in ZnO films
doped with N-MWCNT. In fact, bandgap reduction is
beneficial towards the photovoltaic efficiency of wide band

semiconductors such as ZnO as it is more effective in
utilizing the visible light.
The effect of number of CNTs and N-CNTS concentration
as a function of conductivity has also been investigated in
this research, which express high increase with the increase
of concentration, however it’s noteworthy that most
significant increase happens when N-CNTs are inserted
according to previous study this phenomenon is explained
by the conduction mechanism of nitrogen as dopant element
15.
Several approaches have been suggested to understand the
relationship about the optical properties and the electrical
properties. One of these approaches can be utilized to guide
the study of our materials it is written as follow16.
σ = neµ
(2)
Where the σ is the conductivity of the materials, n is the
number of charge carriers, e is the quantity of the charge, µ
is the mobility. All of the mentioned parameters are
supposed to be explaining the charge transport within the
conductive materials, and obviously the conductivity is
related to the number of the charge carrier and the mobility
of materials which is conventionally translating the
movement of electrons within the conductive solid materials
10, also it has been proved that the mobility is proportional
to the magnitude of the band gap17.
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4. Conclusion
In this work, we have successfully prepared via sol-gel
method N-CNT/ZnO which is regarded as a
semi-transparent p-type TCO with 80 % visible
transmission. The undoped ZnO films were confirmed to be
amorphous by X-ray diffraction experiment. We succeeded
to see the effect of growing the dopant concentration of our
material. For doped ZnO cases, the average transmittances
in the visible region are decreased owing to the induced
N-CNT and CNT as absorption elements. Fundamental
structural, optical and electronic properties of prepared thinfilms were significantly studied. Observed results exhibit an
enhanced opto-electronic property than undoped and merit
further exploration for advanced-device development.
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Applications of nanophotonics and metamaterials in bio-imaging

Image delivery from far-field waves to the surface plasmon
polaritons using disordered array of nanoholes
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Abstract- Merging multiple microprocessors with high-speed optical networks has been considered
a promising strategy for the improvement of overall computation power. However, the loss of the
optical communication bandwidth is inevitable when interfacing between optical and electronic
components. Here we present an on-chip plasmonic switching device consisting of a
two-dimensional (2D) disordered array of nanoholes on a thin metal film that can provide
multiple-input and multiple-output channels for transferring information from a photonic to an
electronic platform. In this device, the surface plasmon polaritons (SPPs) generated at individual
nanoholes become uncorrelated on their way to the detection channel due to random multiple
scattering. We exploit this decorrelation effect to use individual nanoholes as independent antennas,
and demonstrated that more than 40 far-field incident channels can be delivered simultaneously to
the SPP channels, an order of magnitude improvement over conventional 2D patterned devices.
With the increased channel capacity, we demonstrated the delivery of far-field optical image to the
output channels of SPPs.
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Abstract- Multiple scattering of light is a general phenomenon that occurs in all types of tissue. In
this work, we describe methods to control the wavefront of the incident beam to enable subcellular
resolution imaging deep inside living animals.
Optical imaging holds unique advantages for bio imaging with its molecular specificity, non-invasiveness,
and high spatiotemporal resolution. However, due to multiple scattering induced by the inhomogeneous
distribution of cells constituting tissues, high resolution imaging is typically confined to superficial layers or
require sectioning of samples. To understand life, we must image it dynamically while in its true state of
function. In this regard, controlling the incident light for high resolution deep tissue imaging, without harming
the subject of interest, holds many opportunities for bio imaging. Here, we will describe our recent developments
that enable high resolution imaging through the skull as well as large area functional imaging of the deep brain.

Aberration Correction of an Optical System for High-resolution
Synthetic Aperture Imaging
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Abstract- Short working distance of objective lenses often limits high-resolution imaging of targets
located deep within a tissue. Condenser lens supporting high numerical aperture and long working
distance can be a good alternative, but strong aberrations induced by the lens causes strong image
distortion. Here we propose a method that can eliminate aberrations of condenser lens up to the
numerical aperture of 1.2, and demonstrate high-resolution synthetic aperture imaging of biological
cells and c. elegans.
High numerical aperture (NA) objectives are one of the most essential elements for high-resolution optical
imaging. However, their relatively short working distance, which typically ranges up to a few hundred microns
for oil-immersion type objectives, has been a major limiting factor for deep-tissue and high-resolution imaging.
As a solution for this problem, we used a pair of oil-immersion type microscope condenser lenses (1.4 NA,
Nikon MBL78700) for both illumination and detection, and set up a holographic phase microscope in
transmission geometry. Since their working distance is an order of magnitude longer than that of objective lenses,
our optical system can deliver images of relatively thick targets up to high NA. However, the condenser lenses
are not manufactured for imaging, but for introducing incoherent illumination to the samples. Therefore, they
tend to have strong aberrations that distort images and degrade spatial resolution.
We acquire three sets of holographic phase images with a few thousand different illumination directions.
The number of required images depends on field of view and NA. Each set consists of images of illumination,
the specimen, and a test target positioned at different image planes, respectively. From these data, input and
output aberration maps are identified by maximizing intensity of the synthetic aperture image. By applying the
identified aberration maps of the imaging system to the acquired images of biological specimens, we could
recover diffraction-limit resolution up to 1.2 NA. We demonstrated high-resolution imaging for the working
distance of a few millimeters, an order of magnitude improvement over conventional microscopes.
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Abstract- Micro and nanophotonic structures allow miniaturization of diverse and broadband
imaging systems. Spherically arranged microlenses mimic insect’s eyes and provides wide FOV
imaging, fast motion detection, and enhanced image resolution. Binocular microprisms also enable
an ultrathin stereoscopic camera in the visible range. Furthermore, optically patternable
metamaterial simply defines polymer patterns below the diffraction limit and also subwavelength
silicon hole arrays can serve as a planar silicon lens. In this work, we overview diverse photonic
structures for broadband compact imaging systems.
Small scale photonic structures allow miniaturization of diverse and broadband imaging systems such as
ultraviolet nanolithography, wide field-of-view (FOV) and stereoscopic visible imaging, and even THz
spectroscopic imaging. Spherically arranged microlens arrays mimic insect’s eyes and the biologically inspired
ultrathin camera with multi-apertures provides wide FOV imaging, fast motion detection, and enhanced image
resolution [1-5]. Some examples inspired from ultrastructures of a firefly lantern enhance light extraction from
LED or OLED for lighting applications [6-8]. Binocular microprism arrays also enable an ultrathin stereoscopic
camera that can be utilized for mobile or endoscopic imaging applications in the visible range [9]. Plasmonic
nanoantennas also enhance laser induced acoustic signals for highly sensitive photoacoustic imaging [10]. In
addition, optically patternable metamaterial with negative effective permittivity simply defines nanoscale
polymer patterns below the diffraction limit using a conventional photolithographic equipment. Subwavelength
silicon hole arrays can also control effective index of silicon and serve as a planar silicon lens with a diffraction
limit [11-17].
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High-resolution reflectance endomicroscopy free from
back-reflection noise occurring at ultrathin imaging probes
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Abstract-We present a high-resolution endoscopic microscope free from back-reflection noise
generated at an ultrathin image bundle fiber. To eliminate the back-reflection noise, we illuminate a
sample through single individual core fibers in the bundle and detect the reflected signal from the
sample by the other core fibers. The transmission matrix method is used for the pixelation-free
sample image reconstruction. We confirm that our method enhances the signal to noise ratio of
imaging 3.2 times better than conventional illumination-detection scheme.
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Abstract- The advanced spatial light modulator technology typically offers controllable degrees of
freedom up to ~106, but it is still bounded to the trade-off between the modulation’s spatial extent
and bandwidth. Here we challenge the traditional limitation using an ultrathin random metasurface
as a static spatial frequency mixer rendering the ability to arbitrarily control optical wavefronts over
their highest possible spatial bandwidth (i.e. the reciprocal of half-wavelength). We furthermore
apply this technique for wide-field high-resolution imaging of fluorescence samples.
Optical metasurfaces, which are rationally designed arrays of subwavelength scatterers, have shown promise
for manipulating an optical wavefront with unprecedented degrees of freedom, albeit passive to date1–3. The
versatility in metasurface design has been proven effective to replicate various conventional optical elements,
including high numerical aperture (NA) lenses and gratings, over a broad range of operating wavelengths.
Nanofabrication technology provides a precise control of subwavelength scatterers that imprint a desired light
manipulation at desired locations, allowing the arbitrary control of wavefront over a full range of transverse
wavevector components up to k0 (=2π/λ; λ is wavelength) in free space. The scalability of nanofabrication
methods typically allows for the control of more than 108 individual scatterers, which are inherently orders of
magnitude larger than the degrees of freedom available in state-of-the-art spatial light modulators.
Here we present a method to challenge the conventional trade-off limitation for spatial light modulation by
leveraging the ultra-high degrees of freedom in a random metasurface. Random metasurface serves as a
programmable scattering surface, providing a gateway to the maximal spatial bandwidth. The concept of
“interferometric focusing” is then employed to reconstruct an arbitrary wavefront on demand through a random
metasurface by controlling the limited degrees of freedom in SLM (<~106) 4,5. This approach provides the
addressable degrees of freedom in light modulation, which is equivalent to that of the random metasurface
(>108), exactly at the price of the loss in efficiency.
With the scheme of Figure 1, we experimentally demonstrate an unprecedented flexibility for light focusing
- scanning of more than 108 diffraction-limited spots with a tunable NA ranging from 0 to 0.95. Fluorescence
imaging with this capability is shown to yield a high-resolution image of an enlarged field-of-view, which will
be particularly useful for studying complex biological systems.

Figure 1. Schematic of an optical focusing system using a random metasurface.
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Metamaterials, artificially structured nanomaterials, have enabled unprecedented phenomena such as
negative refraction. However, despite the great and promising science, making practical devices based on
metamaterials have been one of the most important issues due to the difficulty in fabrication. In this abstract, I
will discuss recent development of scalable large-scale nanofabrication efforts to make practical
metamaterials-based devices. The example is realizing a super-resolution imaging device of wafer-scale
hyperlens, which is the first experimental demonstration of near- to far-field imaging of biological living objects
at visible light with resolution beyond the diffraction limit in two lateral dimensions. With proposed hyperlens
array, we show the first bio-sample imaging experimental result of super-resolution imaging on hyperlenses by
combining to conventional microscopy system for imaging biomolecules. Hippocampal neuron cells are imaged
by visible light through the hyperlens array with resolution down to 150 nm, beyond the diffraction limit. The
super-resolution imaging result of neuron at sub-diffraction size shows that hyperlens can be used as a useful
imaging tool in biology, pathology, medical science and nanotechnology. Also, such a unique fabrication
techniques mentioned in this talk will provide the opportunity to achieve practical metamaterial devices as the
significant step making nanoscience to nanotechnology.
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Abstract We demonstrated the measurement of optical anisotropy, which is called birefringence, of
living cells. Multiple images were taken by using a 3D phase microscopic method and then
processed into an enhanced 2D or a volumetric 3D image. Quantitative analysis was also presented.
Optical anisotropy, such as birefringence, is an unusual optical characteristic of a sample caused by the
alignment of molecular structures in micro-scale. Materials having the optical anisotropy are present in
substances constituting cytoskeletons, bones, cartilages, skins, and connective tissues. The anisotropic materials
can be selectively imaged in label-free fashion using the characteristic polarization response to light.
Quantitative phase microscopy has been used for quantifying the anisotropy of an object, however, its
applications are limited only to non-biological specimens with large amount of birefringence. Due to the low
level of polarization response, the birefringence associated with living cells has been difficult to be investigated
in a quantitative manner.
Here we demonstrated the quantitative measurement of optical anisotropy for single living cells by using a
3D phase microscopic method. To achieve sufficient sensitivity for the measurements of such a small
polarization response, multiple object images were taken by the standard tomographic measurements. The
images were processed into a single 2D image to suppress the background noise. By the enhanced signal to noise
ratio, the amount of birefringence of living cells was quantitatively evaluated. In addition, we also used the 3D
tomographic reconstruction for the taken images to produce a spatially-resolved anisotropy map of the living
cells.
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Physical and chemical origin of spectral fluctuation in surface
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Abstract- Single molecule (SM) surface-enhanced resonance Raman scattering (SERRS) at a
hotspot has exhibited both intensity and spectral fluctuations, resulting in difficulty in SERS
reliable analysis. To reduce the degree of complexity, we quantitatively investigate the origin of
SERS spectral fluctuation based on the EM mechanism. The physical origin is analyzed as
molecular motion within several angstroms and the chemical origin is analyzed as
creation-annihilation of defects inside the molecule. SERRS is only method to investigate such
extremely fine fluctuations (Abstract).
Raman cross-sections of single molecules (~10–29 cm2) located in gaps or crevasses of a metal nanoparticle
(NP) aggregate are enhanced by a factor of <1010 by plasmonic resonance.1 This phenomenon is called
surface-enhanced Raman scattering (SERS), and the locations are called SERS hotspots. SERS enables
vibrational spectroscopy of single molecules (SMs) with the assistance of resonance Raman effect. SERS
boosted by resonance Raman effect is called SERRS. SERRS opens up a research field for in situ probing few or
single molecules on metal surfaces. SM SERRS has been applied to in situ ultrasensitive detection of analyte
molecules, especially biomolecule under various conditions. Recently, SERRS is also expected to be a potential
tool for clarifying such plasmon-modified molecular optical responses e.g. strong coupling molecular exciton
and plasmon, ultrafast fluorescence, and so on.2-3
SERRS signals under ultralow analyte concentration conditions of <10–9 M are usually observed with both
temporal and spectral fluctuations, known as “blinking”.4 SERRS fluctuation itself has been an indirect evidence
of SM observation. In 2007, a direct evidence of SM SERRS observation was achieved by a lack of
simultaneous detection of isotopically differentiated dye molecules at hotspots in a concentration of ~10–9 M.
Thus, the studies of the SERRS fluctuation can be now related to various physical and chemical processes,
including ground state and excited state dynamics of single molecules such as molecular movement, desorption,
structural rearrangement, chemical reaction, and decomposition. However, there are still many complexities in
interpretations of the SERRS fluctuation because many of the aforementioned phenomena simultaneously taking
place. Furthermore, the existence of two types of SERS mechanisms (i.e., EM and chemical ones) makes the
interpretations difficult.
To reduce the complexities in the SERRS fluctuation, a basic understanding of the fluctuations is important.
Thus, the presentation is focused on the SERRS fluctuation caused dominantly by EM and resonance Raman
mechanisms. On the basis of these demonstrations, we introduce two kinds of studies of extracting detailed
information of fluctuation with resolutions (not image resolutions) from several nanometers to a few
angstroms.4-6
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Photostability of photoluminescence (PL) from plasmonic nanostructures such as
non-photoblinking and non-photobleaching is beneficial to exploit them as reliable optical probes.
Antenna effect of the localized surface plasmon of plasmonic nanostructures concentrates light at
the nanoscale allowing strong interaction with electromagnetic radiation, which can compensate
relatively low quantum yield. However, recent studies on PL from plasmonic nanostructures have
mostly been limited to lithographically fabricated structures or simple nanoparticles. Here we
designed and synthesized interior nanogap-engineered cube-in-cube nanoparticles in high precision
and a high yield via a galvanic void formation process.1 The cube-in-cube nanoparticles show
significantly enhanced PL and the PL intensity and quantum yield are 31 times and 16 times higher
than those of Au nanocubes, respectively, which have the highest PL intensity and quantum yield
reported for metallic nanostructures. Based on plasmon hybridization model, we interpret the
intense PL with super-radiant character of plasmon mode arisen from plasmonic coupling between
the core and the shell. Finally, we check the long-term photostability of the PL signal under
continuous illumination for 1 h.
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Abstract- We present a comprehensive study via transient absorption spectroscopy (TAS) to
investigate ultrafast exciton-plasmon dynamics of hybrid aggregates consisted of core-shell
quantum dots (QDs) and Au Nanoparticles (NPs) leading to optical loss mitigation. The results
suggest modifying the way of analyzing the transient absorption spectra of loss mitigated systems. We
show that appropriate choice of the pump wavelength and by changing the pump power we can
conclusively prove the existence of loss mitigation using UTAS.

Fig. 1 a) A schematic of fabricated nanocomposite PDMS films with embedded mixture of Au NPs and QDs. b) Bird-eye view
diagrams of NPs+QDs hybrid system for pump wavelength of 400 nm.

The extraordinary properties of the plasmonic systems arise from confinement of the electromagnetic wave beyond
the diffraction limit, as a result of surface plasmons. However, the surface plasmons can be damped due to electron
scattering events. In fact, the strong absorption and optical losses in the available plasmonic materials are the main
obstacles for their promising applications. One of the most successful approaches to compensate the optical losses,
while maintaining the electromagnetic sub-wavelength confinement, is to incorporate gain material in plasmonic
systems, such that the gain emission spectrally overlaps with the plasmon resonance. The approach maintains the
self-sustaining oscillation of the electromagnetic field while keeping the sub-wavelength field confinement in the
vicinity of the NP.
In this work, we report a systematic and detailed transient pump-probe absorption spectroscopy study on loss
compensation process of hybrid systems consisted of core-shell QDs aggregates and Au NPs (Fig. 1a). Our study
provides a clear understanding of the ultrafast gain-plasmon dynamics to control optical losses in plasmonic

nanostructures, paving the way towards further promising scientific research aimed to enable their practical
applications. We highlight that generating hot electrons in plasmonic NPs contribute to the transient differential
absorption spectrum under optical excitation and is of great significance. The results suggest modifying the way of
analyzing the transient absorption spectra of loss mitigated systems by taking into account the enhanced transmission
due to permittivity modification of pumped NPs.
Frequency pulling like effect of the transient bleach signal towards the emission maximum of the gain material is
reported based on power dependence TAS results as an evidence for loss mitigation process. Furthermore,
considerably enhanced bleach signal of the hybrid systems than the combined bleach of only plasmonic NPs and
core-shell QDs quantitatively proves the existence of loss mitigation.
Additionally, we study the implications of the coupling strength between the electron oscillation frequency and
the phonon modes of aggregated NPs on loss mitigation efficiency and the transient quality factor of the plasmon band.
Finally, we investigated the transient kinetics of all systems and showed that hybrid gain-plasmon systems have
unique decay kinetics.
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Abstract- We introduce a new plasmonic bulls-eye antenna to efficiently harvest the emitted light
from diamond Nitrogen Vacancy (NV) centers. The designed structure shows a great performance
even better than double-side corrugated structures. In addition, we study for the first time
asymmetric structures to steer emitted beam in two-axis. Our results show that spatial off-axial
steering angle over a cone is approachable by applying optimal asymmetries to grooves and ridges
of the plasmonic antenna.

Fig. 1 3D far-field intensity distribution for a Bulls-eye plasmonic antenna with a) one main asymmetry plane
and ridge asymmetry b) with two main asymmetry plane and groove asymmetry. The scheme of each
configuration is presented in figure insets.

Sub-wavelength diffracted light sources are rapidly growing cutting edge research field for promising
nano-photonic applications. Enhancing the photon collection efficiency and narrowing the emission directivity
of such light sources are two critical aspects for their practical applications. For attaining this, one promising
approach is to introduce symmetric or asymmetric periodic corrugations on the exit side of a single aperture in a
metallic substrate. In this approach, the emitted light of nano-emitter is coupled into the antenna plasmonic
modes, and then out-coupled by the antenna to the far-field, resulting in the enhanced light with desired
orientation. Accordingly, various applications ranging from efficient photovoltaic light harvesting, polarization
sensitive transmission control to precise bio-sensing are enabled. For such applications, recently diamond
nitrogen vacancy centers (NV centers) have gained remarkable attention.
Here, we propose a new design of bulls-eye antenna by introducing a metallic sub-plate and dielectric layer
below conventional structure. Our proposed design provides high degree of directionality and enhanced
out-coupled field intensity of nano-emitter sources as compared to conventional designs. The antenna parameters

are optimized for the emission peak of diamond NV centers. In our model, we have considered diamond NV
centers to be doped to dielectric layer and placed inside the central cavity. The structure is optimized by
considering the underlying physics of the dielectric layer sandwiched between metal layers. Such an engineered
structure provides higher out-coupled light intensity efficiency even better than double-side corrugated antenna.
It is also desirable to have control on the emission angle of out-coupled directive beam from plasmonic
antennas. Several studies have been reported to approach angled emission or transmission from such structures.
Here, we present trends for steering the radiated beam over the plate of the Bulls-eye plasmonic antenna. By
introducing a modification on design of the proposed structure, a considerable off-axis beaming angle retaining
high out-coupled light intensity is attainable. A full-asymmetric design approach is introduced for the first time
to steer the directive beam on spatial angles over the antenna plate. Our results show that by introducing optimal
asymmetries to grooves and ridges of the structure high degree off-axial steering angle are achievable in
single-lobe or double-lobe regimes (see Fig. 1).
Finally, our investigations reveal that the far-field intensity for the asymmetric configuration with metal
sub-plate is higher than that of a conventional symmetric structure, without perturbing directivity.
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Abstract- Suprastructure has unique optical properties so many researchers try to make this kind of structure.
In this study we specially synthesized suprastructure like core-shell nanoparticle under the wet chemistry
environment. Covering Fe3O4 nanoparticles with Au shell has been tried and fully covered self-assembly of
AuNPs on Fe3O4 nanoparticle was observed by TEM. Au shell can protects the magnetic core against oxidation
and produces multifunctionality, special optical properties from suprastructure like Au shell and magnetic
properties from magnetic nanoparticles. To form suprastructure like Au NP coating on Fe3O4 nanoparticles, ion
reducing method assisted with layer-by-layer (LBL) structure of AuNPs and PEI on the surface of Fe3O4
nanoparticle were proceeded. This material was used as surface enhanced Raman scattering (SERS) substrate of
rhodamine-B and graphene quantum dots (GQDs). Magnetically 1D self-assembled structure of the prepared
core-shell nanoparticles and separately deposited nanoparticles were prepared as SERS substrate. Raman signals
on these two substrate were obtained and compared.
Summary- Suprastructure like Fe3O4@Au core-shell nanoparticles were synthesized through a simple wet
chemistry method. Core-shell nanocomposite with unique Au shell was obsereved by TEM. Highly enhanced
raman signal was observed on this materials. When this nanoparticle was self-assembled with external magnetic
field 3−4 fold greater enhancement of the Raman signal was obtained. Because of its novel structure with simple
synthesis methods, this material can be applied for characterizing the electronics and magnetism in the
nano-system.
Figures and Tables

Figure 1. Schematic illustration of preparation of supraparticles (SPs) by ion-reducible layer-by-layer (IR-LbL)
method.
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Abstract-Recently, the relationship between magneto-optics and plasmonics has been actively
studied. But, localized surface plamonic resonance (LSPR) effect on magnetic phase, especially on
the motion of magnetic dipole moments, is not confirmed yet. Here, solid, core-shell, and
hollow-type of iron-based magnetoplasmonic (MagPlas) nanoparticles (NPs) are produced via
thermolysis synthesis route. Different magnetic behaviors inside the magnetic NPs at the presence
of plasmonic material are demonstrated based on Landau-Lifshitz-Gilbert (LLG) theory which
represents ferromagnetic flux. It is experimentally proved, for the first time as we know, that adding
electric field from plasmonic absorption and scattering of Au NPs to LLG equation adjusts
magnetic anisotropic energy and thermal energy, which visualizes and explains by OOMMF and
COMSOL micromagnetic simulation tool.
The design and synthesis of magnetoplasmonic (MagPlas) nanostructures have been attracted since they
have the extraordinary properties not only for those combined functional natures of magnetic and plasmonic
optical property but also for the characteristics of quantum mechanics such as size and shape-dependent
differences in physicochemical property unlike their bulk counterparts [1, 2]. But plasmonic effects on magnetic
property in these MagPlas nanostructure have been hardly described.
In this study, we synthesized MagPlas Au@FeCo and Au@FeNi core-shell, hollow FeCo nanocrystals to
compare MagPlas properties. Previously reported studies related with plasmonic and magnetic nano-complexes
usually have focused on magnetite as magnetic component or transition metals in core part, but we use soft
magnetic element and apply it to shell on Au template. Furthermore, micro magnetic flux of the coated magnetic
shell was simulated based on Landau-Lifshitz-Gilbert theory that describes ferromagnetic flux. Many studies on
magneto-optic and MagPlas NPs explain magnetic effect on optical and plasmonic component. But, plasmonic
effect on magnetic property in ferromagnetic NP regime was figured out here. It was observed that core-shell
Au@FeCo NPs have the lowest magnetic anisotropy value among solid FeCo, MagPlas core-shell Au@FeCo,
hollow FeCo NPs. This MagPlas nanomaterials can provide promising well-designed magnetic behavior as well
as plasmonic property inside NPs to be one candidate for recording media, spintronics, optical device, magnetic
hyperthermia, bi-functional medicine.

Figures and Tables: TEM and magnetization motion images of solid FeCo(a, d), MasPlas Au@FeCo
core-shell(b, c), hollow FeCo NPs (c, f).
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Abstract
Controlling and understanding the assembly of colloidal nanoparticles remain a challenging issue
for optimizing magnetic-plasmonic devices for various applications including sensors, displays,
bio-imaging and therapy. A magnetic field is successfully utilized to induce the fabrication of
multidimensional structures composed of magnetite coated silver core/shell (Ag@Fe3O4)
particles, which exhibit intriguing optical properties. An effective and highly controlled dipcoating technique for fabrication of one-dimensional (1D) structure of magnetoplasmonic
particles on large-area surface is proposed by combining electrostatic and magnetic dipole
interactions. This technique is demonstrated to be a very powerful approach to modulate optical
properties of magnetoplasmonic particles. Moreover, a magnetic-field assisted coating technique
for fabrication of two-dimensional (2D) amorphous photonic crystal (APC) film of the
magnetoplasmonic particles on a filter membrane is proposed. The fabrication technique relies
on combination of high porosity of filter membrane accelerating evaporation-mediated
arrangement of particles and strong magnetic response of particles to external magnetic field.
The magnetoplasmonic 2D APC exhibits strong dual reflected colors caused by structural
scattering and plasmon resonance scattering. The water absorption ability of the membrane and

the high refractive index sensitivity of plasmon resonance scattering are utilized to fabricate a
simple colorimetric humidity sensor. Additionally, a mechanical colorimetric sensor that exhibits
instantly responses to both bending and stretching forces is fabricated by embedding the 2D APC
film into PDMS substrate. Because of unique features including dual-color characteristic,
flexibility and high plasmonic sensitivity, these kinds of platform could be highly promising as
wearable devices for physical, chemical and biological sensing with naked eye detection.
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Abstract-Optical tweezers performance is investigated when the Gaussian beam is focused on the
metal substrate with nanoparticle. When the beam is focused above the substrate optical force
increases about an order of magnitude due to evanescent field of surface plasmon. Novel effect of
repulsion from Gaussian beam (“anti-trapping”) is obtained when the beam waist is moved below
the substrate which is confirmed by both the analytical approach and finite element simulation.
The ability to manipulate small objects with focused laser beams opened a venue for investigating dynamical
phenomena relevant to both fundamental and applied science. Nanophotonic and plasmonic structures enable
achieving superior performance in optical trapping due to highly confined near-fields. In this case, the interplay
between the excitation field, re-scattered fields and the eigenmodes of a structure can lead to remarkable effects,
as it is shown here with an example of a particle trapped by laser light in a vicinity of metal surface. Surface
plasmon excitation at the metal substrate plays a key role in tailoring optical forces acting on a nearby particle.
Depending on whether the illuminating Gaussian beam is focused above or below the metal-dielectric interface,
an order of magnitude enhancement or reduction of trap stiffness is achieved in comparison to standard glass
substrates. Furthermore, a novel plasmon-assisted anti-trapping effect (particle repulsion from the beam axis) is
predicted and studied. Highly accurate particles sorting scheme based on the anti-trapping effect is analyzed. The
ability to distinguish and configure various electromagnetic channels through the developed analytical theory
provides the guidelines for designing auxiliary nanostructures and achieving an ultimate control over the
mechanical motion at the micro- and nano-scales [1].
Optical trapping characteristics in the proximity of the beam waist and the impact of the focus position with
respect to the surface were studied. Gaussian beam is focused above or below the substrate and the force acting
on a dielectric bead (ε=3) of radius R=15 nm is calculated. Three different scenarios were considered: glass
(ε2=2.25) and silver substrates, and in the latter case the plasmonic contribution to optical forces can be switched
‘on’ and ‘off’ by either including evanescent harmonics or not. For f=100 µm the bead lying on the substrate
(centered at z=15 nm) experiences attraction to the beam center (trapping) at all the cases (Figure 1B). This is a
typical behavior for a deeply subwavelength low-index bead which has no resonances and is usually attracted
towards the axis of free-space Gaussian beam. Comparison between the force values favors the silver substrate,

Figure 1. A) Schematics of the system. Gaussian beam with waist w is normally incident on a flat silver
substrate; the focal position f along the z axis can be either above or below the interface. Optical forces acting on
a spherical dielectric particle are formed by beam-particle, beam-substrate, and particle-substrate interactions.
Optical force acting on a particle (ε=3, radius R=15 nm) in the Gaussian beam focused above (f=100 µm, B) and
below (f=-100 µm, C) the substrate interface. Blue solid lines correspond to silver substrate; red dashed lines to
the model without plasmon contribution; grey solid lines to the glass substrate. The beam waist diameter is
w=10λ, the particle is touching the substrate.
which provides about an order of magnitude enhancement compared to the glass. Thus, the auxiliary metal
substrate allows increasing the trap stiffness.
At the other hand, focusing the beam below the substrate (f=-100 µm) leads to completely different behavior
(Figure 1C). While in both glass and ‘silver with plasmon excluded’ cases optical trapping is observed, real
silver substrate leads to optical repulsion from the beam axis – anti-trapping, pushing the particle away from the
region of high optical intensity. Anti-trapping stiffness (derivative of the force with respect to the coordinate) is
several times larger than in the case of the glass substrate.
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Abstract-We report a new method of integrating ferromagnetic and noble metal plasmonic
nanostructures leading to strong magneto-optical (MO) responses with enhanced optical reflectivity. The
structures under study consist of Ni and Au nanoparticles ordered into periodic checkerboard arrays.
Diffractive far-field coupling between the individual emitters of the lattice results in the excitation of
two orthogonal surface lattice resonance (SLR) modes. Local analyses of the radiation fields indicate
that both the Ni and Au nanoparticles actively contribute to these collective resonance modes and,
thereby, the MO activity of the hybrid arrays.

Ordering of ferromagnetic nanoparticles into a periodic array enhances the optical and MO activity due to
the excitation of SLR modes [1,2]. Coupling between broad localized surface plasmon resonances (LSPRs) of
single ferromagnetic nanoparticles [3] and diffracted orders of the array generates sharp and asymmetrical SLRs
in the optical and MO spectra. Here, we report on the integration of Au nanoparticles into ferromagnetic
nanoparticle arrays [4]. In our experiments, we use periodic arrays comprising a checkerboard pattern of Au and
Ni nanoparticles (Fig. 1(a)). The ferromagnetic and noble metal emitters are separated by 450 nm and the
diameter of the Au nanoparticles is varied from 80 to 120 nm to gauge its influence on the optical and MO
activity (the diameter of Ni nanoparticles is fixed at 120 nm). All nanoparticles have a thickness of 30 nm.
The integration of Au nanoparticles into Ni nanoparticle arrays considerably increases the optical
activity as demonstrated by high reflectivity (Fig. 1(b)). Yet, compared to pure nickel nanoparticle arrays,
the orthogonal magneto-optical dipole retains its intensity (Fig. 1(c)). In other words, the MO activity is
conserved while the optical response is substantially enhanced. Our results are explained by far-field
diffractive coupling between the ferromagnetic and noble metal emitters, causing two main effects: (1) A
magneto-optical dipole is induced on the Au nanoparticles and, consequently, the non-magnetic noble
metal emitters actively contribute to the MO activity of the hybrid array. (2) Far-field diffractive coupling
to Au nanoparticles enhances the optical and magneto-optical activity of the Ni emitters. Numerical
calculations based on the discrete dipole approximation (DDA) and finite-difference time-domain (FDTD)
simulations substantiate our experimental findings. Label-free biosensors based on the measurement of
very small refractive index changes [5] and other magneto-plasmonic devices could make use of strong optical
and magneto-optical responses in hybrid nanoparticle arrays.

Figure 1 (a) Schematic illustration of a checkerboard array of Ni (grey) and Au (yellow) nanoparticles. (b)
Optical reflectivity of Au-Ni nanoparticle arrays (black, red, green, and blue lines). Results for pure Au
nanoparticle arrays (dashed lines) and a pure Ni nanoparticle array (grey line) are shown for comparison. (c)
Magneto-optical dipole signal for Au-Ni nanoparticle arrays (black, red, green, and blue lines) and a pure Ni
nanoparticle array (grey line). The colors of the spectra in (b) and (c) indicate results for Au nanoparticle with
different diameter: dAu = 80, 100, 110, 120 nm.
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Abstract – Surface plasmons polaritons (SPPs) are electromagnetic surface waves that can be
generated by and converted back into freely propagating light beams by applying metallic structures,
such as gratings or slits. In this work we investigate experimentally whether SPPs in the process
light beam → SPP → light beam convey the geometric (Pancharatnam-Berry) phase, which appears
on passing a beam of light cyclically through a series of polarizing components.
Surface plasmon polaritons (SPPs) have been the workhorse in nanophotonics, resulting in the emergence of
plasmonics [1] as a separate field covering cross-disciplinary physics, including subwavelength light control [2].
SPPs are known to be highly polarized surface waves [1]. A point on the Poincaré sphere [3] represents the state
of polarization of a monochromatic electromagnetic beam. If such a beam passes through a succession of
polarizing elements so that the initial and final states are identical, the polarization state traces a closed circuit on
the sphere. In doing so the light beam acquires, in addition to the usual
dynamic phase, also a geometric phase, known as the Pancharatnam-Berry
phase [3]. It is equal to half the solid angle subtended by the circuit from the
origin of the sphere [3,4]. Here we investigate experimentally whether,
when a beam of light is converted into SPPs and then back into a freely
propagating field, the geometric phase does survive? The conceptual
scheme of the work is illustrated in Figure 1. The closed path ABCDEA on
the Poincaré sphere corresponds to the successive polarization states. The
geodesic arc BC (shown in blue) represents the path of the polarization state
which results from the conversion of circularly polarized light (state B) first
into SPPs and back into linearly polarized light (state C). By varying the
solid angle of the closed path on the Poincaré sphere, the geometric phase
Figure 1. Schematic representation of
changes. One way to do this is by rotating a linear polarizer and thereby
the polarization-state changes on the
moving the position of point D along the equator. In practice, the change in
Poincaré sphere.
the geometric phase can be observed as a shift in the interference pattern [5]
when two beams (in states A before and after the cyclic rotation) are
combined again.
The experimental demonstration [5] is carried out with a Mach-Zehnder interferometer using a He-Ne laser
source with a wavelength of 632.8 nm. A linearly polarized light beam from the source is divided into two equal
parts. One part undergoes a series of polarization changes, such as linear → right circular → SPPs (linear) →
linear → left circular → linear passing through different polarizing elements, and follows the path ABCDEA as

shown in Figure 1. An aluminum grating is applied to generate SPPs which travelled towards a nanoslit that is
located at a distance of 25 µm from the grating edge and were converted back into freely propagating field. This
output field from the slit is represented as point C on the sphere and its polarization state is opposite to state A. A
linear polarizer is placed after the slit with transmission orientation the same as that of the output field C. The
polarizer is rotated to change the linear polarization direction along the equator, shown as point D on the sphere.
Transformation from state D to left circularly polarized state E is performed using a quarter-wave plate. In the
experiment, polarizing elements (linear polarizer and quarter-wave plate) after the slit are joined together. As a
starting point, before taking the measurements, the polarizer position is adjusted in such a way that the output
intensity is maximum; we call this position as 0°. Measurements are taken by rotating the polarizer left and right
of the 0° position with an interval of 20°. This changes the solid angle on the sphere. The beam in the other arm
of the Mach-Zehnder interferometer does not go through any polarization-state changes. Finally, both beams are
combined and their interference is recorded on a CMOS detector. The presence of the geometric phase in one
beam appears as a shift of the interference pattern. The variation of the peak shifts for polarizer rotation angles
20° and 40° on both sides of the maximum position 0° is shown in Figure 2 [5].
Figure 2. Shift in the interference pattern due to
the geometric phase mediated by the SPPs for
different angles of rotation of the polarizer. The
black solid peak at 0° corresponds to the polarizer
position in which the output is maximum (points
C and D in Figure 1 coincide). Negative angles
˗20° and ˗40° are associated with rotations of the
polarizer towards left of the maximum position.
Measurements of the interference peak shifts for
angles 0°, ±20°, ±40°, and ±60° are in precise
agreement with Pancharatnam’s rule [5].

The effect of the dynamic phase has been eliminated by aligning all optical components accurately. Hence, a
consistent shift of the interference pattern clearly proves the presence of the geometric phase in one of the beams.
The conclusion is that surface plasmons mediate the geometric (Pancharantnam-Berry) phase in nanoplasmonic
transitions light → SPP → light, and that the geometric phase in such transitions obeys Pancharatnam’s theorem.
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Abstract-We proposed the tunable reflector formed by graphene in Metal/Insulator/Metal cavity.
The structure can control the reflectivity not only effectively by strongly confined electric fields but
also sensitively by variable permittivity of graphene. Consequently, we can control the reflectivity
by modifying the gate voltage of graphene.
Graphene, famous two-dimensional material composed of carbon atoms, has many interesting optical
properties due to its unusual band structure as shown in Fig. 1. In this band structure, the optical conductivity is
sensitively changed by adjusting Fermi energy induced by gate voltage. The variation of the optical conductivity
can be measured by observing change of reflectivity [1]. However, since graphene interacts with the electric
field within one atomic width, there is an upper limit to the variation.

Figure 1: Band structure of graphene when Fermi energy is (a) smaller than, (b) equal to, (c) bigger than Dirac point.

Metal/Insulator/Metal (MIM) structure produces the key of breaking the limit. The MIM cavity strongly
confines the lights within sub-wavelength thickness of the insulator layer. When the graphene in the MIM cavity,
the light-matter interactions increase by strong field concentration. In addition, since the resonant wavelength of
the cavity can be adjusted by changing the distance between the metals, the reflectance can be changed by
changing the gate voltage [2]. The reflectivity is also controlled by tuning the resonant wavelength.

Figure 2: (a) Scheme of Metal/Insulator/Metal cavity with graphene. (b) Maximums of –R (reflectivity) for different width
of silver strip and thickness (t) of indium phosphide layer.

In this research, we proposed the structure formed by graphene in MIM cavity as a way to change the
reflectivity. The MIM cavity is formed by silver substrate, indium phosphide layer, graphene and periodic silver
strips (Fig. 2(a)). As indicated by Fig 2(b), the resonant wavelength is already tunable without graphene by
changing the width of silver strip and thickness of indium phosphide layer. However, with graphene, the
resonant wavelength can be shifted in situ by using variable permittivity of graphene. The reflectivity is
effectively changed because the strongly confined electric fields induced by MIM cavity enhance the interactions
between graphene and electric fields. Therefore, we can control the reflectivity sensitively as well as effectively
with proposed structure.
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Abstract- Monolayer molybdenum disulfide (MoS2) has intense attention in recent years for their
unique optical properties. However monolayer MoS2 suffers from insufficient light matter
interaction because of its atomically thin nature. Plasmonic nanostructures can be easily integrated
and boost the light matter interaction of 2D TMDCs. In this study, we demonstrated the enhanced
Photoluminescence of MoS2 using two different hybrid configurations of Au-MoS2. Reported
results allow us to engineer optical properties of two dimensional materials.
Among two dimensional materials atomically thin transition metal dichalcogenides (TMDCs) exhibit wonderful optical
properties because of its optical band gap in the visible regime. Molybdenum disulfide (MoS2) monolayers are a
semiconducting member of TMDCs has unique characteristics to find promising place in future optoelectronics [1].
However monolayer MoS2 suffers from insufficient light matter interaction because of its atomic-thin thickness nature.
Plasmonic materials facilitate strong light-matter interaction in Monolayer MoS2 [2, 3]. In recent years MoS2-nanoantenna
hybrid structures are of great interest owing to its enhanced optical properties. In this study we present two different hybrid
configurations of lithography patterned Au nanoantenna and Monolayer MoS 2 for spectrally modified photoluminescence
enhancement in monolayer MoS2.
The nanoantenna arrays were patterned by E-beam lithography technique and lift off process. While large area MoS2
was grown by CVD method and it was transferred using soft lift-off/ transfer process. Figure 1 depicts the two different
configurations of MoS2-Au nanoantenna hybrid structures. In first configuration MoS 2 was transferred on nanoantenna array,
while in second configuration the nanoantenna arrays were patterned on monolayer MoS 2.

Figure 1: Schematic diagram of two different configurations of MoS2-Au nanoantenna hybrid structures

Figure 2a & 2b shows the optical image of two different configurations of MoS 2-Au nanoantenna hybrid structures. The
former shows the successful transfer of MoS2 on antenna array, whereas the later shows the successful patterning of
nanoantenna array on MoS2.

Figure 2: (a) OM image of MoS2 transferred on nanoantenna array; (b) OM image of antenna array patterned on MoS 2

Using Lumerical FDTD solutions we simulated nanoantenna so as to have resonant wavelength to overlap the emission
wavelength of MoS2 because we are interested in the optical pumping of MoS2 photoluminescence via plasmonic resonance.
The blue dotted line in figure 3a shows the emission wavelength of MoS 2 and it’s overlapped with the resonant wavelength
of designed antenna. Figure 3b depicts the electric filed distribution of nanoantenna with the polarization along the antenna
axis at a wavelength of 702nm.

Figure 3: (a) Simulated absorption spectrum of nanoantenna; (b) Electric field distribution of nanoantenna at
702nm (resonant wavelength)

Further PL enhancement studies were carried out for two different hybrid configurations of MoS2-Au nanoantenna
with the 632.5nm laser. Figure 4 shows the PL enhancement for the hybrid structure for both configurations. In both the
cases the local near field produced by nanoantenna interacts with the monolayer MoS 2 and this interaction leads to increased
optical absorption and number of excitonic pair’s photo generated in monolayer MoS 2 leading to PL enhancement of MoS2.
The PL enhancement for MoS2 on plasmonic structure is high compared to the MoS2 below the plasmonic structure. This is
because of the light extraction efficiency due to plasmonic nanostructures in second configuration dominates the internal
quantum efficiency blocking emission from MoS2.

Figure 4: PL enhancement spectrum for two different configuration of MoS 2-nanoantenna hybrid structure

In summary, we have demonstrated the enhanced photoluminescence response of monolayer MoS 2 using surface
plasmonic effect based on plasmonic nanostructures. The enhancement is shown when the emission wavelength, resonant
wavelength of nanoantenna and incident laser energy is overlapped. The active control of exciton-plasmon coupling would
find new opportunities in 2D material based Nanophotonics devices.
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Abstract- We have demonstrated an asymmetric bow-tied plasmonic demultiplexer for a
wavelength division multiplexing system to realize large-capacity information processing. The
developed demultiplexer was designed based on a multimode interference structure consisting of
patterned SiO2 on a gold film. This demultiplexer selectively guides 1.31- and 1.55-µm-wavelength
plasmonic signals to different output ports. The experimentally measured insertion loss and
crosstalk at the developed demultiplexer were ≤ 8.4 dB and ≤ −2.3 dB, respectively.
Integrated circuits using surface plasmon polaritons (SPPs) as signal carriers have attracted attention because
the circuits can realize high-speed and large-capacity information processing[1]. The wavelength division
multiplexing (WDM) technique, which can transmit different wavelength signals through a single waveguide, is
a powerful technique to process a large capacity of information. Recently, several plasmonic demultiplexers, one
of the key devices for the WDM technique, have been proposed. Among them, a multimode interference
(MMI)-based plasmonic demultiplexer employing dielectric-loaded SPP waveguides (DLSPPWs) enables strong
light confinement in the waveguides[2]. Besides, a previous study numerically suggested that the length of the
MMI can be shortened by introducing a symmetric bow-tied structure to the photonic MMI devices[3].
In this study, we have demonstrated a MMI-based asymmetric bow-tied plasmonic demultiplexer employing
DLSPPWs, which can reduce the size of the demultiplexer and be producible using complementary metal oxide
semiconductor compatible processes. Here, we used wavelengths of 1.31- and 1.55-µm-wavelength, which are
the optical telecommunication wavelengths. Since the proposed demultiplexer is a linear system, it was
necessary to have a long distance to increase the influence of the propagation parameters between the
propagation of both wavelengths. The asymmetric structure, which enlarged a second tapered structure, was
designed for securing the optical path length. Figure 1 shows a schematic diagram of the proposed demultiplexer.
The demultiplexer consisted of four single-mode waveguides and one 1×3 bow-tied MMI structure. The
fundamental operation mechanism of the demultiplexer can be explained via the MMI effect[4]. The bow-tied
MMI structure can thus reduce the length of MMI devices.
At first, we numerically confirmed the operation of the proposed asymmetric bow-tied demultiplexer using a
finite-difference time-domain method (Fujitsu, Poynting for Optics). Next, the designed demultiplexer was
fabricated using Au vacuum deposition, SiO2 sputtering, and subsequent focused ion beam milling (Figure 2).
The size of the fabricated demultiplexer was approximately 4.9×11 µm, which cannot be operated at the
rectangular MMI devices owing to its size. Figure 3 shows the SPP intensity distributions at the demultiplexer
with wavelengths of 1.31 µm and 1.55 µm, as measured using scanning near field optical microscopy. As shown

in Fig. 3, Port1 and Port3 selectively output the 1.55 µm-wavelength signals, and Port2 outputs the 1.31
µm-wavelength signals. The insertion loss and crosstalk were experimentally evaluated to be ≤ 8.4 dB and ≤
−2.3 dB, respectively. The proposed asymmetric bow-tied plasmonic demultiplexer will contribute to the
miniaturization of plasmonic demultiplexers and is highly compatible with production processes used to
fabricate conventional electronic devices.
(a)

(b)

Figure 1. Schematic diagram of the proposed demultiplexer: (a) top view and (b) cross sectional view.

Figure 2. Scanning electron microscope image of the fabricated plasmonic demultiplexer.
(a) λ = 1.31 µm

(b) λ = 1.55 µm

Figure 3. SPP intensity distribution measured at the fabricated demultiplexer, with wavelengths of (a) λ =
1.31 µm and (b) λ = 1.55 µm (scale bar: 2 µm).
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Abstract- A sputtering process is presented that enables the deposition of aluminum-doped zinc
oxide films with a significant carrier density and thus controllable plasmonic properties. These thin
films were characterized using Ultraviolet–visible and Fourier transform infrared spectroscopy, and
Hall-effect measurements. Analysis of the results shows a carrier concentration of up to 2.6×1020
cm-3, as well as transmission above 80% for 500 nm thick films at wavelengths up to 1900 nm making
them well-suited to plasmonic applications.
Transparent conductive oxides (TCOs) have recently been the focus of plasmonics research because of their high
density of free electrons and negative permittivity at infrared wavelengths. Conventional gold-, silver-, and
aluminium-based plasmonic materials with their very high carrier density of 1023 cm-3 operate mainly at
wavelengths in the visible and UV range, whereas TCOs have the potential to extend plasmonics to a new range
of applications in the infrared region of the spectrum that cannot be addressed by metallic plasmonic devices.
Among the TCOs, we are especially interested in developing aluminum-doped zinc oxide (AZO) thin films and
nanostructures for plasmonic applications [1], due to the relative abundance and non-toxicity of the chemical
precursors compared with the widely used indium tin oxide (ITO) [2,3]. In the current study, a fabrication
method was investigated that allows for the deposition of high quality AZO thin films with a thickness of 500nm
and high transparency at visible and infrared wavelengths, controllable resistivity, and low radiation damage
resulting from the fabrication process.
AZO thin films were deposited via off-axis RF magnetron sputtering [4] in order to limit radiation damage
from the argon-based plasma used to induce sputtering [5]. This method enables us to achieve highly conductive
and transparent AZO films on borofloat33 substrates, paving the way for a variety of plasmonic devices to be
fabricated. XRD measurements show that our films have no inherent stresses, and are highly ZnO (002) textured,
i.e., they are grown with the ZnO c-axis perpendicular to the substrate surface.
One key goal for our AZO study is to find the frequency where the real part of the permittivity crosses zero, as
the film shows metallic behavior below this frequency. We expected this to occur in the near infrared (NIR) part
of the spectrum. In order to calculate the exact frequency the carrier concentration of the AZO thin films was
measured using Hall-effect system at room temperature with an applied field of 0.55 Tesla. The samples’ n-type
carrier concentration varies in the range of 3.1×1019 to 2.6×1020 cm-3, with the higher value comparable to the
results reported in [6], indicating desirable plasmonic properties. Using the carrier concentration to calculate the
film’s plasma frequency resulted in a plasma wavelengths of 1078 nm for the higher carrier concentration, which
falls in the NIR part of the spectrum as required.

We are also interested in confirming the transparency of our samples for optical applications.
Ultraviolet–visible (UV-Vis) and Fourier-transform infrared spectroscopy (FTIR) measurements indicate that
samples are transparent in the visible and infrared ranges, i.e., within the 380 nm to 1900 nm wavelength range,
transmission is higher than 80% while reflection is lower than 2%.
In this paper, we have successfully prepared AZO thin films with tuned carrier concentrations and plasma
frequencies in the NIR which have the potential of application in plasmonic devices. The goal for future work is
to improve the uniformity of our films, and increasing the carrier concentration by 1-2 orders of magnitude.
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Abstract- By applying the beauty of Drude’s model, we design metallic meshes to reduce the
effective plasmon frequency of metal down to near infrared range, which accomplishes a
transparent metal. Due to its metallic nature, the DC conductivity of our designed metallic meshes
is still superior to common ITO. Combining these two properties, we successfully realize a
metamaterial-based transparent conductive electrode whose transmittance is up to 86.41% in visible
spectra and sheet resistance is down to 8.77 Ω/ .

1. Introduction
Currently, indium tin oxide (ITO), which possesses high transmittance (> 80%) and low resistivity (~ 50Ω/ ) is the
widely used material as a transparent conducting electrode in photovoltaic devices. Yet, ITO suffers from the following five
drawbacks including (1) low large-area conductivity, (2) low flexibility, (3) low cost to price value due to scarce indium, (4)
low transmittance in blue light region and finally (5) low out-coupling efficiency. Therefore, it becomes a must to develop
an alternative material for transparent conducting electrodes to improve the efficiency of photovoltaic devices.
To date, researchers have also focused on a few candidates such as graphenes[1], metal nanowires[2], conducting
polymers[3] and so on to replace ITO. Although these alternative techniques own great potentials to replace ITO and even
further increase the applications on photovoltaic devices, it is difficult for the abovementioned techniques to integrate with
organic light emitting diode (OLED) since an anode should be flat.
On the other hand, low out-coupling efficiency restricts the development of ITO in the field of OLED. The
out-coupling efficiency of ITO is only 20% due to mismatched impedances between ITO and free space. Recently,
numerous methods have been reported to improve the out-coupling efficiency such as embedding photonic crystals in a
glass subtract[4] to overcome the waveguide loss while building a micro-lens array[5] to decrease subtract losses.
In this project, we proposed a metamaterial-based TCE to not only possess high transmittance and low sheet resistance
but also could further improve the out-coupling efficiency without any further modification.

2. Metamaterial-based TCE

2.1. Simulation process
We employ finite-difference time-domain (FDTD) simulation software to obtain the transmittance in the visible
spectrum of our metamaterial-based TCE with a 1000nm periodicity, a 100nm linewidth and 50nm thickness of gold meshes.
Besides, the out-coupling efficiency of our metamaterial-based TCE and ITO could be also extracted out from FDTD
simulation by first setting a point light source in emission layer and then measuring the corresponding transmittance through
the TCE and ITO beyond a glass substrate. From the simulation, the metamaterial-based TCE possesses reveals a
transmittance up to 86% as shown in Fig. 1(a) and an increment out-coupling efficiency of 20% compared of ITO as
portrayed in Fig. 1(b).

Fig. 1. Finite-difference time-domain (FDTD) simulation result of our metamaterial based TCE. (a) Transmittance in the
visible region and (b) out-coupling efficiency normalized by ITO’s.
2.2. Fabrication process
We apply a nano-imprint lithography (NIL) process to realize our designed metamaterial-based TCE. We first used an
electron beam lithography (EBL) process to define our structure on a silicon substrate as a repeatable mold. We replicate the

pattern from the silicon stamp to a glass substrate with PMMA to define the complementary pattern on the glass substrate.
We finally deposited gold on the substrate and carried out lift-off, then we can obtain the realized metamaterial based TCE.
Figure 2(a) reveals the flowchart of fabrication process and the corresponding SEM and AFM pictures are shown in Fig.
2(b).

Fig. 2. (a) Fabrication flowchart of the metamaterial based TCE by applying a nano-imprint lithography (NIL) process. (b)
SEM and AFM pictures of the metamaterial-based TCE.

3. Result and discussion
Optical transmission measurements were conducted via a UVof the TCE at the wavelength from 400nm to 700nm, and we further normalize the transmission spectrum by the glass
substrate. Figure 3 shows the measurement results of the transmission spectrum. A transmission dip occurs at the
wavelength from 600nm to 650nm, which could be attributed to the excitation of surface plasmon polaritons (SPPs) along
the individual wires. Furthermore, we also measure the sheet resistance of our metamaterial-based TCE by a multifunctional
electrical property system. From the results of Fig. 3, we can conclude that there appears a trade-off between the
transmittance and sheet resistance of our metamaterial-based TCE.

Fig. 3. Measurement result of metamaterial based TCE by UV-Vis with different metal thickness.

4. Conclusion
Metamaterial based TCE possess 3 main advantages to integrate with OLED, which are (1) great opto-electro properties,
(2) architecture characteristic, (3) material properties. For opto-electro properties, metamaterial-based TCE could achieve an
average transmittance of 86.41% in visible region, meanwhile a sheet resistance of 8.77Ω/□. For architecture characteristic,
the nano-grid structure could further improve the out-coupling efficiency and the thin metal film is also beneficial to
integrate with opto-electro devices. Finally, the material of metamaterial-based TCE is gold which possesses good ductility,
low chemical activity, and high work function. By utilizing these talent of gold, the application of metamaterial based TCE
is walking on a road with bright future.
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Abstract-In this poster we present a method of fabricating nanogap arrays via a low-cost, versatile
method of colloidal lithography. Combing various deposition technologies using colloidal crystal
monolayer as initial template, we show here the possibility of obtaining nanogap structures with
advanced optical properties with low cost and high throughput. The simulation results show clear
Fano resonances occurring because of the presence of nanogap between stacked metallic layers.
Small gaps at nanometer-scale enabled noble metals to be perfect research of interest in the field of
plasmonic sensing devices, optical antennas, and nanolasing systems1. Due to the ultra-small gap formed in
between two metallic components, the coupling effect is usually enormous and hence extreme nanoscale
confinement and enhancement of the near electric field intensity2.
Despite the huge potential in these nanogap devices, challenges still remain in manufacturing the advanced
devices with high throughput and reproducibility. Existing fabrication technologies are, in most cases, either
time-consuming or of high-cost. Here we propose to fabricate nanogap structures with a combination of
bottom-up assembly and top-down patterning strategy in the mean of lower cost and higher throughput.
Monolayer of colloidal sphere crystal is used as initial template. By combining various deposition technologies
we were able to fabricate nanogap structures of high quality and also over large area. The optical properties
proven to be of high electric field enhancement with the possibility of exciting Fano resonances due to the
plasmonic hybridization between two metallic parts forming the nanogaps.

Figure 1: (A) Illustration of the fabrication process of the nanogap arrays by using colloidal lithography. (B)

Evolution of zero-order transmittance upon altering the spacer thickness from 20 nm to 50 nm in step of 5 nm.
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Abstract The magneto-optical effect occurs in magnetic chiral media, and can be detected by use of
polarised light. Although this effect is of interest in the study of the light matter interaction, it has
not been studied in depth because of the strong magnetic field needed to observe it, and the
weakness of the effect. Hybrid plasmonic nanostructures were used to detect a magneto-optical
effect. The aim here was also to detect this effect at a low magnetic field with a high intensity.
The magneto-optical effect has been observed, in inorganic material, using strong magnetisation (about
60mT)3. The effect is rather small; indeed the change of the angle of polarised light is 1° per T. We propose to
study this phenomenon at low magnetic field (8 mT). We therefore used a home design hybrid chiral plasmonic
material, consisting of left and right handed nanostructures4, coated by a layer of 100 nm gold and 100 nm nickel.
The nanostructure we used, are called solid-inverse nanostrusture, because they consist in a solid structure (metal
layer) and a void (inverse) identical to the structure. These solid and inverse modes can be associated respectably
to a bright and a dark mode, by analogy with an orbital molecular diagram. The bright and dark mode being on
top of each other can hybridize, giving rise to interferences. The non-linear optical technique, second harmonic
generation (SHG) was used to generate S-polarised and P-polarised light. Our material was set up with a
magnetic field directed parallel or anti-parallel to the plane of the sample. The absorption of the polarised light,
in the magnetised chiral material, relative to the direction of the magnetisation, was recorded. We compared the
results from the left and right handed structures with those of non-chiral media. The response changes between
P-polarised and S-polarised light, because the polarised light is respectively parallel and perpendicular to the
magnetic field. Results show an effect depending on the polarization of the light and the intensity of the
magnetic field.
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Abstract— A class of electro-optically tunable infrared plasmonic absorbers is designed and
theoretically investigated. The spacer between a subwavelength metallic stripe grating and a
ground plane is filled by a bilayer of indium-tin-oxide (ITO) and hafnium oxide (HfO2 ). The
application of a bias voltage across the dielectric gap induces a free-carrier accumulation layer at
the ITO/HfO2 that locally modulates the ITO permittivity and drastically modifies the optical
response of the absorber. The carrier distribution and dynamics are solved via the drift-diﬀusion
model, which is coupled with optical wave propagation studies in a unified finite element method
platform. Optimized structures are derived that enable large modulation of the reflected wave
amplitude as well as control over the spectral position of the plasmonic resonance.

The dynamic control of the amplitude and/or phase of optical signals is a key property in
numerous photonic devices, such as tunable filters, modulators, and switches. Among the various
physical platforms employed in the design of tunable photonic components, much attention has
been recently focused on the electro-optic control of the free carrier concentration in semiconductors,
such as silicon or transparent conducting oxides (TCO). More specifically, it has been demonstrated
that the application of a control bias across a metal-dielectric-TCO junction can lead to a freecarrier accumulation layer at the TCO/dielectric interface. Such a layer locally modulates the
TCO permittivity and can significantly aﬀect the optical properties of the device, e.g. in the
case of epsilon-near-zero-based silicon nanowire modulators [1]. The same eﬀect has been recently
extended in the demonstration of mid-infrared amplitude [2] and near-infrared phase [3] free-space
modulators, based on plasmonic absorption in thin resonant films [4].
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Figure 1: Schematic layout of the proposed electrically tunable near-infrared absorber. The dielectric spacer
between the ground plane and an Au grating is composed of two thin films of haﬀnium oxide and indiumtin-oxide. By applying a bias voltage, a free-carrier accumulation layer is formed at the ITO/HfO2 interface,
which modulates the optical response of the absorber.

In this work, we present the design of electro-optically tunable near-infrared perfect plasmonic
absorbers, based on the generic layout of Fig. 1. The resonant plasmonic cavity is formed between a
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Figure 2: Modulation of the reflected light amplitude by switching ON and OFF the bias control voltage in
the proposed TOC-based electro-optically tunable plasmonic absorber.

ground plane and a Au stripe grating patterned on a bilayer consisting of ITO and HfO2 . By properly selecting the geometrical parameters, critical coupling of the impinging planewave is achieved,
such that 100% absorption is achieved at the resonant frequency. When a bias voltage Vb is applied,
a nanometric thin layer of free-carriers accumulates at the ITO/HfO2 , locally changing the ITO
permittivity, which progressively shifts from positive to near-zero and finally negative values. The
optimization of the absorber’s design leads to large amplitude modulation, as in the case shown in
Fig. 2, which corresponds to a structure with g = 190 nm, p = 220 nm, t1 = 100 nm, t2 = 3 nm,
t3 = 17 nm, and t4 = 20 nm.
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Laboratoire Nanotechnologies Nanosystèmes (LN2) UMI-3463, CNRS-Université de Sherbrooke, Canada
2
Institut Interdisciplinaire d’Innovation Technologique (3IT), Université de Sherbrooke, Canada
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Abstract— Surface plasmon resonance imaging is a very e↵ective technique for studying surface phenomena in complex biological materials. However, its spatial resolution is limited by
the propagative nature of the surface plasmons. In this work, we studied exhaustively by numerical simulations the excitation of surface plasmons on continuous films, and we demonstrate
how a higher resolution can be achieved by nanostructuring the metal surface. This method
can significantly reduce the surface plasmons propagation length from several micrometers to
submicrometer distances.

Surface plasmon resonance imaging (SPRI) is a label-free technique sensitive to small variations
of refractive index in a dielectric medium at the surface of a thin metal layer. However, the finite propagation distance of the resonant mode results in a directional blur along the direction of
mode propagation, limiting the spatial resolution. It is especially problematic in high magnification
microscope objective-based systems [1, 2] where di↵raction-limited resolution is expected. In this
work, we first give a description of the mechanisms involved in the coupling of a plasmonic mode, in
particular the role of phase accumulation. Analytical and numerical calculations will be presented
to describe such a mechanism for the simplest configuration used in SPRI, which is a thin continuous metal film. These results are also confirmed experimentally and show that the accumulation of
phase required to stabilize the plasmon resonance, which is directly related to the minimum spatial
resolution achievable, strongly depends on the system being in resonance or slightly o↵-resonance.
The numerical model used for the simulations is a hybrid of the finite element method (FEM) and
the periodic Fourier modal method (FMM) [3].
We studied the impact of nanostructuring the metal surface on the spatial resolution measured
in SPRI. This e↵ect is based on the properties of the hybrid plasmonic mode that can be excited in a
periodic array of gold nanostructures, fabricated on a continuous gold film [4]. As stated previously,
surface nanostructuring can enhance the spatial resolution, but not without compromise. Indeed,
sensitivity and image contrast can be significantly diminished depending on the parameters of the
grating [5]. To reduce these drawbacks, we have optimized the numerical simulations to take into
account all key performance metrics of the plasmonic mode: bulk and surface sensitivity (Sb , Ss ),
penetration depth of the evanescent wave (Ly ), and attenuation length (Lx ). The bulk sensitivity
represents the intensity variations ( R in %) at the operation point (angle of highest variation of
reflectivity) for a bulk variation of refractive index in the dielectric medium ( n=0.07), while the
surface sensitivity corresponds to the R resulting of a nanometric biological layer thickness change
(n = 1.48). The performance metrics were compared with those of a continuous film (thickness
chosen for optimal coupling) to evaluate the impact of nanostructuring. For example, we took a
sample of BK7 glass/3 nm Cr/50 nm continuous layer Au/Water @ = 800 nm, and obtained the
following: Lx = 9.68 µm, Ly = 342 nm, Sb = 42.9% and Ss = 6.47%. When the 50 nm layer was
structured with a 2D grating (25 nm of continuous Au, 25 nm of nanostructures, grating period
of 400 nm, lines width of 200 nm), we obtained the following: Lx = 2.0635 µm, Ly = 291 nm,
Sb = 30.3% and Ss = 2.11%. While there was a drop in sensitivity ( Sb = -30%, Ss = -67%)
and in penetration depth ( Ly = -15%), the attenuation length was improved by a factor of 4.7.
Subwavelength resolution can be obtained using a high index glass substrate.
In addition, nanostructuring the metal layer significantly reduces the oscillatory perturbations
that arise from an abrupt variation of refractive index in the dielectric medium as shown in figure 1a,

where the reflected electrical field was estimated with an analytical model [6]. In this figure, conditions of resonance are optimized in water, and the abrupt variation of refractive index from water
to PDMS (n = 1.33–1.4) results in multiple oscillatory perturbations of the electrical field. Those
oscillations are almost completely eliminated due to the rapid attenuation of the hybrid plasmonic
mode. Experimental results confirmed this impact on the oscillatory perturbations. Numerical
simulations on 3D structures are currently ongoing and should present a higher confinement of the
plasmonic mode and a reduced attenuation length.

Figure 1: (a) Analytical modelling of an abrupt variation of refractive index in the dielectric medium
( n=0.07). Amplitude of oscillatory perturbations less important with a grating structure. (b) Nanostructured sample fabricated by electrolithography. Gold line dimensions: 200 nm of width, 400 nm of period, 25
nm of thickness on a 25 nm thick film.
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Influence of oxygen on photochemical transformation of silver
nanoparticles
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Abstract One way to obtain metallic nanoparticles with different shapes is employment of light in
phototransformation method. In this approach one can obtain nanoparticles with the desired final
geometry by changing wavelength of light used for irradiation. This method of synthesis of
nanoparticles allows obtaining less contaminated nanoobjects. In this work we have also present the
first example of phototransformation in oxygen-free environment (as an oxidizing agent
1,4-benzoquinone has been used).
Light is a very valuable tool enabling to obtain various silver nanoparticles. The first report of such approach
describes phototransformation of silver spherical nanoparticles into nanoprisms through light illumination. After
this report many other works about phototransformation of spherical nanoparticles to structures with different
shapes and different optical properties have been published. For example, Zhang group utilized this method to
obtain nanorods, and Kitaev group was able to obtain silver decahedrons from once spherical nanoparticles. The
main advantage of this method compared with typical chemical approaches of synthesis of anisotropic
nanoparticles is that the final solution of nanoparticles after phototransformation is significantly easier to purify.
While in a typical chemical synthesis there is a need to use some compounds to drive specific shape
transformation, there is no such need in phototransformation method because final geometry of nanoparticles
depends on the wavelength of used light.
The phototransformation is a reaction incorporating two independent processes. The first one is a slow
dissolution of silver nanoparticles under the influence of an oxidizing agent present in a solution. The second
process is a photochemical reduction of silver ions at the specific sites of nanoparticles. As far as we know there
was no previous report concerning phototransformation of silver nanoparticles in the deoxygenated solution (in
all previous phototransformations oxygen has been used as an oxidizing agent).
In this work, we show the first example of phototransformation with 1,4-benzoquinone used as oxidizing
agent instead of oxygen. We also investigated the SERS activity of obtained silver nanopartilces using 3 model
Raman scatterers: crystal violet, rhodamine 6G and p-mercaptobenzoic acid. The nanoparticles obtained in the
oxygen free phototransformation was about 2.5 times more SERS-active than the Ag nanoparticles transformed
under air conditions.
Acknowledgements This project was financed from the funds of the National Science Centre (Poland)
allocated on the basis of the decision number DEC-2012/07/B/ST5/02462.
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Kihwan Moon1, Young Jin Lee1, Seokhyeon Hong1, and Soon-Hong Kwon1*
1
Dept of Physics, Chung-Ang University, Seoul 06974, Korea
*
corresponding author: soonhong.kwon@gmail.com
Abstract-The transmission-type display requires high intensity of transmitted light. However, the
metal structure has high reflectance and absorbance. To overcome disadvantages, we introduced
extraordinary optical transmission (EOT). A transmitted light through subwavelength scale metal
apertures is enhanced by EOT. In addition, EOT has narrow peak in narrow aperture. We obtained
green and red colors, which have high transmittance over 80 %, and blue color transmission
spectrum using cross-shape slit array consisted of silver nanoblocks.
Metallic structure with subwavelength scale apertures has transmission peak [1]. Phenomenon that
transmission is enhanced in metal apertures, extraordinary optical transmission (EOP), is generated by incident
light and various modes of surface plasmons. However Metallic devices using transmitted light need incident
light with high intensity because of ohmic loss in metal. Besides, single peak spectrum is required to show vivid
color.

Figure 1. Schematic of color display using silver block array. Transmitted electromagnetic field through the
air slit between silver block is enhanced by extraordinary optical transmission.
We demonstrate high transmittance color display using cross shape air slit array that is consisted of silver
nanoblocks, as shown in figure 1. Incident light, that is linearly polarized, propagates along the z-direction. The
y-direction width of silver block is set to same length with x-direction width for polarization independent
transmission. The transmitted light through narrow air slit is enhanced by EOT and the peak wavelength of EOT
can be controlled by change of size of silver block. The wavelength of EOT has strong dependence of height (H)
of silver. The peak of wavelength is increased as the H increases.

The width (W) of silver block and thickness (t) of air slit are fixed, W = 250 nm and t =20 nmm as shown in
figure 2 (a). In figure 2 (b), Blue color (H = 70 nm) has narrow linewidth and transmission of 60 %. Green (H =
110 nm) and red (H = 150 nm) colors show high transmittance over 80 %. Ex- and Ey-polarized incident light
show same transmission spectrum (figure 2 (b)). Optical properties of proposed structure are simulated by using
finite-difference time-domain method, and colors are represented by CIE RGB [2].

Figure 2. Optimized structure and transmittance spectrum of Red, green, blue. The width of silver block and
slit thickness are 250 nm and 20 nm, respectively. Three line colors represent the color samples with heights of
70, 110, 150 nm.
In this research, we suggest the high transmittance color display consisting of silver nanoblock. Blue, green
and red colors can be implemented by changing only the size of nanoblock. In addition, proposed structure has
advantages, high transmittance in metallic device and low optical loss by independence of polarization.
Therefore, silver nanoblock array can be used for full color transmission-type display.
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Light enhancement dependence on organic film thickness caused by
the generation of surface plasmons in phase and their scattering
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Abstract- Net Photoluminescence enhancement of Alq3 on Ag was estimated, changing the Alq3
thickness by removing the optical interference effect occurring inside the film. Enhancement
difference observed for devices with different Alq3 thicknesses can be explained by aggregate
behavior of the energy transfer of excitons to surface plasmons.
Light loss due to surface plasmons (SPs) is still one of the fundamental considerations in the design of
high-efficiency organic light emitting diodes. The energy converted from excitons to SPs can be extracted as
output light again by SP scattering caused by naturally formed submicrometer-scale surface roughness of the
cathode metal. So far, we have pointed out that experimentally obtained light enhancement could not be
explained by the previously reported calculation formula for the plasmon scattering rate, and that simultaneous
plasmon generation from excitons in phase is probable to occur1). To discuss the phenomenon, it is important to
estimate the true light enhancement. To that end, the optical interference effect must be removed from measured
results, and the rate of radiation distribution along the film thickness is vital to take into account in the
calculation of the optical interference. The distribution of remaining excitons in the direction of film thickness
which is involved in light emission, affects the estimation of the interference effect. In this study, angular
dependence of light enhancement was measured for Alq3 films with different thicknesses on Ag. They were
compared with the results obtained by the optical interference calculation factoring in the above respect to obtain
the net enhancement.
Figure 1 (a) shows the result of photoluminescence enhancement obtained by the light output of
Alq3/Ag/glass divided by that of Alq3/glass/Ag. The use of Alq3/glass/Ag as a reference device instead of a
normal Alq3/glass was because when using Alq3/glass, fluorescence which was emitted toward a glass substrate
brought ambiguity to the subsequent optical interference calculation. The both thicknesses of Alq3 were 60 nm,
and the excitation was done with a 405-nm laser diode. Solid lines show the enhancement at 0 (normal to the
substrate surface) and 60 degrees.
In the optical interference calculation, the coherence length of photons estimated from a phase coherence
time of ~100 fs at room temperature was 36 m. This was equivalent to an absorption coefficient of 2.8 x 102
cm-1, and was smaller than the Alq3 absorption coefficient of ~103 cm-1. Thus, the latter value was used in the
optical interference calculation. Compared to the florescence rise time of ~10 ns of Alq3, the time of
exciton-to-SP conversion was much shorter. Thus, it is reasonable to assume that the exciton distribution is
determined a priori before light emission in the calculation2). The radiation rate for s-polarization at a certain
positon comes from remaining dipoles at that position oscillating parallel to the surface of the metal. Parallel and
perpendicular dipoles contribute p-polarization. Absorption of the excitation light measured for the two devices
1

through the reflection was taken into the calculation. Figure 2 (a) shows the observed enhancements and
calculated results for 60-nm Alq3, which reached to 2.3 and 3.1 at 0 and 60 degrees. It was assumed in the
calculation that oscillating dipoles below 40 nm didn’t emit radiation in our devices. Actually, the emission
power lowered rapidly, when the Alq3 thickness was less than 40 nm. This was probably because nonradiative
components were formed in early phase of evaporation. Measured light enhancements were 3.0 and 3.3 at peaks
at 0 and 60 degrees, respectively, and were higher than the numerical results. The interference effect from
dipoles reaches maximum when they are at the top surface of Alq3. Compared with the maximum numerical
results, experimental results were higher. The results of 200-nm Alq3 are shown in Fig. 1 (b). It was found that
measured light enhancement fell below the calculation, and that substantial enhancement was not gained.
The light enhancement at a certain wavelength M ( ) is expressed as
M( )

d
0

( Ps ( z ) 1) Pg ( z ) (1

Here, z : distance from the metal, d : thickness

) Ps Png ( z ) dz /

d
0

d z (1)

: radiative rate without metal, Pg (z ) : SP generation rate,

Ps (z ) : SP scattering probability, Ps : scattering probability independent of z , and Png (z ) : energy transfer

probability of the nonradiative component to SP. As z approaches zero, Pg increases, leading to generation of a
higher number of SPs, N . However, on the assumption that these SPs have the same phase, Ps increases in
proportion to N . Accordingly, the second term in the integral part of Eq. (1) contributes more to a positive
value, which can explain the light enhancement dependence in the film thickness.

Figure 1 Experimentally observed light enhancement of Alq3 on Ag (solid lines) and the optical interference
effect (dotted lines). Circle: 0 degree and diamond: 60 degree. The thickness of Alq3 is (a) 60 nm and (b) 200
nm.
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Abstract - We report on the electromagnetic properties of a flexible dual band THz tunable
metasurface able to achieve absorption coefficients and quality-factors up to 99.8% and 120,
respectively. The metasurface elemental unit shape and bending capability allow for a polarization
insensitive spectral response and for a resonance frequencies fine tuning. Moreover, minimum
variations of non-absorbing substances refractive index up to 5×10-5 can be identified by using the
absorber as a sensing device with detection sensitivities up to 250GHz/RIU.
Among the achievable metasurface (MS) functionalities, perfect THz absorbers emerged for their important
potential applications like spectroscopic imagers, high sensitive detectors and chemical and drug sensors [1]. In
particular, for these specific applications a polarization insensitive, narrow spectral bandwidth and high
quality-factor (Q-factor) of the MS spectral response is essential for optimizing the device performances together
with the possibility to tune the MS frequency for which perfect absorption conditions are achieved [2]. However,
the main drawback for the enhancement of the MS-based device sensitivity is the low Q-factor achievable that
often is unsuitable in detecting extremely small changes of the MS resonance frequency due to the presence of
some specific substances close to or adsorbed on the MS. Furthermore, most of the THz absorbers reported in
literature operate at fixed resonance frequencies since they are fabricated on rigid dielectric structures. In this
communication, we present a novel fine frequency-tunable polarization insensitive high Q-factor dual-band THz
absorber. Along the propagation direction of the electromagnetic (EM) radiation, the dual band absorber is
composed from top to bottom of a 2D-array of Ag plasmonic nanoantennas (NA) elemental cells realized onto a
flexible dielectric polyimide (PI) film that separates the 2D-array from an Ag ground layer covering the whole
NA area. Referring to Fig.1a), the NA unit cell is composed of two concentric Ag square rings and a cylinder
located at the NA geometrical center that can be realized by employing the electro-hydrodynamic jet printing
technique [4]. We performed numerical simulations by using finite element method in the frequency domain to
study the MS EM response in terms of the dual band resonance frequencies, the maximum achievable absorption
coefficients, the frequency tunability as well as the dependence on the polarization of the impinging EM
radiation. For the simulations, the 2D-array was obtained from the NA unit cell by using periodic boundary
conditions along the x- and y-axes and the scattering boundary conditions along the EM wave propagation
direction, i.e. the z-axis. The simulations were performed by fixing at |E0|=1V/m the value of the electric field of
the incident EM radiation, (x;z) the plane of incidence, and the EM properties of the metasurface have been
evaluated by employing TM an TE linear polarized EM plane wave. In Fig.1b) we report the MS spectral
response in the case of the TM polarization (identical results are obtained for TE polarization due to the
symmetry of the NA unit cell). The absorber shows a double resonance behavior centered at f1=1.80THz and
f2=2.26THz with absorption coefficients equal to 0.998 and 0.996, respectively. Referring to Fig.1a, the NA

geometrical parameters were chosen as Lx=100µm, L1=85µm, L2=50µm, d=20µm and the Ag MS film thickness
was 0.2µm. The achieved Q-factors are equal to 120 and 95 for the f1 and f2 frequency resonances, respectively,
being more than 2 times larger than those ones recently reported for a dual band MS absorber [3]. In terms of the
resonance frequency bandwidth measured at full-width-half-maximum, we obtain Δf1=15GHz and Δf2=24GHz.
Since the MS structure is flexible due to the presence of the PI layer, we investigated the possibility to tune the
absorber resonances. For a variation of the NA radius-of-curvature from infinity to R=69µm of the NA unit cell,
the f2 resonance presents a blue shift of 110GHz with a 17% decrease of the Q-factor maintaining constant the
absorption coefficient. Under the same conditions, the value of the f1 resonance remain constant with an 8% and
23% decrease of the Q-factor and maximum absorption coefficient, respectively. Furthermore, we investigated
the possibility of the proposed dual-band absorber MS to be used as a sensor device to measure the change of the
refractive index of substances for chemical/biological applications. For this purpose, a layer of 4µm of a
non-absorbing substance (i.e. an analyte) has been superimposed on top of the MS structure (i.e. adsorbed on the
NA 2D-array). Fig.1c) shows the frequency shift of both f1 and f2 absorber resonance frequencies as a function of
the variation of the refractive index of the superimposed substance. In terms of Refractive Index Unit (RIU), the
resulting linear dependence allows calculating sensor detection sensitivity equal to 250GHz/RIU and
141.3GHz/RIU for f1 and f2 absorber resonance frequencies, respectively. Taking into account the value of
Δf1=15GHz and the resolving power Rayleigh criterion, the minimum change of the refractive index due to any
kind of physical/chemical modification is equal to 5×10-5.

Figure 1: a) top view of the NA 2D-array metasurface unit cell; b) metasurface absorption as a function of the
frequency; c) frequency shift of the f1 (dots) and f2 (squares) resonance frequencies as a function of the variation
of the refractive index of the substance adsorbed on the MS.
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Abstract-The work is devoted to the study of the novel layered heterostructures with 1D photonic
crystals and magnetooptical garnet layers providing ultra-high quality factor magnetoplasmonic
resonances. Such structures are specially designed to exhibit ultra-narrow resonances due to the
excitation of the long-range propagating magnetoplasmon with the experimentally observed propagation
distance of 50 um. Experimentally obtained FOM in such structures is up to 2200 which makes it very
promising for sensing applications.
We present a novel type of magnetoplasmonic heterostructures containing one-dimentional photonic crystals
and magnetooptical garnet layers. Such structures are specially designed to exhibit ultra-narrow resonances of
the magnetooptical transverse Kerr effect (TMOKE) due to the excitation of the long-range propagating modes.
These ultra-high quality factor resonances as well as the utilization of the magnetooptical measurements instead
of the reflection ones observed in ordinary surface plasmon sensors significantly increase their sensitivity to the
refractive index of the analyzed medium. Thus usage of such magnetoplasmonic heterostructures is very
promising for sensing applications.
We performed the design of the magnetoplasmonic heterostructures and tuned the parameters of the
structure in order to enhance the magneto-optical response via excitation of the ultalong-range propagating
surface plasmon polariton mode. This structure is designed for gas sensing at the operating wavelength of 790
nm. One-dimensional photonic crystal is used to tune the impedance of the heterostructure so that the long-range
propagating modes can be excited. Our sample contains 1D PC made of alternating SiO2 and Ta2O5 layers 164
nm and 119.4 nm correspondingly. PC structure is coated with a 125-nm thick ferromagnetic film of
bismuth-substituted iron garnet and 8-nm thick gold film for the excitation of the SPPs.
Magnetoplasmonic sample with a thin gold film demonstrates the width of the surface plasmon resonance
0.13 deg that corresponds to the quality factor of 350. This is extremely narrow resonance for a smooth
plasmonic structure with ferromagnetic since typical resonance widths in such structures are about 1 deg.
Magnetooptical transversal Kerr effect related to this surface plasmon resonance has even smaller width of
0.06 deg and higher quality factor 700. This causes very high values of the structure sensitivity to the analyzed
medium refractive index variation which is 1.8·103 deg/RIU.
The work is supported by Russian Science Foundation.
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Abstract Here, we demonstrate the electrically connected gold nano-gradient structure for investigating
the positive photoconductance assisted by the plasmons. The gradient nanostructures have an optically
graded colors within a visible wavelength so that the interaction of visible light and graded nanostructure
shows different positive photoconductive responses depending on the coherency (coherent/incoherent)
and wavelength (red, green, blue) of the incident light source. The junction of the graded nanostructure
composed of carbon and gold is expected to generate hot carriers by Landau damping.

Introduction
The localized surface plasmon resonance (LSPR)
occurs when the metallic nanostructure interacts with
the incident light [1]. From the light-matter interaction,
the conduction electrons on the surface of metallic
nanostructure show the collective oscillation called
surface plasmons that are defined by the geometry of
the nanostructure. The excitation of surface plasmons
in a nanostructure can manipulate the light so that it
can be used for developing the plasmon based
nanocircuit, sensing platform for bio and chemical
field, and processing methods for optical information
[2-4].
In order to realize the plasmon based applications, we
need to understand the relationship between geometry
of nanostructure and optical/electrical response
depending on the characteristics of the incident light
and analyze the optical-electrical transduction by the
plasmon-assisted damping process. In this paper, we
have fabricated the gold nano-gradient structure that is
connected to the electrical contact pad with a carbon at
the junction. By using this structure, we have
investigated the optical and electrical responses to
understand the relationship.

Results and Discussion
In figure 1 (a), the schematic of gold nano-gradient
structure was shown. The types of incident light are
incoherent halogen lamp and coherent laser sources.
The incoherent halogen lamp has a wideband spectrum
while the coherent laser sources have wavelengths of
405, 532, and 632 nm, respectively. These light
sources shed light on the fabricated nanostructure as
shown in Figure 1 (b). The size of the gradient
nanostructure ranges from 100 nm to 600 nm. The
photocurrent response from the nano-gradient structure
is shown in Figure 2. The photocurrent is increased
when the light source is on. Compared to the
incoherent white light, the coherent sources induce
different levels of photocurrent: 1.07 nA (White
incoherent light), 0.78 nA (405 nm, Blue), 1.54 nA
(532 nm, Green), 0.31 nA (635 nm, Red). Among them,
the green light source provides a maximum
photocurrent with 1.54 nA.

Conclusion
The photocurrent has shown a maximum value when
the resonance condition is matched for the incident
light. The excitation of hot carriers by the plasmons at
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Figure 1 (a) Schematic of gold nano-gradient structure with electrically connected contact pad. The light is incident
on the center of the gold nanostructure. (b) Scanning electron microscopy (SEM) image of the fabricated
nano-gradient structure.

Figure 1 Photocurrent on the nano-gradient structure depending on the light source (Label: White-Incoherent
halogen lamp, Red- 635 nm, Green-532 nm, Blue-405 nm coherent laser source)
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Abstract- Gigahertz modulation of light transmitted by an extraordinary-optical-transmission (EOT)
metamaterial structure is studied using optical pump-probe spectroscopy. The GHz frequency
oscillations in the intensity of the transmitted light through a sample consisting of a lattice of square
nano-holes in a gold film on a glass substrate are monitored experimentally. Numerical simulations
of the transient deformations and strain distributions show that variations in the nano-hole area
produce the dominant contribution to the GHz optical modulation.
Extraordinary optical transmission (EOT) through subwavelength-sized holes has been studied over a wide
range of electromagnetic frequencies1. Light generally cannot go through such small apertures, but interactions
with the holes allows light to be converted to surface plasmons, and to pass through more efficiently than
expected on the basis of the hole area alone. This phenomenon can be used for filtering electromagnetic (EM)
waves at specific wavelengths. Other potential applications are the modulation of the transmitted EM waves by
electro-optic modulation (EOM) or acousto-optic modulation (AOM). Such modulations in transmission were
demonstrated by combination with electronic circuits2, 3. Gigahertz acoustic modulation was also demonstrated:
surface acoustic waves can modulate EOT in two-dimensional (2D) nano-hole arrays4 and 1D nano-slit arrays5,
and bulk waves can modulate EOT in 1D nano-grating geometries6. However, quantitative analysis is lacking in
the acoustic studies of 2D EOT structures. Questions remain such as how the mechanical vibrational modes
excited in such structures can actually modulate the EOT. Here we report on the modulation of the transmitted
intensity in a 2D EOT structure made of an array of nano-holes in a gold film on a glass substrate, and show how
the GHz vibrational modes contribute to the optical modulation7. We conduct experiments by optical pumping
and probing, and we also perform numerical simulations to elucidate the transient deformations and strain fields,
which point to the hole-area modulation being the dominant effect in modulation.
The sample consists of 1 mm thick glass coated with a 40 nm gold film in which square holes (side 250 nm
and pitch 710 nm) were created by electron lithography in a square lattice, as shown by the scanning electron
micrograph (SEM) in the inset of Fig. 1(a). This sample shows EOT in the near-infrared region.
GHz acoustic vibrational modes in this 2D EOT structure are excited by optical pump pulses at wavelength
415 nm, and the modulation of the transmitted probe-pulse light intensity is detected at a wavelength of 770 nm.
We plot in Fig. 1(a) by the dashed blue line the normalized modulus of the temporal Fourier transform (FT) of
the measured transmitted intensity change. The optical pulses are delivered by two synchronized Ti:Sapphire
lasers, and the orientations of the linear polarization are set perpendicular to one another and aligned along two
symmetry axes of the square-hole array.

Fig 1: (a) Magnitude of the temporal FT of the experimental relative transmission intensity change (blue
dashed line) and simulation of the relative hole-area modulation (green solid line). (b) Simulated
deformation fields at 4.6 GHz. X and Y are in-plane coordinates, whereas Z is the out-of-plane coordinate.

We also performed numerical simulations to reveal the vibrational strain distributions in the EOT structure
in order to elucidate the acoustic modulation of the transmitted light. Six vibrational modes, involving the
opening and closing of the holes, could be identified from temporal Fourier transforms (FT) of the relative area
change in the square-hole apertures, as shown in Fig. 1(a) by the solid green line. We show in Fig. 1(b) as an
example the displacement and deformation fields for the third resonance indicated by peak (3) in Fig. 1 (a).
Analysis of the average volumetric strain over the glass regions in the open holes suggests that it is the
hole-modulation that provides the dominant contribution to the transmitted intensity modulation. Applications of
this research include novel ultrafast acousto-optic modulators.
REFERENCES
1. T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A. Wolff, Extraordinary optical transmission
through subwavelength hole arrays, Nature, Vol. 391, No. 6668, 667–669, 1998.
2. H.-T. Chen, H. Lu, A. K. Azad, R. D. Averitt, A. C. Gossard, S. A. Trugman, J. F. O’Hara, and A. J. Taylor
Electronic control of extraordinary terahertz transmission through subwavelength metal hole arrays, Opt.
Express, Vol. 16, No. 11, 7641–7648, 2008.
3. W. Gao, J. Shu, K. Reichel, D. V. Nickel, X. He, G. Shi, R. Vajtai, P. M. Ajayan, J. Kono, D. M. Mittleman,
and Q. Xu, High-Contrast Terahertz Wave Modulation by Gated Graphene Enhanced by Extraordinary
Transmission through Ring Apertures, Nano Lett., Vol. 14, No. 3, 1242–1248, 2014
4. L. L. Guyader, A. Kirilyuk, T. Rasing, G. A. Wurtz, A. V. Zayats, P. F. A. Alkemade, and I. I. Smolyaninov
Coherent control of surface plasmon polariton mediated optical transmission, J. Phys. D: Appl. Phys., Vol.
41, No. 19, 195102, 2008.
5. D. Gerard, V. Laude, B. Sadani, A. Khelif, D. V. Labeke, and B. Guizai, Modulation of the extraordinary
optical transmission by surface acoustic waves, Phys. Rev. B, Vol. 76, No. 23, 235427, 2007.
6. S.-C. Yang, H.-P. Chen, H.-H. Hsiao, H.-C. Chang, and C.-K. Sun, Near-field dynamic study of the
nanoacoustic effect on the extraordinary transmission in gold nanogratings, Opt. Express, Vol. 20, No. 15,
16186–16194, 2012.
7. R. Ulbricht, H. Sakuma, Y. Imade, P. H. Otsuka, M. Tomoda, O. Matsuda, H. Kim, G.-W. Park, and O. B.
Wright, Elucidating gigahertz acoustic modulation of extraordinary optical transmission through a
two-dimensional array of nano-holes, Appl. Phys. Lett., Vol. 110, No. 9, 091910, 2017

Steering topological surface lasers
B. Bahari, J. Park, F. Valini, R. Tellez-Limon, A. Kodigala, T. Lepetit, Y. Fainman, and B. Kante*
Country Department of Electrical and Computer Engineering, University of California San Diego, La Jolla,
California 92093-0407, USA
*
bkante@ucsd.edu
Abstract- We demonstrated topological steering of light sources in which the phase offset to steer
the beam is provided by Floquet-Bloch phase in periodic structures. It was shown that in periodic
structures there exist singular states in the radiation region of the band diagram that exhibit
diverging quality factor, which is useful for light source cavities. The existence of these singular
states are topologically protected, and their momentum are very sensitive to any small uniform
perturbations. Our experimental demonstrations open new paradigm in the implementation of light
steering with applications in data communications, bio imaging and sensing.
Bound States in Continuum (BIC) introduced shown by Von Neumann and Wigner can be achieved in
periodic photonic arrays above the diffraction limits where leaky out-going waves interfere destructively
resulting in complete confinement of the optical mode inside the structure [1] and has been demonstrated in
various passive structures [2-4]. It is possible to achieve low threshold BIC Surface Emitting Lasers (BICSEL)
with small foot-prints. BIC points are topologically robust in reciprocal space, meaning that by changing some
physical parameters of the cavity they can displace in the reciprocal space [5]. This topological dependence of
the BIC points enables the tuning of the lasing beam direction in real space by using the same platform.
Moreover, BIC points are the polarization vortex center in the reciprocal space. Basically, polarization of the
surface laser operating at the BIC point is the superposition of the all neighboring polarizations making a
polarization vortex in the real space.
In this work, we designed and fabricated such cavities to show tunable topological light sources that can lase
with any arbitrary angle with many degrees of freedom on controlling the angle and number of the lasing beams.
Fig. 1a shows the schematic of the structure, which is a PhC slab made of InGaAsP material on top of glass with
PMMA resist interlayer in between and inside the holes. As depicted in the band diagram of the structure (Fig.
1b), there are three modes, with two of them double degenerate modes at Γ. All of the modes have BIC points
one of which has BIC always at Γ point (symmetry protected mode) while for double degenerated modes, BIC
points are off-Γ (resonantly trapped modes) and their position can be tuned by varying the radius of holes. Off-Γ
BICs can move in the band diagram in such a way that they can either go toward the Γ point to annihilate or
toward the Brillouin zone edges [5]. These modes can be utilized to design a PhC cavity that lases with an angle
as demonstrated in the following. Fig. 2 shows the wavelength scaling by varying the radius of holes. For radii
smaller than R=265nm there are one symmetry protected and two resonantly trapped BICs, while for radii larger
than 265nm, the two resonantly trapped BICs annihilate and disappear. As we explained in ref. 6, the resonantly
trapped mode lases first before the symmetry protected mode (band-edge mode). Therefore, below the radius of
265nm resonantly trapped modes will lase but with different pump thresholds and wavelengths while after this
radius symmetry protected mode is the only mode with large quality factor and thus lases. In Fig. 2, solid points
are the measurement results, which show lasing at two different wavelengths tracking BIC point along ΓX and

Fig. 1. a) Schematic of the laser cavity made of InGaAsP PhC slab with square lattice of holes filled by PMMA. PhC slab bonded to
a glass by using PMMA interlayer and cladding is air. Thickness of the slab and the periodicity are 300 nm and 950 nm, respectively. b)
Band diagram and c) quality factor of the structure shown in (a) for the radius of holes equal to 200 nm.

Fig. 2. Wavelength scaling of the structure shown in Fig. 1a as a function of the radius of the holes for symmetry protected and
resonantly trapped modes. Solid lines are simulation results and solid points are measurement results. Horizontal lines indicating the error
bars for each experimental result.

ΓM directions at smaller radii and lasing at symmetry protected mode at larger radii. We have demonstrated
a new type of topological light source in periodic structures that enable steering of the lasing beam in any
arbitrary directions depending on the geometrical parameters of the system. In our structure, below the radius of
265nm there are two different modes that can lase at two different lasing thresholds and wavelengths, which can
easily be control by using pump power or frequency filters, while above that radius there is just the symmetry
protected mode that lases. This novel topological light source opens new doors to design functional and tunable
lasers.
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Abstract-We numerically design and experimentally demonstrate ultra-sharp (FWHM
6 nm)
and tunable lattice plasmon and Fano-type resonances using plasmonic nanopatch devices, where
diffractive coupling of the out-of-plane electric dipoles plays a primary role. Systematic
spectroscopic ellipsometry measurements reveals exotic potentials of the investigated nanopatch
devices for polarization engineering and enhanced light matter interactions.
Metallic nanoresonators by leveraging the coherent oscillation of free electrons, known as the localized
plasmon resonance (LPR), provide spatial resolution beyond the diffraction limit [1]. While diversity of
available metals and designs allow accurate control over the spectral location of resonance in plasmonic
platforms, the control over the resonance linewidth is in fact challenging. Intrinsic Ohmic loss and radiation loss
are the primary effects responsible for the fast detuning and also the broad (~ 50 nm) linewidth of plasmonic
resonances. A number of practical strategies for loss management in plasmonic systems have been pursued. One
approach is to utilize dark subradiant plasmonic modes, featuring damped net electric-dipole that weakly radiate
to far-field photons. Fano-interference is another technique to terminate radiation loss [2]. From a different
perspective, lattice plasmons (LPs), owing to the simultaneous reduction of the radiative and Ohmic losses, have
attracted growing attention. The LPs take advantage of in-plane dipolar coupling of the scattered light from
plasmonic arrays, providing narrow resonances at wavelengths approaching inter-particle distances. This
phenomenon was first reported as Wood’s anomaly and was explained as the transition of grating orders from an
evanescent state to a radiative state [3].
In this study, we demonstrate exceptionally narrow (FWHM ≈ 6 nm) lattice plasmon modes using twodimensional nanopatch arrays (Figure 1(a)-(b)). In our approach, the z-component of the excitation electric-field
(Figure 1(c)) induces out-of-plane electric-dipoles inside the nanocubes through which, the diffractive coupling
of the incident light to the array becomes possible. Our angle-resolved spectroscopic ellipsometry, Figure 1(d),
shows fine tuning of the LP resonance wavelength over an ~ 80 nm range, which is more than 10 times larger
than the FWHM of the narrowest measured lattice mode. These modes are only achievable through TMpolarized excitations since TE-polarized light lacks out-of-plane electric-field component (Figure 1(c)). The
nanopatch arrays studied here are periodic structures comprised of 30 nm-thick gold (Au) nanocubes separated
from a backside Au film by an 8 nm-thick alumina (Al2O3) film. The interplay between the induced out-of-plane
dipoles and image dipoles (formed inside the Au film) enables formation of such narrow resonances using only
30 nm-thick nanocubes. This is in sharp contrast to previous reports [4] where excitation of narrow resonances,
based on out-of-plane dipoles, demands very thick (> 100 nm) metallic nanostructures.
Our utilized plasmonic nanopatch structure, owing to the large refractive index contrast at the nanopatch

edges, supports a second resonance mode (the broad resonance on the longer wavelengths) that is identified as
the sub-diffraction Fabry-Pérot (FP)-like mode. In a new design, we prepare the ground for spectral proximity of
the subradiant LP and the super-radiant FP modes, which leads to tunable Fano-type lineshapes through
interference (Figure 2). Thanks to the polarization sensitivity of the demonstrated LP and Fano-type resonances,
the proposed structure reveals great potentials for manipulation of polarization state upon reflection of light from
the array. Furthermore, incorporated spacer layer into our designed device can be immediately replaced by a
material of interest for various applications seeking plasmonic-enhanced light-matter interactions (e.g.,
plasmonic lasing and harmonic generation).
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Figure 1. (a) Schematic of the plasmonic nanopatch array. (b) Representative SEM image of the fabricated twodimensional array (L = 100 nm, P = 250 nm). (c) Designation of polarization states and electric field components
of excitation light. (d) Spectroscopic ellipsometry measurements. In this panel we plot ratio of the reflection of
TM-polarized light (!!!" ) to that of TE-polarized light (!!!" ) at various excitation angles (45° to 75°) with step
size of 2°. The tunable and sharp resonance at the shorter wavelength and the broad resonance at longer
wavelength are identified as LP and Fabry-Perot (FP) modes, respectively.
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Figure 2. Demonstration of Fano-type resonance in spectroscopic ellipsometry measurements. Here, we use an
array with larger period (L= 100 nm, P = 350 nm) in which the spectral vicinity of LP and FP modes allows for
effective interference of the modes and generation of Fano lineshapes.
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Abstract- It is shown that the peak in UV-region (205-235 nm) of absorption spectrum corresponds to
the scattering on clusters and nanoparticles (NPs) of Ag. For samples of sol of Ag particles at
deficiency in reducing agent (0.5 % PVA) the peak at 290 nm corresponding to Ag clusters is
determined. The size and dynamics of formation of clusters and Ag NPs substantially depend on such
factors as UV-radiation and acoustochemical influence.
Polymer composites containing Ag NPs are of special interest for obtaining new nanostructural materials and
creation of devices on their basis, thanks to the unique properties of Ag NPs.
In spite of a large number of works in this area, the dynamic of formation of clusters and Ag NPs in a
colloidal system and a polymer matrix at UV-radiation and acoustochemical influence is not sufficiently studied.
The purpose of present work is to determine the influence on the Ag NPs size and dynamic of their formation of
such factors as UV-radiation and ultra-sound (US) treatment and also the change of the concentration of PVA –
stabilizer and reducing agent for Ag particles.
Using spectroscopy in UV and visible spectral regions, atomic-force microscopy (AFM) and method of
dynamic light scattering (DLS) the dynamics of Ag particles growth and their size distribution in 10 % polyvinyl
alcohol (PVA) composition, PVA-film and sol are established.
Immediately аfter homogenization the Rayleigh scattering spectrum of PVA-composition with Ag was
obtained. In our experiments we have observed the peak with λ max = 233 nm caused by the scattering of
UV-radiation on the clusters (~ 0.5 nm) and Ag NPs (1-10 nm). The SPR-absorption band (390-560 nm)
corresponding to Ag NPs did not appear at that.
Figure 1 – Spectra of PVA-composition with Ag
particles after UV-radiation.
A – UV-influence during 1 h (λ max = 227 nm, A = 0.6,
and λ max = 470 nm, А = 0.55).
B – repeated treatment by US (during 1 h) after
UV-radiation.

Acoustochemical influence causes the destruction of the clusters and Ag NPs, and the level of this destruction
depends on the content of PVA in the composition. So, for example, at 10 % content of PVA under the influence
of US full destruction of Ag particles takes place, and at 0.5 % – partial destruction.
After UV-radiation the formation of Ag NPs occurs and there appears deformed (asymmetric) SPR-band at

λ max = 470 nm (Figure 1). The form of SPR-band indicates that the distance between NPs in PVA-composition is
several tens of nanometers, i.e. electromagnetic interaction between Ag NPs becomes essential.
The additional repeated treatment by US increases SPR-absorption and, consequently, the quantity of Ag NPs.
After comparison of spectra of the sample exposed to UV-radiation and the sample wherein Ag ions reduction
takes place only due to PVA-matrix, it is possible to conclude that:
1) for both samples the peak of scattering and SPR-absorption band are observed;
2) SPR-absorption band (395-500 nm) is formed in the sample without UV-influence;
3) due to UV-radiation the acceleration of Ag reduction on the clusters occurs.
Dynamics of SPR-absorption growth is given in Figure 2.

Figure 2 – Spectra of PVA-films with Ag particles after 6, 8, 15 days (а) and 22, 36 days (b).
The right scale is the normalized extinction, magnification by 8 times.
1 – PVA-film with Ag after UV-US-treatment (peak of scattering with λ max = 206 nm, SPR-absorption band
with λ max = 424 nm); 2 – PVA-film wherein the reduction of Ag+ occurs only due to PVA-matrix.

At formation of the film Ag clusters and then NPs are intensively formed from Ag ions what is confirmed by
the growth of scattering UV-peak. SPR-absorption band of PVA-film corresponding to Ag NPs with the size of
40-45 nm (λ max = 424 nm) becomes symmetric, here the plasmonic absorption prevails over the scattering
(Figure 2b). During first 15 days in the sample that was not subjected to UV-US-treatment the value of
SPR-absorption is smaller then UV-peak, i.e. the major part of Ag is still in a form of ions (Figure 2а). But after
22 and 36 days (Figure 2b) the dynamics of growth changes, namely, the sample without treatments shows larger
value of SPR-absorption. At the change of aggregate state from PVA-composition into the film the
hypsochromic shift is fixed for maximum of SPR-absorption (Figures 1 and 2).
If there is not enough reducing agent (0.5 wt.% PVA), the stable sol containing the clusters and Ag NPs is
obtained. The peak at 290 nm corresponds to Ag clusters. For sol sample SPR-band with maximum absorption at
490 nm corresponds to Ag NPs with average size of 80 nm. NPs size estimated by λ of SPR agrees with AFM
images. According to the DLS method, the diameter of Ag NPs surrounded by ligand shell amounts to 220 nm.
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Abstract: We present evidence of the existence of exceptional points (EPs) in three-dimensional
(3D) plasmonic nanostructures. The systems are composed of coupled plasmonic nanoresonators
and can be judiciously driven to EPs by controlling symmetry-compatible modes.
Plasmonics and its applications have garnered ample attention over the years. These applications range from
chemical and biological sensors to enhanced photovoltaics [1-2]. We design 3D plasmonic structures with
exceptional point (EP) singularities. Exceptional Points (EPs) are singularities of open systems where at least two
complex eigenmodes coalesce [3]. They manifest themselves by the simultaneous degeneracy of both resonant
frequencies and linewidths. These points are highly sensitive to external perturbations as even a tiny variation will
lift the degeneracy and cause splitting of both resonant frequencies and linewidths. These results make it possible to
envision a highly sensitive molecular sensor.
A plasmonic system based on multiple coupled plasmonic bars, depicted in Figure 1(a), is considered. The
dimensions of an individual gold bar are chosen such that the dipolar resonance falls in the optical domain at a
wavelength of 1.55 µm. Placing these gold bars in close proximity hybridizes their individual plasmon modes into
multiple system modes with different symmetries as shown in Figure 1(b) [4-6]. Here, the instantaneous charge
profiles of each mode are depicted for a plane wave excitation with the electric field along the length of the bars.
The spectral locations of these hybridized plasmon modes can be tuned by spatially shifting one bar in relation to the
other two. Essentially, we break the symmetry of the overall shift-bar system by shifting one of the bars. Here, we
chose to shift the middle bar by an amount ‘dx’.

Figure 1: (a) Unit cell setup of plasmonic gold bars with a dielectric (SiO2) spacer given in blue with dimensions: L=450 nm,
W=50 nm, t=40 nm, Py=400 nm, Px=800 nm, hsub, dx (variable). The gold bars are described using the Drude model with a
plasma frequency (ωp=1.367x1016 rad/sec) and collision frequency (ωc=6.478x1013 rad/sec) based on values from Ref. [5]. (b)
Energy-level diagram describing the plasmon hybridization in the shift-bar system with three modes: ωA, ωB, ωC where ωA > ωB
> ωC for dx=0. ω0 is the resonances of an individual bar.

Initially at no shift, mode A, ωA, has charge in all the bars oscillating in-phase and mode C, ωC, has charge in all bars
oscillating out-of-phase while mode B, ωB, has no field in the middle bar as seen in Figure 1(b). As such, mode A
resides at a higher energy (higher frequency) due to all repelling forces and mode C resides at a lower energy (lower
frequency) as a result of repelling forces.
We now examine the effect of shifting the middle bar in the x-direction on all three modes of the plasmonic system.
As the middle bar is progressively displaced, the repelling forces associated with mode A weaken to become
attractive. Similarly, the attractive forces of mode C weaken to become repulsive. Lastly, the coulomb forces
associated with mode B remain constant with shift as there is no field present in the bar. This behavior is observable
from the resonances of the system as seen in the figure below.

Figure 2: Resonance information in the form of complex poles extracted from scattering parameters and plotted as a function of
shift dx (middle bar) (a) Resonance frequency of modes A, B, C and higher order mode D plotted as a function of shift ‘dx’ and
their corresponding (b) linewidths. There is observable coupling between neighboring modes that share a symmetry, i.e., mode A
with C at dx = 350 nm and mode A with D at dx = 80 nm. Mode B (green) is unperturbed by both the shift and neighboring
modes due to its symmetry. Coupling of modes A (red) and C (blue) leads to an EP singularity where the two modes coalesce.

We see that mode A (red) moves to lower frequencies with shift and mode C (blue) moves to higher frequencies
with shift, whereas mode B (green) remains unperturbed [6]. Modes of similar symmetry couple, that is, mode A
couples with C at dx=350 nm and mode A with D at dx=80 nm. With additional parameter tuning, the coupling
between mode A and C lead to an EP singularity where the two modes coalesce to have the same complex resonance
(resonance frequency and linewidth) and eigenvectors. An EP can also be realized in systems with more plasmonic
resonators.
We have demonstrated the existence of exceptional points in a three-dimensional system of coupled plasmonic
nanoresonators at optical wavelengths (near-IR). Furthermore, the general approach proposed in designing EPs can
be used to construct EPs of higher order in physical systems where more than two modes coalesce.
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We report on design, fabrication, and characterization of high-Q metasurfaces and their
multispectral response at near infrared frequencies. The metasurfaces perforated with an array
of overlapping annular and rectangular apertures support fundamental and higher order
plasmonic resonances which result in high-Q response at mid-infrared frequencies. We show
that spectral response of the metasurface can be tuned to a great amount by judicially
engineering the hybridization of plasmon resonance in metasurfaces. We then perform the
surface enhance infrared spectroscopy of PMMA and solution-processed hybrid organic–
inorganic perovskites (HOIPs) with the formula CH3NH3PbI3 using high-Q metamaterial
cavity. We show that infrared absorption of extremely weak vibrational modes can be
enhanced using well designed high-Q resonances.
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Abstract— One-dimensional photonic crystals are made of multi-layers of diﬀerent dielectric
materials with periodic arrangement. Such photonic crystals support surface waves at their interfaces as well as waveguide modes guided by individual constituent layers. This study examines
the diﬀerences and similarities between the two types of modes. The diﬀerentiation is necessary
to fully exploit the promise of photonic crystals in integrated optics.

1. SUMMARY

The interface of a one-dimensional photonic crystal (PC) and a homogeneous material supports
surface waves [1, 2, 3], as shown schematically in Fig. 1. If the homogenous material is a metal,
surface waves are called surface-plasmon-polariton (SPP) waves [2, 3, 4]. The surface waves are,
by definition, independent of the thickness of the partnering materials on both sides of the guiding
interface, beyond the critical thickness required to localize the the surface waves. In addition
to the surface waves, the waveguide modes can also be guided by the planar layers in a PC, as
is schematically also shown in Fig. 1. This figure shows one such waveguide, which is the most
important one with respect to the surface waves that are also guided by the same metallic interface.

Figure 1: (Left) Schematic geometry of the metal/PC interface showing the guiding of the surface waves.
(Right) Schematic geometry of the asymmetrical waveguide formed by the first layer adjacent to the homogeneous material.

The most important feature of the SPP waves guided by an interface of a metal and a onedimensional PC is the multiplicity of the surface waves, i.e., more than SPP waves of both the pand s-polarization states with diﬀerent phase speeds, spatial profiles, and degree of localization to
the metal/PC interface can be excited. This has been shown theoretically [3] and experimentally
[4].
Why do we get multiple SPP waves with metal/PC interface? This work was undertaken to
address this question. The hypothesis is that the waveguide eﬀect gives rise to multiple SPP
waves. As representative results, the real and imaginary parts o f the relative wavenumbers κ/k0
of the multiple SPP waves that can be guided by the metal/PC interface are given in Fig. 2.
For comparison with one set of the waveguide modes, the real and imaginary parts of the relative
wavenumbers β/k0 of the waveguide modes supported by the first layer adjacent to the metal are
given in Fig. 3.
A comparison of the results in Figs. 2 and 3 shows that, except for p1 branch of SPP waves,
all SPP-wave branches have their counterpart in the waveguide modes. Each SPP-wave branch

Figure 2: SPP waves: (left) Real and (right) imaginary of parts of the relative wavenumbers κ/k0 of SPP
waves as a function of the period Λ = 2d1 = 2d2 of the PC shown in Fig. 1.

Figure 3: Waveguide modes: (left) Real and (right) imaginary of parts of the relative wavenumbers β/k0
of the waveguide modes as a function of the thickness d1 of the dielectric waveguide shown in Fig. 1.

is diﬀerent from the counterpart waveguide branch for small values of d1 ; however, it approaches
the waveguide branch as d1 increases. This shows that waveguide modes play a role in generating
multiple SPP waves guided by the metal/PC interface. This will be further elucidated by comparing
the field profiles of the SPP waves and the waveguide modes. Furthermore, this phenomenon will
be explored for Tamm waves as well that guided by an interface of a PC with a homogeneous
dielectric material.
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Abstract— By applying power conservation law to absorption cross section, allowable scattering coefficients for any passive electromagnetic scatterers are shown in a phase diagram regardless
of geometry, structures, material dispersion and extrinsic operating frequency. This phase diagram not only provides a complete information for energy assignments through radiation loss
(scattering cross section) and dissipation loss (absorption cross section), but also o↵ers a clear
understanding of all possible extrinsic states. Based on this diagram, we propose a systematic
method to design field-controllable devices at subwavelength scales.

In the last decades, passive receivers or scatterers with exotic phenomena have been extensively
studied in various wave subjects, from electrodynamic waves, acoustic waves, to quantum matter
waves. In particular, invisible cloaking, coherent perfect absorbers, and compact resonant scatterers
are revealed with non-trivial scattering solutions [1, 2, 3, 4]. It is undoubted that the concepts
behind these structures are relied on our understanding of scattering phenomena. In this work, we
propose a phase diagram to revisit these fundamental light scattering processes, with a systematic
approach to design functional scatterers.
When incident power is absorbed by passive objects, it would be non-zero in absorption cross
section, i.e., abs > 0. With this condition and applying the electromagnetic multi-pole expansions
to sources-free Maxwell equation in a surrounding environment, the absorption cross section can
(T E,T M )
be compactly written in an infinite series connected with complex scattering coefficients Cn
,
abs(T E,T M )
n

(2n + 1)
2⇡

⌘

2

(Re{Cn(T E,T M ) } + |Cn(T E,T M ) |2 )

0.

(1)

Here, T E and T M represent transverse electric and transverse magnetic modes, respectively. By in(T E,T M )
(T E,T M )
(T E,T M )
troducing a phasor representation for scattering coefficients Cn
= |Cn
| exp[i✓n
],
one can introduce a phase diagram for passive scatterers, defined by amplitude square and phase
of scattering coefficients for each channels. Then, with the inequality shown in Eq. (1), we reveal
(T E,T M )
all allowable scattering solutions Cn
in the phase diagram, i.e., the colored region illustrated
in Fig. 1(a).
The finding here is to provide a complete energy information for each channels of TE and
TM modes. It shows the maximum value of absorption power is bounded for each channels,
corresponding to cancellation of outgoing radiation, i.e., coherent perfect absorption [4]. Another
interesting result to be seen from the phase diagram is that, along the constant absorption power
contour, the scattering objects could have di↵erent scattering signals. This is a useful result to
manipulate a subwavelength device with a low scattering field but without sacrificing any energy
absorption. In order to further control light responses based on this phase diagram, we introduce
(T E,T M )
(T E,T M )
(T E,T M )
two auxiliary parameters: ↵n
and n
, into the scattering coefficients Cn
=
(T E,T M )
(T E,T M )
[1 + i(↵n
+i n
)] 1 , as shown in Fig. 1(b).
As the incident wavelength is much larger than optical length of scattering objects, the electrostatic approximation can always provide a good model to describe its radiation. In this scenario,
the corresponding scattering coefficients for two-layered structures in a shape of sphere can be
found in the analytical form:
(T M )

↵1

+i

(T M )
1

=

3 3 2 3 (1
2(2⇡a)3 3 (✏s

✏s )(✏c ✏s ) (2 + ✏s )(✏c + 2✏s )
.
✏c )(2✏s + 1) + (1 ✏s )(✏c + 2✏s )

(2)

Here, is the operating wavelength, a is the size of our system, is the ratio of the core radius to
the size of system, ✏s is shell permittivity, and ✏c is core permittivity. Once the trajectory is chosen

Figure 1: (a) The phase diagram for passive scatterers. The normalized absorption cross section is bounded
(T E,T M )

(T E,T M )

within [0, 0.25]. (b) Trajectories illustrated by two auxiliary parameters ↵n
and n
. Here, the
black-curves represent constant absorption powers. (c-h) The corresponding dielectric constants to satisfy a
given radiation response [5]. Solid curves are obtained from analytical solutions. Dashed curves are obtained
from numerical calculation of exact Mie theory. Parameters used are: (c-d), ✏s = 3.12, a = /24 and = 0.9;
(e-h), ✏c = 5, a = /24 and = 0.9.

from the colored region in our phase diagram, the corresponding material parameters, ✏s and ✏c ,
can be easily traced back through Eq. (2), which support the required scattering responses, see
Fig. 1 (c-h) [5]. Based on phase diagram, our proposed architecture provides a compact way to
design devices with required field responses. Obviously, the phase diagram would largely simplify
the complicated light scattering phenomena.
In summary, we introduce a phase diagram as a compact tool to link the scattering and absorption powers for each channel. With the supported trajectories in the phase diagram, we reveal a
systematic way to find out a variety of solutions in the composited materials to possess the same
absorption power.
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Abstract- One of the tools which is used for investigations of various interfaces, especially in the in
situ conditions, is shell-isolated nanoparticle-enhanced Raman spectroscopy – SHINERS. In this
contribution we tested decahedral and prismatic silver nanoparticles containing a large number of
sharp apexes and edges as nanoresonators in SERS and SHINERS measurements. We found that the
SERS enhancement factors obtained in the experiments with such anisotropic nanoparticles are ca. one
order of magnitude larger than in similar experiments with spherical nanostructures.
SHINERS measurements were introduced by Tian et al. in 2010 as the new approach to analyze various
surfaces1. In this method Raman spectrum was measured from an investigated substrate covered with gold
nanopartciles protected by a thin layer of silica or alumina. Gold nanoparticles act as electromagnetic
nanoresonators, significantly enhancing electric field of the incident electromagnetic radiation and hence leading
to large increase of the Raman signal from studied surface. The inert shell separates metal cores from direct
contact with probed molecules and keeps them from agglomeration. Therefore, such systems might find more
analytical applications, also for living cells.
In this work, we report the synthesis of decahedral and prismatic silver nanoparticles with silica layer which
are very new type of SHINERS nanoresonators with many sharp apexes and edges. We also show their
application for Raman studies of some molecules and yeast cells.
To synthesize decahedral and prismatic silver nanoparticles we used methods developed by Kitaev et al. and
Mirkin et al. respectively 2,3. Obtained nanoparticles had mainly decahedral or prismatic shape with average size
of 43 and 49 nm respectively. To create silica layer on obtained nanoresonators we used method developed by
Mirkin et al. 3.
To compare decahedral and prismatic nanoparticles with spherical nanoresonators we carried out Raman
measurements for monolayers of 4−mercaptobenzoic acid (PMBA) deposited on Pt and covered with various
nanoresonators (see Fig. 1). As can be seen from Figure 1, nanoparticles with sharp edges enhance Raman signal
about one order of magnitude more effectively than spherical nanoresonators.
Decahedral-Ag@SiO2 nanoparticles have been tested in SHINERS measurements of monolayers of PMBA
on Pt and in measurements of model biological samples. Figure 2 shows Raman spectra of Saccharomyces
boulardii (yeast) cells before and after deposition of decahedral-Ag@SiO2 nanoparticles. As can be seen in this
Figure, in the Raman spectrum recorded with the decahedral-Ag@SiO2 nanoparticles many Raman bands (e.g.,
at 1135, 1315, 1346, 1456, 1611, 1665 cm 1) can be clearly identified, whereas in a case of the Raman spectrum
recorded without nanoresonators it is very hard to distinguish these bands from the noise.
−

Figure 1. Raman spectra of monolayer of 4-mercaptobenzoic acid on the platinum surface before deposition of
silver nanoparticles (black line) and covered with the spherical (red curve), decahedral (green curve) and
prismatic nanoparticles (blue line).

Figure 2. Raman spectra of Saccharomyces boulardii cells without nanoparticles (black curve) and after
addition of decahedral-Ag@SiO2 nanoparticles (red curve).
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Abstract - The interaction of slow surface plasmon polariton waves of far-infrared regime with an
electric current induced in the graphene deposited on the boundary between a semiconductor film
and dielectric substrate is investigated. It is shown that under the phase matching condition, when
phase velocity of a surface plasmon polaritons approaches the drift velocity of charge carriers in
graphene, a surface wave can be substantially enhanced by the drift current in graphene.
А surface plasmon polariton in planar structures is an electromagnetic excitation that propagates along the
surface of conducting and dielectric media. In contrast to optical beams propagating in three dimensions, surface
plasmon polariton is a surface electromagnetic wave, whose electromagnetic field decays exponentially with
increasing distance from the interface into each medium. However, ohmic losses are inherent to all plasmonic
structures so that further development of integrated plasmonics requires implementation of efficient loss
compensation techniques and amplification of surface plasmon polariton waves.
In this work we propose a surface plasmon polariton amplification mechanism due to energy transfer from
an electron drift current wave propagating in graphene into a far-infrared slow surface electromagnetic wave
propagating along a semiconductor-dielectric boundary in waveguide geometry. A necessary condition of the
interaction of these waves is phase matching condition, when the phase velocity of the surface wave approaches
the drift velocity of charge carriers in graphene. The current in graphene can be considered to be localized at the
interface of the media, which also provides an effective
interaction of drift current and a surface wave. It is shown that
in the spectral region of the surface plasmon polariton
slowing-down its amplification coefficient can reach values
substantially exceeding the ohmic loss coefficient of the
surface wave in the structure (shown by the color area in Fig.).
Moreover, the amplification coefficient can be varied with the
applied voltage through the change of the drift velocity.
This work was supported by the Ministry of Education and
Science of the Russian Federation (Project 14.Z50.31.0015,
State Contracts 3.3889.2017, 3.7614.2017/П220 and
3.5698.2017/П220), Russian Foundation for Basic Research
(Project 17-02-01382).
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Abstract - The evolution of intensive surface plasmon polariton waves in a metal film-dielectric
substrate structure is investigated taking into account absorption properties of metal. The
transformation of slightly modulated plasmon polariton wave into a sequence of surface pulses due
to modulation instability effect in a structure with amplification is demonstrated.
In this work, the model of modulation instability (MI) of an intensive surface plasmon polariton (SPP) wave in a
thin metal film with Kerr nonlinearity is developed. The main feature of this model is that some spatial
harmonic perturbations of the SPP wave can be unstable due to the nonlinear optical properties of metal film.
Under the influence of MI, the initially weak perturbations grow quickly in time leading to spatial redistribution
and longitudinal localization of the SPP energy on the subwavelength scale. However, losses in metal play an
important role in plasmonic processes and can lead to reducing of nonlinear effects manifestation. Results of our
numerical simulation confirm the necessity for loss compensation and amplification of SPP waves in structure.
The dielectric substrate is considered to be active, which provides enough gain to compensate for the losses
in the metal. For this case it is shown that during a time interval of a few picoseconds the modulated SPP wave
is transformed into a train of pulses due to nonlinear effects. In the case of the film thickness of 10 nm the
pulsation frequency equals 0.2 THz, the duration of each pulse is less than 0.5 ps (Fig. 1). One can see that the
time period of SPP wave evolution is picoseconds, and at certain moments the local intensity increases several
times in comparison with the initial SPP wave (10-2 W/m2).
This work was supported by the Ministry of Education
and Science of the Russian Federation (Project
14.Z50.31.0015,
State
Contracts
3.3889.2017,
3.5698.2017/П220), RFBR (Project 17-02-01382).
Fig. 1. Evolution of the SPP wave intensity in silver film of
thickness 10 nm under condition of loss compensation; the initial
wave (at t = 0 ), modulated along x-coordinate (in bottom), time
dynamics of the wave intensity at x = 0 (left), spatial
distribution of the SPP intensity (top) at t = 14 ps . The period of
the spatial modulation approximately corresponds to the
maximum of the modulation instability gain.
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Abstract— We fabricated an optimized plasmonic metasurface on bulk semiconductor of GaAs
to improve extraction efficiency of photoluminescence (PL) emitted from embedded quantum
dots. We found that the PL intensity is approximately square to the excitation power even under
weak excitation conditions. The metal-semiconductor system is an essentially nonlinear system,
suggesting the potential for high-performance plasmon-merged semiconductor devices.

Plasmonic resonances have been expected to realize significantly enhancing e↵ects for various
materials for a few decades. Still, the definite success has been limited to a small number of cases
such as enhancements for optical signals (i.e., fluorescence and Raman scattering) from molecules
placed properly on plasmonic metasurfaces [1–6] and thresholdless plasmonic nanolasers [7].
We have explored metal-semiconductor systems, in which plasmonic metasurfaces were designed
on bulk II-VI semiconductors including quantum dots (QDs) in order to improve extraction of
the photoluminescence (PL). Figure 1(a) illustrates a plasmonic metasurface on bulk GaAs. The
metasurface is fabricated on the top and comprises a single layer of square hole array. The thickness
of Au was 35 nm. As an adhesion layer, Ti of 1 nm thickness was inserted between the Au and
GaAs.
Figure 1(b) shows a typical measured PL spectrum at room temperature through the metasurface. The periodicity was set to 250 nm in order to tune the resonance to the peak of PL spectrum.
The plasmonic resonance appears as reflectance (R) dip at 910 nm. The PL spectrum is shown
with a red solid curve and the R spectra at the normal incidence is shown with a black dashed
curve. The PL comes from InAs QDs embedded in GaAs at depth of 50 nm from the outmost
surface, as indicated by red dotted lines in Fig. 1(a). Note that a scattered laser line appeared at
1064 nm, which was double to the incident wavelength of 532 nm. The incidence was emitted by a
single-mode continuous-wave laser.
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Figure 1: (a) Schematic of on-top Au plasmonic metasurface covering on bulk GaAs, in which QDs are grown
at 50-nm depth, indicated by red dotted line. (b) Measured PL and R spectra, shown with red and black
dashed curves, respectively. (c) Dependence of the PL intensity at 912.5 nm on the mW-order excitation
power.

Figure 1(c) shows excitation-power dependence of the PL peak at 912.5 nm (red dots) and the
scattered laser line (gray open triangles). The excitation power was varied in mW order and quite
weak. However, the PL-peak intensity is proportional to P 1.9 (P : excitation power) and approximately square of P . In contrast, the scattered laser line exhibits almost linear response. Thus, we
experimentally found unconventional superlinear optical responses from the QDs even under weak
excitation. We will discuss the mechanism considering plasmonic hot-electron contributions to the
PL processes.
In conclusion, we experimentally found that the metal-semiconductor merged systems incorporating the plasmonic metasurfaces form nonlinear systems even under the weak excitation regime.
This result implies that well-designed metal-semiconductor systems substantially improve electronic
processes in optoelectronic semiconductors, opening a new route to attain plasmon-assisted highperformance semiconductor devices.
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Abstract- Artificial subwavelength structures exhibiting multiple resonances in the visible

range, known as color filters, are widely used in color printing beyond diffraction limit and
color displays. Here, we propose a new reflective color filter structure comprising of a
triangle periodic array of cross-shaped aluminum nanorods with various angles of rotation
symmetry. Flexible tunability of color in wide color gamut is demonstrated on the device
by changing the incident polarization.
Metamaterials for color generation has recently drawn great of interest for sub-wavelength printing
and new generation display due to the ability to overcome wavelength diffraction limit and reduce
complexity of multiple color printing processes [1]. Plasmonic resonances on metallic nanostructures
are normally used to realize color filters such as plasmonic transmission color filters, including additive
color filters and subtractive color filters. More recently, reflection color filters are promising due to its
potential applications and advantages of angular insensitivity and energy saving [2]. However,
reflection type of plasmonic color filter have shown color gamut not enough to illustrate vivid red,
blue, and green color. Recently, a number of approaches have been explored to find out new plasmonic
nanostructure for improving color performance [3-4]. Here, we propose a new approach to achieve
wide color distribution based on new tunable reflection type nanostructure. The device consists of a
Al2O3 dielectric layer sandwiched by a triangular periodic array of cross-shaped aluminum nanorods at
the top layer and a bottom reflector layer as depicted in Fig. 1a. The color can be actively controlled by
rotating the incident polarization or rotating the cross-shaped nanorod unit as shown in Fig. 1b. By
changing angle of incident polarization and nanorods, together with the lattice period and length of
nanorods, we can achieve wide color gamut at CIE 1931 diagram as demonstrated in Fig. 1c, which is
wider than the one recently reported in [5].
In summary, we propose a new design of plasmonic color filter, fabricate and demonstrate its color
tunability according to the incident polarization and angle of rotation symmetry of each cross-shaped
nanorod.

Figure 1. (a) Cross section of the proposed nanostructure. (b) Top view of the nanostructure with
incident light axis. (c) CIE 1931 color space of structure published in [6] and in our new design [6].
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Abstract-Loss compensation by optical gain in semiconductor media is a promising solution to the
problem of high intrinsic losses in nanoscale plasmonic structures. However, any realization of the
surface plasmon amplification scheme is unavoidably associated with the heat generation problem.
The stronger the pump, the higher heat generation. Here, we estimate the lower bound to the heat
generation rate, suggest possible thermal management solutions and discuss limits of plasmonic
circuitry.

Plasmonics offers outstanding opportunities for light manipulation at the subwavelength scale, which
enables the realization of densely integrated optical circuits for on-chip communication (Fig. 1a). However, due
to strong absorption in metal, optical signals in plasmonic structures suffer from strong attenuation. There is a
well-known tradeoff between the propagation distance and mode confinement for plasmonic waveguide
structures [1]. The use of a gain medium allows to go beyond this general law and greatly increase the
propagation distance in deep-subwavelength plasmonic structures with strong field confinement. Loss
compensation can be implemented by placing an optically [2] or electrically [3,4] pumped gain medium near the
metal surface and ensuring a high overlap with the electric field of the SPP mode (Fig. 1b). The SPP power
dissipated due to the propagation losses is resupplied by stimulated emission in the gain medium. However, only
a part of the pump energy, transmitted to the gain medium, is transformed into SPP signal, while the rest is
radiated to free space and into plasmonic modes, or, which is worse, is converted into heat. Absorption of SPP in
metal also contributes to heat generation (Fig. 1c). High heat generation power increases the temperature of the
chip, which reduces the energy efficiency of the pumping scheme and can potentially destroy the device.
In this work, we discuss a lower bound to the heat generation rate associated with the amplification scheme,
which can guarantee lossless SPP guiding [5]. Due to the high optical gain required for loss compensation in
plasmonic nanostructures with strong mode confinement, we limit our consideration to the semiconductor gain
medium, which is believed to be the best choice for such devices [6]. The contributions to the heat generation
rate can be separated into two groups. The first group is associated with the imperfections of the compensation
scheme, while the second is inherent to any plasmonic structure with gain. This second group includes heating
due to nonradiative recombination in the inversely populated semiconductor and SPP absorption in metal, which
cannot be reduced by improving the amplification scheme. We evaluate the minimum possible heating power
produced by plasmonic components with gain and its dependence on the operating light wavelength. These
results are then used to find limitations on the maximum integration density of plasmonic components and on
other characteristics of plasmonic circuits.

Fig. 1. (a) Schematic view of the on-chip plasmonic circuitry. “S” and “PD” denote SPP sources and
photodetectors, respectively. (b) Spatial distribution of the energy flux of the strongly confined plasmonic mode.
(c) Heat generation power versus SPP signal power for the electrically pumped lossless plasmonic waveguide.
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Abstract- In the contribution the plasmon resonances of mid-IR antennas fabricated on an
absorbing silicon-rich oxinitride substrate and their utilization for spatially localized absorption
enhancement of electromagnetic radiation in this substrate will be discussed. The conclusions of
this contribution are also applicable for other spectral regions where the materials exhibit strong
absorption resonances, for instance in the visible.
It has been demonstrated that interesting phenomena occur if the antennas interact through their near fields with
nearby dielectrics possessing absorption peaks or bands at specific wavelengths. This is known from a series of
works dealing for instance with intuitive models based on coupled molecular and plasmonic resonators
predicting new effects such as the transition between electromagnetically induced transparency (EIT) and
enhanced absorption [1].
We will report on the surface plasmon resonances of mid-infrared Au antennas deposited on an absorbing
silicon-rich oxinitride (SRON) layer [2], and on their utilization for enhancement of a spatially localized
absorption of IR radiation in SRON. The antenna resonances were determined from far-field IR reflection
spectra measured over a broad mid-IR range. Due to a strong coupling of localized surface plasmons with
vibration modes (optical phonons) in SRON these spectra generally show up Rabi splitting which results in two
hybrid branches of resonance wavelengths scaling nonlinearly with the antenna arm length (Fig. 1 left). The
corresponding electric field distribution is shown in Fig. 1 right. To maximize spatially localized energy
absorption in SRON, a compromise wavelength between that one related to optimum antenna resonances and the
SRON absorption wavelengths must be chosen. We stress that the principles of this method can be utilized in
other dielectric or semiconductor materials strongly absorbing in the mid-IR range, and, more generally, in other
spectral regions, including the visible (e.g. due to excitons). Hence, in addition to the spatially localized heating
the principles can be exploited in optimization of the efficiency of IR and light detectors, solar cells, biosensors
and other applications.

Figure 1: Left: Resonance wavelengths vs. antenna arm lengths (L). The red curve is yielded by the analytical
formula λres = nSRON (λres)2L. Right: The simulated spectra of the square of electric field (|E|2) (V2m-2) averaged
over a domain (with dimensions 1.2 µm x 1 µm x 110 nm) in SRON beneath the antenna gap for different
antenna arm lengths.
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single-molecule SERS to dynamic lithography
Partha Pratim Patra, Junsuk Rho
Department of Mechanical Engineering, POSTECH, South Korea
ppptra@gmail.com
Sub-wavelength control and manipulation of light is one of the most desirable issues in science and
technology. To destine this, surface plasmon polariton (SPP) plays a significant role and to harness SPP, the
nanometallic architectures have unprecedented ability to concentrate and transport light. The sophisticated and
versatile applications of SPPs mostly rely on the geometry and the arrangement of the nanostructures. Thus
innovative „preparation and assembly‟ of nanometallic architectures is crucial. Especially, by assembling the
nanostructures in a controlled way, one can deploy the plasmon-coupling for subtle modulation of light wave.
Recently, the assembly of nanostructures has opened up a promising field of research which is directly linked to
many other important subjects, e.g. biophotonic sensing, metamaterials, optical nanoscopy, thermoplasmonics,
nonlinear plasmonics, photovoltaics, catalysis etc.
Herein we present how to harness plasmofluidic field (plasmonic field in fluid) to create efficient
electromagnetic hot-spots by assembling colloidal nanoparticles to detect single-molecule SERS signals[1]. Also
we shall discuss how the extension of this technique can lead to a preamble of reconfigurable dynamic
lithography of plasmonic nanostructures at metal-fluid interface[2].

Figure 1 Schematic illustration of experimental geometry and the resulting dynamic assembly of nanoparticles.
Acknowledgements, These works are done in Photonics and Optical Nanoscopy Laboratory, Indian Institute
of Science Education and Research (IISER), Pune, India and supported by IISER, Pune and DST, India funding.
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Abstract- The reduction of HAuCl4 by molybdenum oxide nanoparticles synthesized via a simple
electrochemical anodizing of molybdenum is investigated. By mixing colloidal plasmonic
molybdenum oxide with HAuCl4 aqueous solution, the mixed turned to a red-wine color with
pronounce SPR properties. By using different analysis involving, X-ray diffraction (XRD),
transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS), furrier
transformed infrared (FTIR) spectroscopy, cyclic voltammetry, and UV-Vis spectroscopy the
colloidal nanoparticles of Au/MoOx be characterized.
Gold and molybdenum oxide belong to material category with plasmonic behavior especially when they are
prepared in nanoscale dimensions like colloidal suspensions. Plasmonic nanoparticles show pronounced
interactions with visible light caused by collective excitations of conduction electrons [1]. The unique property
of localized surface plasmon (LSPR) of nanoparticles is the mystery of its novel development in many
applications such as optical sensing [2], photocatalytic [3] and solar energy devices [4].
To obtain composites of gold-metal oxide different synthesis technique are employed such as
co-precipitation or deposition-precipitation of gold salt and support metal precursors in the presence of some
stabilizing materials and reducing agents [4]. In more cases, removal of these stabilizers and ligand substances
can be achieved using thermal and oxidative approaches, while it causes unpleasant changes in the size, shape
and crystality of nanoparticles. Comparing with thermal decomposition of gold salt [5], reducing noble metal on
a semiconductor substrates directly without any foreign reducing agents and stabilizing molecules, can lead to
nanostructures with considerably enhanced activity [6]. This paper reports the reduction of HAuCl4 by blue
molybdenum oxide nanosheets, synthesized via a facile electrochemical anodizing of molybdenum. Mixing the
colloidal blue molybdenum oxide with HAuCl4 aqueous solution in various molar ratio causes reduction of gold
salt into gold nanoparticles. To preparing different MoOx:HAuCl4 ratios (10:1, 20:1, 30:1 and 40:1), various
amount of colloidal blue molybdenum oxide were added drop by drop into 20ml of HAuCl4 aqueous solution.
We characterized samples by different conventional techniques including UV–Vis spectrometry, XRD, TEM,
XPS, FTIR and cyclic voltammetry.
Fig.1 shows the optical absorption spectra of the initial blue molybdenum oxide suspension and the HAuCl4
solution. The former one displays an optical absorption band in the range of 400–1100 nm. This absorption band
is the known characteristic plasmonic peak of molybdenum oxide containing oxygen deficiency [7]. After
addition of HAuCl4 solution into the blue molybdenum oxide, the existing blue color gradually disappears due to
oxidation of molybdenum oxide and at the same time, the suspension transforms into a pink color due to
formation of gold NPs. Optical absorption spectra revealed that localized surface plasmon (LSPR) resonance
peak of gold arises after mixing and, depending on Mo:Au ratio, the absorption peak of blue MoOx decline. At

the same time, optical band gap of molybdenum oxide increases by Au concentration indicating oxidation of
blue MoOx. Moreover, a significant shift in the location of one or two absorption peaks of molybdenum oxide
was observed which is attributed to the plasmonic behavior. For most of samples, a red shift for gold LSPR was
also observed when blue molybdenum oxide concentration is high due to its upper refraction index comparing
with that of MoO3. XPS, FTIR and cyclic voltametery showed that Mo oxidation state in blue molybdenum
oxide colloids is mainly Mo5+ and mixing with gold salt leads to formation of Mo6+ states.
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Figure 1: The optical absorption spectra of the initial blue MoOx suspension, the HAuCl4 solution and different concentrations of
Mo:Au ratio.
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Abstract
A near-zero refractive index design based on hyperbolic
metamaterials operating in the visible regime is proposed.
The structure is composed of a metal-dielectric multilayer,
where the dielectric constants are opposite in order to tune
the design for a specific wavelength and purpose. The near
zero refractive index is designed to be within the visible
range.

1. Introduction
Hyperbolic metamaterials (HMM) [1,2] have been
implemented in the design and investigation of wave
propagation behavior. They are anisotropic media created
from structures including multilayer stacks, nanorods and
hyperlenses. A similar anisotropic structure has achieved
negative refraction in the ultraviolet region [3] using
different design methods. Theoretically, similar negative
refractive media, and even collimators, could be created
systematically using a HMM approach. A considerable
challenge arises in bringing HMMs to the visible range.
Optical metamaterials have been fabricated using common
materials, such as TiO2 and Ag [4], but with very low
transmission. The goal becomes finding materials with
special properties that improve transmission and reduce loss
from reflection and absorption through careful
consideration of desired optical properties and tradeoffs.

2. Research methods
Having epsilon near zero can influence the refractive of the
structure to index near zero behavior [5]. The assumptions
made in obtaining near zero index in the optical regime is
that permeability is unity and a permittivity of zero, or
epsilon near zero (ENZ), will carry the most weight in
affecting the refractive index of the entire structure.

n= εµ

(1)

2.1. Proposed potential materials
Designing a metamaterial stack involves using two
alternately layered materials with dielectric constants of
opposite signs. An ideal pair would have their dielectric
functions change at a similar rate across a large band of
wavelengths. Available materials in the visible range do not

share this quality and must be designed for a narrow
bandwidth.
A plasmonic material should be chosen based on its
complex dielectric constant. The real part should have a
negative value that remains fairly close to zero depending
on the wavelength. A few noble metals that are commonly
used as conductors have potential. With an increasing
wavelength, however, their dielectric constant may drop too
low to be effective. This factor limits how far the
metamaterial can go from the ultraviolet range into the
visible range.
The imaginary part, or loss, of the dielectric constant
should be even closer to zero than its real part. Some noble
metals and transparent conducting oxides (TCO) have low
dielectric loss, but TCOs maintain a positive real dielectric
constant in the visible range disqualifying them as
plasmonic materials. Compared to other metals, silver has a
low dielectric loss. Despite its high dielectric constant, it is
the best candidate for a plasmonic material.
A third option for plasmonic materials would be to use
nitrides such as HfN, ZrN and TiN [6,7]. Studies into these
materials show their real dielectric constant becomes
negative halfway through the visible range from green to
red. They may act as possible substitutes for noble metals at
higher wavelengths, but available nitrides also have high
dielectric loss. If this value is too high, they won’t produce
metamaterial properties. Individual research would be
required to understand changes to the dielectric constant of
nitrides based on multiple variables presented during
different deposition methods.
The real dielectric constant of the dielectric material
should be positive and start at a value slightly higher than
the magnitude of the dielectric constant of the plasmonic
material at the chosen wavelength. This ensures that the
HMM remains a Type I HMM and allows the wave to
propagate through like an insulator [8]. Similar to
plasmonic materials, dielectric materials should have a loss
that is very close to zero. Most losses of suitable dielectrics
will have values in the micro range.
There is a point where the Type I HMM becomes a
Type II HMM as the wavelength increases [2],
characterizing HMMs as band pass filters. This crossover
occurs when the real dielectric constants of both the
plasmonic and dielectric materials are equal, ignoring sign.
As a Type II, the metamaterial takes on metallic properties,
reflecting a larger amount of light.

2.2. Structure design

near zero if the dielectric losses of both the plasmonic and
dielectric materials are low.

With silver having the lowest dielectric loss of metals for
optical applications, it is chosen as the plasmonic material.
This is confirmed from plotting the reflectance,
transmittance and absorptance of four metals with the same
thickness of 50 nm in Fig. 1 at an incident angle of 0°.
The alternating layers create a structure with
anisotropic properties. Effect Medium Theory is used to
obtain the components of permittivity in anisotropic
medium [8]. Parallel permittivity is used for x and y
components or the ordinary components in a uniaxial
crystal and perpendicular permittivity for the z component
or the extraordinary component.
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Equation (2) provides the fill fraction of plasmonic
material by setting epsilon parallel equal to zero and one of
the thicknesses as a constant in nanometers and solving for
the other thickness. The fill fraction is the ratio of the
thickness of a layer of plasmonic material compared to the
total thickness of one pair of different layers. It is also taken
as the sum of thicknesses of all plasmonic layers per total
thickness of the stack.
Using a generalized version of Snell’s law for
anisotropy, the refractive is found using Equation (4),
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where n is the refractive index of the stack [1,2,8,9].
Instead, a set of equations to solve for the angle of
refraction θ for the extraordinary angle of incidence [10],
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where θe is the extraordinary angle of refraction, ni is the
refractive index of the outside medium, θi is the incident
angle, no and ne are the ordinary and extraordinary indices
of refraction, the angle between the y axis and the optical
axis is ϕ, and θkp is the angle between the optical axis and
the wave vector at the extraordinary angle. It is later shown
that the value of no has a significant role in achieving index
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Figure 1: (a) Transmittance, (b) reflectance and (c)
absorptance for 50nm thick metals.
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2.3. Results
Comparing Equation (2) and (3), only the epsilon parallel
equation has a zero, while epsilon perpendicular has a pole.
This can be seen in Fig. 2 (a) where the zero occurs around
58% silver and in Fig. 2 (b) where the pole occurs around
42% silver. The region between the pole and zero where
epsilon parallel real is positive and epsilon perpendicular
real is negative produces a Type I metamaterial [2]. The fill
fraction where we want to produce an ENZ is at zero.
The refractive index of the stack is plotted using
equation (4) in Fig. 3. The area between 42% and 58%
silver has a refractive index close to zero. According to the
results, the best percentage of silver would be slightly above
50%. Taking into account the extinction coefficient, a better
percentage would be closer to 58% to reduce the amount of
loss. To confirm this, the angle of refraction is calculated
with equations (5), (6) and (7) for an incident angle of 20°
and plotted in Fig. 4. which shows an angle approaching 0°
around 42% and 48%, and an angle below 1° in between.
The transmittance, reflectance and absorptance of three
pairs of silver and dielectric material is shown in Fig. 5 with
the thickness of silver around 15 nm. 50% transmittance is
approximated for a 50 nm thick layer at 405 nm.

Figure 3: Refractive index.

Figure 4: Angle of refraction for an incident angle of 20°.
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Figure 2: (a) Epsilon parallel and (b) epsilon perpendicular.
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and control and possibly form negative index materials. The
simplicity of the structure increases the ease of
manufacturing and its practical use in larger fabrications.

3. Discussion

Transmittance, Reflectance, Absorptance

The final design is a multilayer stack deposited on a thin
glass substrate using a magnetron sputtering system with
thicknesses set to percentages obtained from the data above.
There are three points of interests from the results: 42%,
51% and 48% approximately.
The first percentage corresponds to the pole obtained
from the effective medium theory, but has high dielectric
loss. 51% is a common solution to achieve both epsilon near
zero and epsilon near pole (ENP), but the wavelength is set
to a narrow band based on the material characteristics. The
key variable in achieving an angle of refraction close to
zero is the value of ordinary refractive index in equation (7)
which requires an epsilon parallel close to zero. Choosing
48% silver would be the best option for 405 nm. This fill
fraction may be changed for different wavelength.
In this paper, permeability is assumed to be unity in the
optical regime, however, diamagnetic responses within
layers will lower its value [11]. Reaching zero would
require an infinite number of layers, but certain materials
have a penetration depth which will limit this and the total
thickness of the stack. Fig. 6 shows a reduced transmittance
down to 20% for the stack doubled to 6 pairs of silver and
dielectric material. Decreasing the thicknesses of individual
layers to increase the number of layers could increase the
transmittance, but it might have an adverse effect on the
refractive index of the individual layers. These thicknesses
should be chosen based on the magnetron capabilities and
the effects on the dielectric constant of the dielectric
material.
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Figure 6: Transmittance, reflectance and absorptance for six
pairs of silver/dielectric.

4. Conclusion
Using effective medium theory in combination with low
loss materials can produce an epsilon-near-zero
metamaterial stack in the visible range. An alternative to
silver with both lower dielectric constant and loss is needed
to include the higher wavelengths. It may be further altered
to form structures such as gratings to increase transmittance
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ε ||M = ε mM, s ρ M + ε dM (1 ρ−)

Abstract
Irregularities in metamaterials are usually perceived to have
detrimental impacts. Here, we demonstrate that positional
irregularities also open up an innovative way to control the
properties of interface waves between two layers of
materials.

(2)

(a)

1. Introduction
Nanowire metamaterials have attracted significant attention
due to their innovative impact on both fundamental physics
and practical applications. Particularly the discovery that
hyperbolic metamaterial functionality can be achieved by
structures with very simple geometry, such as nanorod
arrays [1] and metal-dielectric multilayers [2, 3], really
sparked the scientific interest during the past few years. It
was proposed, that one-dimensional metallic gratings
representing a simple metasurface with practically realistic
geometries, are capable of tailoring the dispersion, and thus
the propagation characteristics of surface plasmons in an
exceptional manner [4]. Here we study the influence of
irregularity on the propagation of surface waves at the
interface between two different materials.
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2. Dispersive relations and properties of the
irregular metamaterials
The structure of the metamaterial is shown in Fig.1, where
parameters d and S represent the diameter of the metallic
nanowire. All the involved media are nonmagnetic, so the
magnetic permeability of every medium is the same as that
of vacuum. In our numerical calculation, we use a metallic
or semiconductor nanowire metamaterial structure as an
example to explore the dispersive features of surface
plasmon polaritons, where

ε mM,s (ω ) = ε ∞ −

ω 2p
ω 2 + iδω

. By

means of effective medium approximation it is possible to
evaluate the effective permittivities of the nanowire
metamaterial which are described by the following
equations:

⎡ ε mM, s (1 + ρ ) + ε dM −(1 ρ ) ⎤
⎥
ε ⊥M = ε dM ⎢ M
⎢⎣ ε m, s (1 − ρ ) + ε dM (1 + ρ ) ⎥⎦

(1)

Fig. 1. Fragment of the nanowire metamaterial bounded by
either the isotropic medium (dielectric) (a) or ansotropic
medium (metamaterial) (b) along with the metmaterial unit
cell (c).
Here, subindex M refers to the metamaterial under
consideration. Moreover, ρ is the metal fill fraction ratio
which is defined as:

ρ=

nanowire area
unit cell area

(3)

A possible way to calculate the metal fill fraction (ρ) is to
obtain values for pore diameter (d) and spacing (S) and
apply the following equation with ht and sr1 being the
geometrical parameters of the hexagon in case of irregularly
positioned metamaterial (Fig. 1).

It is worthwhile mentioning, that

ht = 2S 2 +

1/2

⎛
sr12
sr12
− 2⎜ S2 +
⎜
2
4
⎝

⎞
× θ
⎟⎟ cos
⎠

⎛
⎞
⎜
⎟
⎜
⎟
M
M
M
⎜ ε d ε d a ε d − ε m, s ρ + ε d ( ρ− 1) ⎟
β = k ⎜−
⎟ , (5)
M
M
M
⎜ ⎛⎜ 2 ε d ε m, s ρ − ε d ( ρ − 1) a ⎞⎟ ⎟
⎜ b ⎜εd +
⎟⎟ ⎟⎟
b
⎜ ⎜
⎠⎠
⎝ ⎝
Where k is an absolute value of wavevector in vacuum and
β is the component of the wavevector parallel to the
,
interface
and
a = ε dM ( ρ − 1) − ε mM, s ( ρ + 1)

(

(4)

)

(

⎛
⎛ 2S ⎞ θ ⎞
× sin ⎜ arc tan ⎜
⎟− ⎟
⎝ sr1 ⎠ 2 ⎠
⎝
with θ being the irregularity angle (Fig. 1).
Under made assumptions, it is possible to derive the
dispersion relation for the surface modes localized at the
interface between two media with the left one being either
isotropic or anisotropic. In case of the metamaterial
bounded with the dielectric we evaluate the tangential
components of the electric and magnetic fields at the
interface and obtain a single surface mode with the
propagation constant [5]

)

b = ε dM ( ρ + 1) − ε mM, s ( ρ − 1) .
To analyze the properties of the surface waves at the
interface between two nanowire metamaterials, i.e.
anisotropic media, we evaluate the tangential components
of the electric and magnetic fields at the interface and
obtain a single surface mode with the propagation constant,
β. It is interesting to notice that in case of ε mL = ε mR and

ε dL = ε dR , the obtained result coincides with the dispersion
of the surface wave as follows:

⎛
ε dL ε dL + ε mL − ε dL ρ L + ε mL ρ L
⎜
β = k⎜
2
2
2
2
⎜
L L
L
L
L
L
⎜ 4ε d ε m − ε d ρ L − ε d ρ R + ε m ρ L + ε m ρ R + 3
⎝
(6)
Herein, the sub-indices L and R refer to the left and right
metamaterial under consideration, respectively.
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( )

(
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3. Discussion
In this section, we investigate SPs supported by the metal
and semiconductor nanowire metamaterials presented in
Fig. 1. In order to obtain a concise insight into the effect of
the losses of the metal nanowires on the modes
characteristics, we first consider the lossless case. Then, we
revise the results by including the losses in the calculations.
The parameters of silver are obtained by fitting this
dielectric function to a particular frequency range of bulk
dielectric data [6]. It is found [7] that for silver, the values
of ε ∞ = 5 , ω p = 9.5eV , δ = 0.0987eV give a reasonable fit
to the bulk dielectric data. It is interesting to notice that
heavily doped silicon (n>2.2×1019 cm-3) has been shown to
exhibit metallic properties at terahertz frequencies [8, 9] and
has the potential to replace metals in such applications [10].
The case of a heavy-doped Si is considered, assuming that
the doping level is N=5×1019 cm-3 [11]. Figs. 2-4 show the
dispersion curves of the irregular nanowire metamaterial.
Although the graphs possess the similar outline with that of
traditional metal-SPP, the dispersion curves for the irregular
nanowires have some particularities that deserve further
considerations.
A. Lossless case
In case the losses are ignored, the plot of Eq. 4, 6 leads to
the band structure that can be divided into allowed and
forbidden regions. Panels 2 (a), (b) are plotted for different
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angle θ, i. e. for θ = 10 - 60°. The panel (a) shows the
dispersion of the nanowire metamaterial that is bounded
with dielectric (ε=4) and the panel (b) – with metamaterial.
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Fig. 2. The dispersion of SPs supported by the lossless
metallic nanowire metamaterial bounded by dielectric (a)
and metamaterial (b). The black dashed line show the light
line.
The allowed modes appear in a wide range of frequency for
the specific values of the wavevector β as presented in panel
2 (a), (b). When the metamaterial is bounded with the
dielectric, the allowed band shrinks as it is depicted in panel
2 (a). As it is seen from panels 2 (a), (b), by increasing the
angle θ, the SPs supported by the system shifted to lower
frequencies; the allowed bands shrink to the narrower
regions. It should be mentioned that bands deviate
significantly from the light line, and this departure is greater
in case of the metamaterial bounded with metamaterial. We
remark that such dispersion curves exhibited similar
behaviors of SPPs propagating along the ordered nanowire
metamaterial interface. The asymptotic frequency is tuned
by the value of θ, and the maximum value of tuning reaches
to 1.6 GHz, if θ=10° and the metamaterial is bound with the
dielectric. In the case of the irregular metamaterial, the
amendment of θ is equivalent to change in ρ, resulting in the
change of asymptotic frequency. For comparison, the
dispersion relation of the ordered nanowire metamaterial
(θ=60°) is also calculated, as shown in the cyan line in Figs.
2 (a), (b). We observe that the asymptotic frequency of the
ordered structure (the cyan line) is lower than that of the
irregular structure.
B. Lossy case
Up to now, we have completely ignored the effect of the
losses, coming from Re(ε), in our analysis. In the case Im(ε)
is involved in the calculations, the wavenumber takes the
complex values, i. e. β = β ʹ + i β ʹʹ , and therefore the
wavenumber would be complex within the whole frequency
region. Panels (a) and (b) of Fig. 3 show the dispersion
diagrams and (c) and (d) the propagation length of the
surface waves for both cases. While there are visible
changes in dispersion curves, the most notable feature is the
drastic enhancement of the propagation length as the angle
θ is increased.

3

Fig. 3. The dispersion of SPs supported by the lossy
metallic nanowire metamaterial bounded by dielectric (a)
and metamaterial (b) along with the propagation lengths for
different cases (panel (c) – dielectric; panel (b) metamaterial); the black dashed line shows the light line.
As it is seen from panels (c), (d) of Fig. 3, Lp values of the
SPs for θ=60° are considerably smaller than those of θ=10°.
This means that when real losses are included, the nanowire
metamaterial supports the SPs that are not as efficient as
SPs of the irregular metamaterial. By efficient SPs we mean
modes with large Lp. From these panels, it can be observed
that by decreasing the angle θ from 60 to 10°, the
frequency range in which the SPs are supported can be
extended. Moreover, the propagation characteristics can
also be improved.
Since our goal is to obtain the nanowire metamaterial with
the capability of supporting SPs with longer propagation
length, for the results presented in Fig. 3 we have replaced
metal with the semiconductor. Figure 4 shows dispersion of
the SPs in case of the semiconductor nanowire
metamaterial.

Fig. 4. The dispersion of SPs supported by the lossy
semiconductor nanowire metamaterial bounded by
dielectric (a) and metamaterial (b) along with the
propagation lengths for different cases (panel (c) –
dielectric; panel (d) - metamaterial); the black dashed line
show the light line.
It can be concluded that the semiconductor nanowire
metamaterials support SPs with the longer propagation
length. It is clear that the propagation length of
semiconductor-SPPs is around 10 times longer than that of
metal-SPP. Thus, the propagation loss of semiconductorSPPs is much lower than that of metal-SPPs. Consequently,

4

in some circumstances, using the irregular semiconductor
nanowire metamaterial structures would result in longer
propagation length. And by adjusting the level of
irregularity (angle θ), the properties of SPP mode could be
tuned.

[9] G. Kumar, S. Li, M. M. Jadidi, T. E. Murphy, Terahertz
surface plasmon waveguide based on a one-dimensional
array of silicon pillars, New J. Phys. 15: 085031, 2013.
[10] A. Rusina, M. Durach, K. A. Nelson, M. I. Stockman,
Nanoconcentration of terahertz radiation in plasmonic
waveguides, Opt. Express 16: 18576–18589, 2008.
[11] L. Shen, X. Chen, T.-J. Yang, Terahertz surface
plasmon polaritons on periodically corrugated metal
surfaces, Opt. Express 16: 3326–3333, 2008.

4. Conclusions
The SPP guided by the irregular nanowire metamaterial was
studied theoretically. The dispersion relation of the SPP was
derived treating the metamaterial as an anisotropic material
by the effective medium theory. It is revealed that
semiconductor-SPPs have narrower frequency range than
metal. As far as we are concerned, the oscillation of free
electrons at the metal surface results with the surface
plasmon. Naturally, the decrease of the number of free
electrons would lead to the reduction of frequency range.
The calculation results also revealed that the semiconductorSPPs have larger propagation length compared with metalSPPs.
Therefore,
at
some
specific
frequency,
semiconductors could be more favorable than metal in
transmitting signals. Moreover, it should be noticed, that
there is a room of possibilities to increase the propagation
length of the modes up to two orders by replacing the
metallic nanowires with the semiconductor ones. These
irregular nanowire metamaterial structures are appropriate
for feasibly designing irregular metamaterial, which are
beneficial to guiding and sensing applications.
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Abstract
The possibility is established and the conditions are found
for localization of plasmon-polaritons (PPs) near the
boundaries of hyperbolic metamaterials (HMs) of both the I
and II types with arbitrary orientation of the optical axis. It
is grounded that such surface PP has the transverse spin
momentum which depends on the wavelength of the exiting
wave, the orientation of the optical axis of the hyperbolic
metamaterial, and dielectric properties of bordered media.

1. Introduction
It is known that propagating circularly polarized light beam
possesses the longitudinal spin angular momentum (SAM)
the direction of which coincides with the wave vector [1].
Meanwhile,
each
photon
transfers
the
angular
momentum ± ! depending on the sign of circular
polarization. For linear polarized propagating wave the
longitudinal spin angular momentum is absent [1-3].
In the general case the angular momentum carried by the
monochromatic light beam represents a superposition of
SAM and orbital angular momentum (OAM) related to the
optical phase profile of the beam in the plane orthogonal to
the propagation direction. Vortex (Laguerre-Gaussian,
Bessel-Gaussian) beams with the amplitude of electric
vector E(ρ,φ)=Eo(ρ)exp(imφ) (ρ,φ are the cylinder
coordinates, m is the azimuthal phase index, or topological
charge) are examples of the fields possessing OAM. For
these vortex beams each photon carries OAM that equals to
m !. When vortex beams interact with microobjects the
transfer of spin and orbital momenta to the particles takes
place that permits to control them.
Recently it was shown that the spin momentum of
evanescent waves (including ones with linear polarization)
appears to be nonzero and perpendicular to the wave vector
that principally differs these waves from propagating ones
[4,5]. Thus, the transverse SAM arises, the origin of which
is caused by the rotation of the electric vector of the
evanescent wave in the propagation plane. The features of
transverse SAM are investigated for evanescent waves at the
boundary of isotropic media. But optical anisotropy can

essentially influence the conditions of existence of surface
waves and transverse spin related to them.
In Ref. [6] the possibility is shown of the presence of
transverse spin momentum for plasmon-polariton fields
excited at the boundary of the II type hyperbolic
metamaterial (HMM) with optical axis perpendicular to this
boundary. In this paper we investigate the influence of
HMM optical axis orientation on the conditions of existence
of surface plasmon-polaritons with transverse spin
momentum at the metamaterial interface. As an example, we
consider HMM created from multilayered metal-dielectric
structures.

2. Surface plasmon-polariton at the boundary of
isotropic medium and hyperbolic metamaterial
with arbitrary oriented optical axis
2.1. Features of plasmon-polaritons at the boundary of
isotropic medium and hyperbolic metamaterial with
arbitrary oriented optical axis
Let us consider a metamaterial formed from layeredperiodic metal-dielectric medium. In the effective medium
theory when the thickness of each layer is sufficiently
small, i.e. | k d d d |<< 1, | km d m |<< 1 where k d , k m are the
wave numbers of dielectric and metallic layers,
respectively, this multilayered structure can be considered
as anisotropic effective medium with the permittivity tensor
represented in the form:

ε = diag{ε ⊥ , ε ⊥ , ε ||} = ε ⊥ + δc ⊗ c ,

(1)

where δ = ε || − ε ⊥ , ε|| and ε ⊥ are the longitudinal (along the
Zʹ axis) and transverse (in the plane orthogonal to Zʹ ) main
permittivities, c is the unit vector along the HMM optical
axis, and the symbol ⊗ denotes the dyadic product of the
vectors ( c ⊗ c =cick). The main permittivities of this
structure are determined by the following relations:

ε ⊥ = (1 − f )ε d + fεm , ε||−1 = [(1 − f ) / ε d + f / ε m ]. (2)

the symbol “tilde” denotes the transposition. As follows
from Eqs.(4) and (1)
~
εʹ = UεU .ε xxe x ⊗ e x + ε ⊥ e y ⊗ e y + ε zz e z ⊗ e z +
(6)
+ ε xz (e x ⊗ e z + e z ⊗ e x ).

Here εd and εm are the permittivities of dielectric and
metallic layer, respectively, f is the filling factor (the
volume part of metal in the unit cell). The permittivity of
metal εm is described by the modified Drude formula:

εm (ω) = ε∞ − ω2p /(ω2 + iωΓ) =
= ε∞ − ω2p /(ω2 + Γ 2 ) + iω2p Γ /[ω (ω2 + Γ 2 )].

(3)

Here

ε xx = ε ⊥ cos 2 θ + ε|| sin 2 θ,

Here ω p is the volume plasma frequency, ε ∞ is the sum of

ε zz = ε ⊥ sin 2 θ + ε|| cos 2 θ,

the interband contributions, Γ = VF / l is the damping
constant, VF is the Fermi velocity, l is the electron mean
free path in bulk metal. For silver we have ε∞ = 5 ,

ε xz = ( ε|| − ε ⊥ ) sin θ cos θ,
e x , e y , and e z are the unit vectors of the used coordinate

system.
Let us represent the vectors of the field inside the
dielectric (d) and metamaterial (m) in the form

ω p = 14 ⋅1015 s −1 , Γ = 32 ⋅1012 s −1 , VF = 1.4 ⋅106 ms −1 [7]. For
simplicity of our consideration we suppose that in Eq. (2)
Im(εt)≈0, Im(εl)≈0. As calculation shows [8] this assumption
is correct for spectral regions where parameters ε and ε||-1
significantly differ from zero.
Let the HMM border with the isotropic medium with
permittivity ε1. Meanwhile, the angle between the optical
axis of the metamaterial and the normal to the HMM
boundary (Z axis) is θ (Fig.1).

⎧ F d exp( κ d z + iqx − iωt ),
F=⎨ m
⎩F exp( −κ m z + iqx − iωt ),

⊥

d

A0 κ d
q
(i e x + e z )eiqx+κd z ,
ε1 k0
k0

H = A0e y e

Em =

(8)

iqx+ κ d z

(9)

.

A0
[(iκ m ε zz + qε xz )e x −
sk0

( qε xx + iκ m ε xz )e z ]eiqx−κm z ,

Figure 1: The scheme of the considered structure. The Zʹ
axis is parallel to the c vector.

(10)

H m = A0e y eiqx−κm z .

Now we consider p-polarized surface waves propagating
along the X axis in the plane separated the isotropic
dielectric with permittivity ε1 and hyperbolic metamaterial.
We’ll use the coordinate system XYZ (see Fig.1) in which
the effective permittivity tensor εʹ, characterizing the
hyperbolic metamaterial, is represented in the form:

Here s = ε xxε zz − ε2xz , А0 is the amplitude, and the phase
factor exp − iωt is omitted. Substituting Eq. (10) into the
Maxwell equation rotE = −(1 / c )∂H / ∂t we find:

κ m2 = aq 2 − bk02 + 2iqdκ m ,

(4)

(11)

where a = ε xx / ε zz , b = s / ε zz , d = ε xz / ε zz . For small and
large (close to 90о) values of the " angle the parameter εxz
(and hence, the d parameter) is small. Owing to this the
decay constant κ m is represented in the form:

Here U is the transformation matrix which permits to
transfer from the coordinate system related to the HMM
main dielectric axes to the system of coordinate XYZ:

⎛ cos θ 0 − sin θ ⎞
⎜
⎟
U =⎜ 0
1
0 ⎟,
⎜ sin θ 0 cos θ ⎟
⎝
⎠

z<0 ,
z>0

where F denotes the electric E = ( E x ,0, Ez ) or
magnetic H = (0, H y ,0) vector, κ d ,m > 0 and q are the decay
constant and longitudinal wave number of the surface
plasmon-polariton, respectively, κ2d = q2 − k02ε1, k0 = ω / c ,
ω is the cyclic frequency of electromagnetic wave, с is the
light velocity in vacuum. Taking into account Eq. (8) from
the Maxwell equations one can obtain the relations for
electric and magnetic vectors inside the dielectric and
metamaterial:

Ed = −

~
εʹ = UεU .

(7)

κ m = κ mo + iκ m1.

(5)

2

(12)

the hyperbolic metamaterial of the I type and isotropic
dielectric:

It should be noted that | κ mo |>>| κ m1 | . Then, squaring Eq.
(12) and comparing the result with Eq. (11), we obtain:

κm = κmo + idq = aq 2 − bk02 + idq.

| θ |> θ1 = max{| Θ1 |, | Θ2 | },

(13)

It follows from Eq. (13) that the decay constant is complex.
Thereby, the plasmon-polariton has a nonzero propagation
constant along the normal to the metamaterial boundary. It
means that its phase velocity is directed under the γ angle
towards the HMM border:

tgγ = −d .

Similarly, for the hyperbolic metamaterial of the II type the
excited plasmon-polariton is localized if the following
conditions are fulfilled:

sin 2 θ < Y3 = sin 2 Θ3 =

(14)

As follows from Eq. (14), both for the I type HMM
( ε ⊥ > 0, ε|| < 0 ) and the II type HMM ( ε ⊥ < 0, ε|| > 0 ) one

sin 2 θ < Y4 = sin 2 Θ4 =

can realize two different cases of the phase velocity
orientation of plasmon-polariton: 1) the phase velocity is
directed from the boundary inside the metamaterial, and 2)
the phase velocity is directed towards the boundary. The
case 1) takes place for the I type HMM at ">0 (positive
value of the θ angle relates to the optical axis which is
disposed between the Z and Х axes of the chosen coordinate
system), and for the II type HMM at "<0. The case 2) takes
place for the I (or II) type HMM at "<0 (or ">0,
respectively). If "#0 or "#≺/2 the transverse component of
the wave vector of plasmon-polariton disappears, and the
equation for the longitudinal wave number of the plasmonpolariton is represented as

q = k0

ε1 ε zz (ε xx − ε1 )
= k0 εeff
ε xxε zz − ε12

Θ3, 4 = arcsin Y3, 4 .

| ε|| | + ε1
| ε|| | + ε ⊥

.

.

(21)

(22)

2.3. Localized plasmon-polaritons at the boundary of
multilayered metal-dielectric nanostructure Ti3O5/Ag

(15)

As an example we consider the hyperbolic metamaterial
created on the basis of the layered-periodic structure
Ti3O5/Ag the unit cell of which is formed by the nanolayers
of silver (Ag) and isotropic dielectric Ti3O5.
In Fig.2, 3 the spectral dependences of effective
permittivities ε and ε|| are represented for hyperbolic
metamaterial on the basis of the metal-dielectric layered
structure Ti3O5/Ag. For calculation here and below we
suggested that the thickness of the metal layer was 20 nm,
and the filling factor was f=0.3. As is seen from Figs.2,3, in
the spectral region 320 nm < λ < 390 nm this structure
displays the properties of the I type HMM, and for the
wavelength 600 nm < λ it can be considered as the II type
HMM.
Now we support that all layers are deposited on the
substrate (for example, fused quartz with dielectric
permittivity ε1=2.1), and the periodicity axis (the optical
axis) of the structure is oriented at a certain angle θ to the
normal to its border. As is illustrated in Fig.4, for this case
the condition (19) is fulfilled for large values of θ. It should
be noted that if the parameter |ε||| increases the value of the
angle θ1=max{Θ1, Θ2} becomes larger.
For hyperbolic metamaterial of the II type created on the
basis of metal-dielectric layered structure Ti3O5/Ag the
condition (22) is fulfilled at small values of the θ angle, i.e.
when the optical axis is close to the normal to the HMM
⊥

From inequalities (16) the conditions of localization of
plasmon-polariton at the boundary of hyperbolic
metamaterial follow: εzz>ε1, εxx<0. For the hyperbolic
metamaterial of the I type these conditions are fulfilled at

sin 2 θ > Y2 = sin 2 Θ2 =

ε|| + | ε ⊥ |

(20)

Obtained Eqs. (19), and (22) are determined the conditions
of localization of surface plasmon-polaritons at the interface
of isotropic medium and hyperbolic metamaterial.

(16)

ε⊥
,
| ε|| | + ε ⊥

ε|| − ε1

| θ |< θ2 = min{| Θ3 |, | Θ4 | },

Now we’ll analyze the possibility of localization of the
electromagnetic wave on the interface of isotropic medium
and hyperbolic metamaterial. Due to the exponentially
decaying of the amplitude of this field when moving off the
boundary, the wave number q has to be larger than modules
of wave vectors of the waves propagating inside the
dielectric and metamaterial. Thereby,

sin 2 θ > Y1 = sin 2 Θ1 =

| ε⊥ |
,
ε|| + | ε ⊥ |

From Eqs. (20), and (21) one can obtain the general
condition for existence of localized plasmon-polaritons at
the boundary of the metamaterial of the II type and isotropic
dielectric:

2.2. The condition of the plasmon-polariton localization
at the boundary of hyperbolic metamaterial

ε eff > 0, ε eff > ε1 , κ m > 0 .

(19)

Θ1, 2 = arcsin Y1, 2 .

(17)

(18)

From Eqs.(17), and (18) it follows the condition of
existence of localized plasmon-polaritons at the boundary of
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boundary. Meanwhile, the parameter θ2 increases if |ε |
becomes larger.
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Figure 5: The spectral dependences of the angles
Θ3,4=arcsin (Y3,4)1/2 for the II type HMM on the basis of
Ti3O5/Ag structure.

Figure 2: The spectral dependences of main dielectric
permittivities of the I type HMM on the base of
Ti3O5/Ag structure.

Transverse spin angular momentum of surface
plasmon-polariton

3.

10

ε||
8

As follows from Eqs. (9), and (10), the electric vector of
plasmon-polariton, localized inside the dielectric, is
deposited in the propagation plane (X,Z) and has both real
and imaginary components k d = qe x + iκ d e z . Owing to this

ε⊥, ε||

6
4
2

the phase difference − π / 2 between the components E xd

0

and E zd appears. This causes the rotation of the electric
vector in the propagation plane (XZ) and emergence of the
transverse component Sy of spin angular momentum [4,5]:
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Figure 3: The spectral dependences of main dielectric
permittivities of the II type HMM on the basis of
Ti3O5/Ag structure.

2

A κ q
S y = 0 2 d2 e 2 κ d z ( z < 0).
8πωε1 k0

Θ2

Θ1, Θ2 (deg.)

(24)

Taking into consideration the following relations

Θ1

2

A0 = 8πε1k02W / q2 , W = (ε1EE* + ΗΗ* ) /(16π) ,

60

from Eq. (24) one can obtain:

40

Sy =

20

0
330

(23)

Then, as follows from Eqs. (23), and (9), the transverse
component of SAM is represented in the form:

100

80

1
Im[µ −1 (E*E) + ε −1 (H*H)].
16πω

340

350

360

370

380

W κ d −2 κ d z
e
.
ωε1 q

(25)

Eq. (25) is applicable for calculation of transverse spin
angular momentum carrying by the spatially localized
surface wave into a transparent dielectric. In the immediate
vicinity of the interface between media, the expression (25)
is simplified:

390

λ, nm

Figure 4: The spectral dependences of the angles
Θ1,2=arcsin (Y1,2)1/2 for the I type HMM on the base of
Ti3O5/Ag structure.
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2κ q
Sy = 2 d 2 .
q + κd

(26)

0,35

0,30

Eq. (26) is convenient to use for calculating the amplitude of
the transverse component Sy of the spin as a function of the
wavelength of the surface plasmon-polariton at the interface
between the hyperbolic metamaterial and the dielectric and,
in particular, with a liquid or water containing
microparticles. In this case, the parameter Sy determines the
torque momentum acting in the direction of the Y-axis on
particles near the surface of the metamaterial.
In Figs.6,7 the spectral dependences of expected value of
transverse spin (in ! units) for plasmon-polariton localized
at the boundary of layered-periodic medium Ti3O5/Ag and
dielectric (water, glyserine, glass). It is seen that the
expected value of transverse spin Sy changes with variation
of the wavelength. This indicates the possibility of
controlling the transverse spin moment and, consequently,
the force acting on the microparticles placed in the dielectric
near its boundary with the metamaterial, by changing the
length of the light wave exciting the surface plasmonpolariton.
However, as is seen in Figs.6,7, dependences Sy(λ) are
deferent for the spectral regions where considered metaldielectric structure possesses the properties of HMM of the I
and II types. These differences display in the following. If
the wavelength increases from the short-wavelength region
(where the structure possesses the properties of the I type
HMM) up to the wavelength for which ε||−1 → 0 , the
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expected Sy value decreases (Fig.6). If the wavelength
decreases from the long-wavelength region (where the
structure possesses the properties of the II type HMM) up to
λ for which ε ⊥ → 0 , the expected value Sy of transverse
spin momentum increases (Fig.7).
Moreover, the expected value of transverse spin appears to
be dependent on the orientation of the optical axis and
permittivity of the medium bordered with the metamaterial.
But these dependences are different for spectral regions
related to the I and II types of HMMs. In the first case (the I
type HMM) the curvature of the Sy(λ) curve decreases with
increasing the angle θ (Fig.6а). Besides, in this spectral
region the Sy value decreases if the permittivity ε1 increases
(Fig.6b). In the second case (the II type HMM) with
increasing the angle θ the expected value Sy of transverse
spin also increases (Fig.7а), and with increasing ε1 the

b
Figure 6: The spectral dependence of the expected value
of transverse spin (in ħ units) for the localized wave
formed at the interface of the metal-dielectric
multilayered medium Ti3O5/Ag and dielectric: а) water;
b) water (solid line), glyserine (dashed line), optical glass
BAF 10 (dotted line). The optical axis is oriented at the
angle of: а) θ=87.8о (solid line), 89о (dashed line), 90о
(dotted line); b) 87.8о.

4. Conclusions
Thus, in this paper we investigated the features of plasmonpolaritons excited at the interface of the hyperbolic
metamaterial and dielectric for the case when the optical
axis is oriented under the angle towards the boundary. The
expressions are obtained for the complex electric and
magnetic vectors as well as for the decay constants of the
fields on both sides of the interface. It is shown that the
propagation constant of plasmon-polariton has the
component oriented perpendicular to the boundary inside the
metamaterial. Hence, the surface wave has a radiative
component propagating inside the HMM under a certain
angle to its border. It is established that for hyperbolic
metamaterials of different types (the I and II) changing the
orientation of the optical axis one can realize the conditions

curvature of the Sy(λ) curve decreases (Fig.7b).

5

when the phase velocity of plasmon-polariton is directed
from the boundary inside the metamaterial or towards the
boundary.
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Figure 7: The spectral dependence of the expected value
of transverse spin (in ħ units) for the localized wave
formed at the boundary of the metal-dielectric
multilayered medium Ti3O5/Ag and dielectric: а) water;
b) water (solid line), glyserine (dashed lline), optical
glass BAF 10 (dotted line). Optical axis is oriented under
the angle: а) θ=1о (solid line), 3о (dashed line), 5о (dotted
line); b) 3о.
The possibility is shown and the conditions are determined
for localization of plasmon-polariton at the boundary of
hyperbolic metamaterial of both the I and II types.
It is grounded that surface plasmon-polariton, localized
near the interface of isotropic dielectric and hyperbolic
metamaterial, possesses the transverse spin angular
momentum, the expected value of which depends on the
wavelength of exciting radiation, the orientation of the
optical axis of HMM, and permittivity of bordered medium.
For illustration of obtained results we carries out a
numerical modeling of optical properties of hyperbolic
metamaterial formed on the basis of layered-periodic metaldielectric medium.
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Abstract
A novel structure of the symmetrical semi-circular cavity MIM (metal-insulator-metal) waveguide filter based on
the aperture coupled method is proposed. The transmission
spectrum of the filter is obtained by using the finite element
method (FEM). Using the adjustable characteristics of this
filter, the transmission characteristics of the three communication windows (850nm, 1310nm, 1550nm) at optical telecommunication regime can be controlled. The excellent
performance of this filter can be applied in the micro-nano
optical devices, especially in optical fiber communication.

1. Introduction
Surface Plasmon Polaritons (SPPs) are waves that propagate along the surface of a conductor and a dielectric due
to the interaction between the free electrons of the conductor and the incident electromagnetic field [1]. SPPs have promising application on the devices in highly integrated optical circuits because they overcome the conventional diffraction limit and can manipulate light on
sub-wavelength scales [2,3]. Among various SPPs based
waveguides, metal-insulator-metal (MIM) structure has attracted tremendous interests of the researchers in recent
years, because of its potential applications to manipulate
and control light in nanoscale[4].
At present, the SPPs based on the MIM structure functional optical devices have made great breakthrough in theoretical and experimental research, such as Bragg reflector[5], splitter[6], interferometer[7], filter[8] and so on,
where the filter technology is critically important in the
development of micro-nano integrated optical devices, especially in optical communication equipments. Therefore, the study of MIM structure filter is fruitful and different resonant cavity structure filters based on SPPs are
proposed. Such as, rectangular resonator[9], rectangular
ring resonator[10], nano-disk[11], ring cavity[12], trapezoid cavity[13] , etc. These filters are all based on the evanescent coupling method. Their function is single and
the bandwidth of their passband or stopband is relatively
narrow. However, wide bandwidth filters can play special
roles in some cases. Besides, since the decay length of the
field in the metal layer is typically around 20nm, very small
gaps (< 20nm) are required to achieve any noticeable coupling. Furthermore, the evanescent coupling is both inef-

ficient and challenging to realize even with state-of-the-art
electron beam or ion beam lithography. Compared with the
evanescent coupling, aperture coupling can improve coupling efficiency and the coupling strength can be controlled
by varying the aperture width and depth[14,15].
In this paper, a new type of symmetric semi-circular
cavity MIM waveguide structure filter is constructed based
on the aperture coupled method. And the semi-circular
cavity can be reduced by half of the size compared to the
disk or ring at the same radius. The finite element method
(FEM) is used to simulate and analyze the transmission
characteristics of the filter. Through the analysis of the
structure parameters, the influence of the structure parameters on the transmission characteristics is obtained. And by
using the relation between the structure parameters and the
transmission characteristics, the optimized structure and the
simulation results are achieved. Finally, a single-function
filter (band-pass filter) is obtained by improving the filter structure (the left and right semi-circular cavities are
changed to disk).

2. Structure and method
As shown in Figure 1, the MIM structure filter is composed of three semi-circular cavities connected with the
band waveguide through the rectangular apertures. The
structure parameters r, A, d, D, L and W represent the
radius of the semi-circular cavity, the width of the rectangular aperture, the gap between the bottom of the semicircular cavity and the waveguide, the distance between the
centers of two semi-circular cavities, the distance between
the point P/Q and the semi-circular cavity, the waveguide
width, respectively. The parameter d is set to 50nm to eliminate evanescent coupling between the semi-circular cavity
and the band waveguide [14]. The parameters L and W are
fixed to 300nm and 50nm. The tunable structure parameters
A, r and D are initialized to 40nm, 100nm and 200nm, respectively.Two power monitors are, respectively, set at the
points of P and Q to detect the incident and the transmission fields for calculating the incident power of Pin and the
transmitted power of Pout . The transmission coefficient is
defined as T = Pout /Pin [16].
In this paper, the transmission characteristics of this filter can be obtained by COMSOL Multiphysics 5.0 based
on the FEM method. The insulator is set as air ("r(air) = 1)

Figure 1: The schematic diagram of the symmetric three
semi-circular cavities MIM waveguide filter structure.
and the metal is silver (Ag). The dielectric constant "m of
silver can be calculated by the standard Drude model,
"m = "1

!p2 /(! 2

i! ).

Figure 2: The transmission spectrum of the filter that we
proposed with its initial structure parameters (A=40nm, r
=100nm, D=200nm).

(1)

Here, "1 is the dielectric constant at infinite frequency,
and !p are the electron collision frequency and bulk plasma
frequency, respectively. The parameters for silver can be
set as "1 =3.7, !p =9.1eV, and =0.018eV [17]. The boundary condition is chosen as the scattering boundary condition
[13].

3. Transmission characteristic
Figure 2 shows the transmission spectrum of the filter, in
which the tunable structure parameters A, r and D are
set as the initial value (A=40nm, r =100nm, D=200nm).
As shown in Figure 2, the filter can be treated as multifunctional filter. The first optics communication window
of the telecommunication regime is located in its passband
and the second and the third windows are in its stopband.
The transmission spectrum of this filter appears depression
in the passband at the shortwave, but the transmittance of
the passband is high and nearly more than 70%. While the
transmittance of its stopband is close to 0 and the stopband
has the characteristic of flat-bottom. Besides, the falling
and the rising edge of this filter are very steep.

Figure 3: The transmission spectrum of this filter with the
increase of r (A=40nm, D=200nm).

mission spectrum of the structure filter appears obvious red
shift with the increase of r, as shown in Figure 3. And with
the increase of r, the depression at the shortwave is getting
more and more shallow. The bandwidth of the passband
increases slowly, but the stopband’s increases rapidly. The
passband at the long-wave appears a fast drop.

4. Analysis of the structure parameters
In order to fully study the transmission characteristics of
this filter, the influences caused by the change of the structure parameters A, r and D on the transmission spectrum
is analyzed one by one. It is shown in Figure 2 that the
passband of the filter at the short-wave has a depression.
However, what we expect are the characteristics of the flattop of the passband and the flat-bottom of the stopband.
So, next, we will focus on studying the change trend of the
depression of the passband at the shortwave and the bandwidth of the passband and the stopband with the change of
the tunable structure parameters.

4.2. Influence of the structure parameter D on the
transmission characteristics
When only changing D and keeping the parameter r and A
the initial value the same (r=100nm, A=40nm), the transmission spectrum of the filter appears slight red shift with
the increase of D, as shown in Figure 4. And with the
increase of D, the depression at the short-wave is getting
deeper and deeper; the bandwidth of the passband at the
short-wave and the stopband are almost unchanged; the
drop degree of the passband at the long-wave slows down.

4.1. Influence of the structure parameter r on the transmission characteristics
When maintaining the structure parameters A and D the
initial value unchanged(A=40nm, D=200nm), the trans2

Figure 4: The transmission spectrum of this filter with the
increase of D (r=100nm, A=40nm).

Figure 6: The transmission spectra of the optimized structures.
SPPs waves propagate along the waveguide. And the effect
of “magnetic container” causes that the SPPs waves experience a longer propagation length compared with the bare
resonator [18, 19]. With the increase of the structure parameters r and D, the red shift of the transmission spectrum is
due to the increase of the effective propagation length of
the SPPs waves in the MIM filter. Since the parameter r
is the parameter of the semi-circular cavity and parameter
D is the distance between centers of the three semicircular
cavities, so, when increasing r and D to the same degree,
the increase of the effective propagation length caused by
the semi-circular cavity area with the increase of r will be
much greater than that caused by the parameter D. And this
is the reason why the red shift of Figure 3 is more visible
than that in the Figure 4. At last, we explain the influence
of the parameter A on the transmission spectrum. At the
same incident wavelength, the effective refractive index of
this structure decreases with the increase of the structure
parameter A and the resonant wavelength becomes longer
with the increase of the effective refractive index of this system [19]. Consequently, with the increase of the structure
parameter A, the resonant wavelength of the system moves
to the short-wave and the transmission spectrum appears
blue shift.

Figure 5: The transmission spectrum of this filter with the
increase of A (r=100nm, D=200nm).
4.3. Influence of the structure parameter A on the
transmission characteristics
When only changing A and keeping the parameters r and
D the initial value unchanged (r=100nm, D=200nm), the
transmission spectrum of the filter appears obvious blue
shift, as shown in Figure 5. With the increase of A, the
depression of the passband at the short-wave is getting
deeper and deeper. The bandwidth of the passband at the
short-wave decreases and the stopband’s almost keeps unchanged; The drop degree of the passband at the long-wave
grows up.
Finally, the effects of the structure parameters r, D, and
A on the transmission characteristics of the filter are explained. First, the semi-circular cavity and the rectangular
aperture can be treated as a “magnetic container”. Here,
the effective index of the rectangular aperture can be larger
than the effective index of the semi-circular cavity and air.
So, the waves will flow into “magnetic container” due to the
higher effective index of the rectangular aperture, when the

5. Optimization of the structure parameters
and the simulation results
First of all, this filter is designed to be used in the telecommunication regime and to control the three optical communication windows on and off. From Section 4, we can learn
the different effects of parameters r, D, A on the transmission spectrum. The parameters r, D and A have an effect
on the depression of the passband at short-wave. Besides,
the parameter r and A have a great influence on the bandwidth of the passband and stopband, while the parameter
D has little effect on it. In view of these rules, the tunable
parameters can be optimized to get the optimized results,
3

communication windows (850nm, 1310nm, 1550nm) at
optical telecommunication regime can be controlled and
the optimized structures and its corresponding transmission
spectra can be obtained. Finally, a single-functional (bandpass) filter is achieved with the improved MIM structure.
This series filters will have potential engineering application values in micro-nano optics integrated devices, especially in optical fiber communication.
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Figure 7: Comparison of transmission spectrum of the improved MIM structure and the original structure filter.
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Abstract: This talk will focus on techniques and instrumentation for measuring chemical and optical

properties of 2D materials with nanometer scale spatial resolution.
Conventional infrared
spectroscopy is one of the most widely used tools for chemical analysis, but optical diffraction limits its
spatial resolution to the scale of many microns. Atomic force microscopy (AFM) enjoys excellent
spatial resolution, but has historically lacked the ability to perform robust chemical analysis. This
presentation will discuss two techniques (1) AFM-based infrared spectroscopy and (2) scattering
scanning near field optical microscopy (s-SNOM). Both of these techniques overcome the diffraction
limit, providing the ability to measure and map chemical and optical properties with nanometer scale
spatial resolution. As complementary techniques, AFM-IR and s-SNOM together provide an unrivaled
capability to perform nanoscale chemical analysis on a diverse range of organic, inorganic, photonic
and electronic materials. This talk will focus on the applications of both AFM-IR and s-SNOM to the
characterization of a variety of 2D materials, including, nanoantenna arrays and 2D metasurfaces. The
applications of nanoantennas are very diverse, ranging from sensing to energy conversion. The ability
to measure and tune the resonance structures of these antennas is of vital importance to the construction
of accurate and reliable devices. s-SNOM can be readily used as a tool to image the antenna resonance
nodes when illuminated at the correct wavelength. In addition to the ability to collect high resolution
images of optical phenomenon, the nanoIR2-s provides the capability to spectrally probe nanoscale
surface features. This work will show the s-SNOM spectra collected on bar antennas, with the antenna
resonance can be clearly resolved, in good agreement with theoretical predictions. AFM-IR and
s-SNOM have been used in combination to investigate the role of chirality in the origins of circular
dichroism in 2D nanoscale materials. Fully two-dimensional (2D) metamaterials, also known as
metasurfaces, comprised of planar-chiral plasmonic metamolecules that are just nanometres thick,
have been shown to exhibit chiral dichroism in transmission (CDT).Theoretical calculations indicate
that this surprising effect relies on finite non-radiative (Ohmic) losses of the metasurface. Until now
this surprising theoretical prediction has never been experimentally verified because of the challenge
of measuring non-radiative loss on the nanoscale. s-SNOM is used to map the optical energy
distribution when the structures are exposed to RCP and LCP IR radiation while AFM-IR was then
used to detect the drastically different Ohmic heating observed under RCP and LCP radiation. For
the first time it has been conclusively established the circular dichroism observed in 2D
metasurfaces is attributed to handedness dependent Ohmic heating.
.
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Abstract- Transmission of Terahertz (THz) electromagnetic wave through a substrate is encumbered
because of scattering, multiple reflections, absorption, and Fabry–Perot effects when the wave interacts with
the substrate. To exclude the undesired interaction of electromagnetic wave with substrates, we investigated
THz transmission through a substrate-free nanoslits. We experimentally realized a nonresonant
electromagnetic field enhancement by a factor of almost 104 in substrate-free 5-nm gold nanoslits. Our
nanoslits yielded over 90% normalized electric field transmission in the low-frequency THz region; the slit
width was 5 nm, and the gap coverage ratio was 10-4 of the entire membrane, 0.42 mm2. This large field
enhancement was attributed to gap plasmons generated by the THz wave, which squeezes the charge
cross-section, thus enabling highly dense oscillating charges and strong THz field transmission from the
nanoslits.
Previously, we have demonstrated enhancement factors of nearly three orders of magnitude with a 70-nm-wide slit1.
We assumed that a major obstacle is the substrate, which decreases the transmission and creates undesirable
interactions between the gap and the substrate. Here, we demonstrate the experimental realization of nearly four
orders of field enhancement by using gold nanoslits on a Si3N4 membrane2. Our nanoslits had a 5-nm gap that
extended up to the entire membrane, with a length of 0.65 mm that was sufficient to surpass the cut-off THz frequency.
This structure enabled us to achieve near-maximum field
enhancement in the THz region. We observed a straight
1/f-dependent field enhancement factor, as shown in Fig.
where f is the frequency. In our case, the gap width was a
million times smaller than the wavelength; however, the
length of the slit was of the same order as the wavelength. Our
experimental results indicates the field enhancement increased
by approximately 15 fold at 0.14 THz when Si substrate was
removed out from the same nanogap sample (Fig.). Some
irregularities in transmission curve was also observed because
of the grating modes when the slit array diffracted the incident
radiation into the sample plane. We explained the results by Figure: Normalized field amplitude before and after
substrate etched out. The normalization was done with Si

poor coupling of THz wave among the evanescent modes substrate and free space for before and after substrate. 1/f
fitting seems to be well fitted for the measurement without
because of higher refractive index of substrate.
substrate.
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Anomalous extinction in lossless index-matched
terahertz nanogaps
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Abstract- Metamaterials are capable of allowing incident wave to neither transmit nor reflect,
leading to a perfect absorption. This phenomenon is usually explained in terms of
simultaneous manipulation of electric permittivity and magnetic permeability to be
impedance-matched to free space1. The energy absorption is conceived to occur inside the
supporting dielectrics where the electric field amplitude is large, yet systematic study on the
actual energy flow has barely been made.
In this work we observe anomalously large extinction of terahertz waves interacting with
sub-30nm nanogap arrays even without any absorbing materials within. Simple, exclusive
geometry of our nanogap enables analytic study on the origin of the observed phenomena2.
We find that destructive interference of the diffracted field from the gap and reflected field
from metal leads to a giant reflection dip at the resonance, suggesting that absorption might
not be the cause of the observed extinction. Nonlinear transmission measurements and
calculations indicate that index-matching effect of silicon substrate leads to higher field
enhancement at the gap, in which case the extinction further increases to above 60%. Our
study provides new insight into how to analyse transmission and reflection signals from
nanostructures, and will therefore be of great interest in absorption enhancement or dielectric
sensing applications.

References
1. N. I. Landy et al., Physical Review Letters 100, 207402 (2008)
2. X. Chen, H.-R. Park et al., Nature Communications 4, 2361 (2013)

Fano resonances in nonlinear photonic structures and its applications
for optical bistability/switching
Thu Trang Hoang and Quang Minh Ngo*
Institute of Materials Science, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay, Hanoi, Vietnam
Graduate University of Science and Technology, Vietnam Academy of Science and Technology, 18 Hoang Quoc Viet, Cau Giay,
Hanoi, Vietnam
*
corresponding author, E-mail: minhnq@ims.vast.ac.vn
the degree of asymmetry, and Γ is a resonant linewidth at
half-maximum. The Q-factor is defined by the resonant
frequency over the resonant linewidth at half-maximum.
The Eq. (1) has been widely used to express the spectrum
response of Fano lineshape. It suggests that there are
exactly one minimum and one maximum in the Fano
lineshape. Fig. 1(a) shows the Fano profiles according to the
Eq. (1) for several q-factors. The F-factor is chosen for
maximum amplitude of lineshape to unity. The lineshapes
for special q-factors are shown in the inset. As |q|→∞, the
transition to the continuum is too weak, so that the
lineshape is entirely determined by the transition through
the discrete state only with the standard Lorentzian. As q =
0, it describes a symmetric dip, called the inverted
Lorentzian lineshapes. Other cases of q-factors are also
shown in Fig. 1 (a), as q-factor changes, the degree and
asymmetry of lineshape change and the actual resonant
frequency may lie somewhere between the peak (maximum
response) and the dip (minimum response) of the
asymmetric lineshape. For q = 1, the resonant frequency
locates exactly at half of the distance between the peak and
dip. In addition, when q-factor changes sign, the reversible
of Fano lineshape is also plotted. As a consequence, both
changing of amplitude and sign of q- factor hold significant
implications for the promising photonic device applications
such as sensitive optical filters, lasers, biosensors,

Abstract
This work presents the spectral properties of Fano
resonances generated in nonlinear photonic structures with
emphasis on optical switching/bistability. The simple
photonic structures such as slab waveguide gratings and
coupled slab waveguide gratings in which Fano resonances
with various quality and asymmetric factors are designed
and their characteristics analyzed with a finite-difference
time-domain
method.
We
demonstrate
the
switching/bistable behaviors of the structure at Fano
resonance which provides a significant switching intensity
reduction compared to the established Lorentzian resonant
structures.

1. Introduction
Various applications of Fano resonance, which rely on its
high quality factor due to its sharp and asymmetric profile,
have been proposed such as filters, modulators, sensors,
broadband reflectors, and lasers [1]. In general, the Fano
resonant lineshape in the photonic system is given:
(ε + q)2
R(ε ) = F
(1)
1+ ε 2
where ε = 2 ω − ωo ,q is an asymmetric factor, ωo is a
Γ
resonant frequency, F is a constant factor which describes

Fig.1. (a) Fano profiles with the formula F*(ε + q)2/(ε2 + 1) for various values of the asymmetry factor q. The special cases are
shown in the inset (Lorentzian lineshapes). (b) Illustration of switching parameters, e.g. switching contrast and switching time
vs. switching intensity, based on Fano (solid circle and square dots) and Lorentzian (hollow circle and square shapes)
lineshapes with the same of Q-factor and frequency detuning from the resonant peak [1]. The lines are the guides to the eye.
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and also switching/bistability.
Recently, Fano resonance has been explored in our
works of slab waveguide gratings and optical
switching/bistability characteristics based on Fano
resonance may provide more bistable switching efficiency
than that based on Lorentzian resonance in nonlinear slab
waveguide gratings [2,3]. With a given Q-factor,
asymmetric proﬁles can provide sharper features than
Lorentzian and hence allow more efficient input intensity.
Based on the achieved results, Fig. 1(b) shows the
illustration of switching parameters, e.g. switching contrast
and switching time vs. switching intensity, based on Fano
and Lorentzian lineshapes with the same of Q-factor and
frequency detuning from the resonant peak [4]. In the
following sections, we present two examples of Fano
resonances in the grating and coupled grating structures and
its applications for bistability/switching.

chalcogenide glass (As2S3, n = 2.38) with a thickness of 220
nm on a thick glass substrate (n = 1.5). The grating slit
aperture (w) is formed by a rectangular corrugation in As2S3
waveguiding layer with the depth and periodicity (Λ) of 220
nm and 860 nm, respectively. A normally incident wave
with transverse electric (TE) polarization is used. Fig. 2(b)
shows the calculated linear reflection spectra for three
gratings with various slit widths of w = 15 nm, w = 30 nm,
and w = 45 nm. Ultra narrow slit (~12 nm) can be fabricated
[5], but it is at the border of current electron-beam
lithography. In our optimized Fano resonance-based grating
design, Q-factor of 14,861 can be achieved with the slit
width w of 15 nm and the resonant peak at 1563.1 nm. As
the slit width w increases, the resonant wavelength shifts to
short wavelength and the Q-factor of Fano resonance
decreases dramatically. For instance, with the slit width w
of 45 nm, the resonant wavelength and Q-factor are 1516.0
nm and 630, respectively. It means that as the slit width
increases, the waveguide mode gets much leaky and hence
the linewidth becomes broader leading to a decrease of Qfactor. The inset of Fig. 2(b) shows the electric field
distributions of the resonances known as TE0 modes.

2. Bistability in the nonlinear slab grating with
narrow slits
Fano resonances can be simply obtained by using a grating
structure with narrow slits as depicted in Fig. 2(a). In this
case, a grating structure whose guiding layer is

Fig. 2. (a) Sketch of nonlinear grating structure with narrow slits under normally incident light. (b) Reflection spectra for
various slit widths (w). The insets in (b) show the field distributions at resonances.
behavior was discussed in [2]. In fact, the all-optical
bistable switching behaviors have two switching points at
the increasing (S1) and decreasing (S2) input intensities. The
present of S1 and S2 in these cases are due to the very short
distance between the depths and peaks of linear reflection
spectra. The switching times are not mentioned in this work.
The incident intensity for switching can be estimated as the
input intensity for which the reflection decreases abruptly in
the blue and red curves. For example, in Figs. 3(a-c), the
estimated switching intensities are 5.6 MW/cm2, 366.1
MW/cm2, and 2548.8 MW/cm2 (at point S1) and 2.0
MW/cm2, 181.1 MW/cm2, and 1306.4 MW/cm2 (at point
S2) and Q-factors of 14861, 1704, and 630 for the slit
widths w = 15 nm, 30 nm, and 45 nm, respectively. Fig.
3(d) shows the all-optical bistable switching behavior for
the slit width w of 15 nm with the operating wavelength at
1/e reflection. As seen in Fig. 3(d), the estimated switching
intensities are about 25.2 MW/cm2 at point S1 and 3.8

In order to see all-optical bistable switching behaviors
in nonlinear grating structure with narrow slits, we excite an
incident CW source with suitable operating wavelength on
the surface of the structure. In general, the operating
wavelength is chosen approximately at the center of the alloptical bistability region. In our calculations of all-optical
bistable switching for nonlinear grating structure with
narrow slits, we choose the operating wavelengths at 50%
and 1/e reflection, which locate in the bistability region. In
nonlinear calculations, the third-order nonlinear coefficient
of As2S3 is n2 = 3.12x10-18 m2/W [6]. Fig. 3 shows a
dependence of reflection on the incident flux intensity of the
all-optical bistable switching in the nonlinear grating
structure with various narrow slits of (a) w = 15 nm, (b) w =
30 nm, and (c) w = 45 nm, respectively, for the operating
wavelength at 50% reflection. It can be seen that the alloptical bistable switching behaviors are formed in all
designs. The calculation technique to achieve the bistability
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MW/cm2 at point S2. Compared to the result in Fig. 3(a), it
can be seen that the more different the operating wavelength
from the resonant wavelength, the higher the switching
intensity and the broader the bandwidth of bistability region
will be. Because, the detuning of the operating wavelength
corresponds to the broad bandwidth and thus the high
amount of the resonance shift is required to change the
state. In addition, as long as the input intensity exceeds a

certain value, the low-reflection state in the bistability
region can be maintained. For example, for the slit width w
of 15 nm, the bistability regions (between S1 and S2) are
from 5.6 MW/cm2 to 2.0 MW/cm2 and from 25.2 MW/cm2
to 3.8 MW/cm2 for the operating wavelengths at 50% and
1/e of reflection, respectively. The all-optical bistable
switching behaviors of other slit widths are also shown the
same tendency.

Fig. 3. All-optical bistable switching in the nonlinear grating structure depicted in Fig. 2(a) with the operating wavelength at
50% reflection. (a) w = 15 nm, (b) w = 30 nm, (c) w = 45 nm, (d) operating wavelengths at 1/e reflections for w = 15 nm.
Fano resonances in both cases of changing the gap-distance
d and horizontal shifted-alignment s as follows:

3. Optical bistability in coupled slab waveguide
gratings

3.1. Perfect alignment

As presented above, bistability/switching behaviors can be
obtained based on Fano resonances in nonlinear slab grating
with very narrow slits. The switching intensity depends on
Q-factor and the shape of Fano resonances. In general, the
dependence of switching intensity and Q-factor is 1/Q2. To
achieve high Q-factor, the slit width w must be decreased.
Due to fabrication limitation, it is a big challenge to reduce
the slit width w smaller than 12 nm. High Q-factor,
however, can be achieved if two coupled identical slab
waveguide gratings facing each other with a gap-distance of
d and horizontal shifted-alignment of s is shown in Fig. 4.
Each slab waveguide grating supports the Fano resonance,
where key structural parameters are defined as the guiding
layer with a thickness (h) of 220 nm on a thick glass
substrate. Since the Q-factors of Fano resonances in coupled
slab waveguide gratings are very sensitive to the gapdistance d and horizontal shifted-alignment s, we treat the

In the case of perfect alignment (s = 0) of two identical slab
waveguide gratings, the coupling strength (determines Qfactor) and resonant wavelength of the system can be easily
tuned by changing the gap-distance d. When two slab
waveguide gratings are coupled, there are two resonant
wavelengths that we called first (F1) and second (F2) Fano
resonances. Because of our interest focusing on the F2
shape, Fig. 5(a) shows the reflection spectra at F2 for
various the gap-distances d. The gap-distance d is optimized
to have the peak (maximum reflection) and depth (minimum
reflection) at the resonance close to 1 and 0, respectively.
The gap-distance d is important, because the photons can
tunnel between them, and then the scattering effect will
happen, hence the peak and depth will be not perfect unity
and zero in some cases due to scattering loss [7]. This
mechanism, therefore, no longer requires the long gapdistance d to achieve high reflectivity and sensitivity. For
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strongly transition to the continuum. Hence, q-factor
becomes a function of the RSB and Q-factor, q→q(RSB,Qfactor). Our concentration focuses on the positive
asymmetric factor q as small as possible. The exact
definition for q-factor is not easy to find in the arbitrary
photonic systems.

the grating width w = 30 nm, the gap-distance d (d ≤ 300
nm) is found close to an optimal value. In other words, for a
gap-distance d as small as 300 nm, the Fano resonances with
high sensitivity can be still existed. As increasing the gapdistance d, the F2’s resonant peak shifts to the short
wavelength and its Q-factor increases. The resonant peaks,
estimated Q-factors, q-factors, and F factors for F2
resonances of the perfect alignment coupled two slab
waveguide gratings for various gap-distances d are shown in
Table 1. With the gap-distance 50 nm ≤ d ≤ 300 nm, the
resonant wavelengths are in the 1552.2 nm - 1684.9 nm
range. The Q-factor increases as the gap-distance d increases
due to the long distance of Fabry-Perrot (FB) resonator
formed between two slab waveguide gratings [7]. High FP
resonator’s Q-factor makes the leaky mode from the outside
hard to couple into the resonator. It means that as the gapdistance d increases, the Fabry-Perrot mode gets little leaky
and hence the linewidth becomes narrower leading to an
increase of Q-factor. The Q-factors are 2104, 2543, 3759,
and 8522 for the gap-distance d of 50 nm, 100 nm, 170 nm,
and 300 nm, respectively. Further importance, as gapdistance d increases, the asymmetric factor q decreases and
the reflectivity of side-bands (RSB) increases due to the

Fig. 4. Sketch of coupled slab waveguide gratings under
normally incident light. The gap-distance d and horizontal
shifted-alignment s are tuned for exciting Fano resonances.

Fig. 5. (a) Reflection spectra of the coupled slab waveguide gratings depicted in Fig. 4 with s = 0. The calculations are done for
TE polarized light where electric-field is along to the As2S3 strips. The inset shows field distribution at F2 resonance. (b)
Bistability curves of the coupled gratings for various gap-distances d of 50 nm, 100 nm, 170 nm, and 300 nm, respectively,
with operating wavelength at 20% reflection.
intensities are 1427.1 MW/cm2, 104.1 MW/cm2, 16.2
MW/cm2, and 2.2 MW/cm2 corresponding to the quality
Table 1. Resonant peaks and Q-factors of the coupled slab
factors Q = 2104, 2543, 3759, and 8522, and asymmetric
waveguide gratings for various gap-distances d.
factor q = 1.699, 1.110, 0.835, and 0.655 for the gapGap-distance d
50
100
170
300
distances d = 50 nm, 100 nm, 170 nm, and 300 nm,
(nm)
respectively. In contrast to the Lorentzian resonance, these
Resonant peak (nm) 1684.9 1631.4 1573.1 1552.2
Fano-based results do not follow the 1/Q2 dependence rule
Q-factor
2,104
2,543
3,759
8,522
of the switching intensity [8-11]. The switching intensity is
q-factor
1.696
1.110
0.835
0.655
also influenced by the asymmetric factor q. The asymmetric
Switching intensity
1427.1 104.1
16.2
2.2
factor q relates to the Q-factor and the reflectivity of the
(MW/cm2)
side-bands. For example, the Q-factors and switching
Fig. 5(b) shows the calculated bistable behaviors of the
intensities are (2104, 1427.1 MW/cm2), (2543, 104.1
perfect alignment coupled slab waveguide gratings for the
MW/cm2), and (8522 and 2.2 MW/cm2) for the gapgap-distance d of 50 nm, 100 nm, 170 nm, and 300 nm.
distances d of 50 nm, 100 nm, and 300 nm, respectively.
Bistable behaviors are clearly observed. In each bistable
While the Q-factors increase gradually, the switching
curve, the incident intensity for switching can be estimated
intensities dramatically decrease due to a reduction of
as the input intensity for which the reflection increases
asymmetric factors q. The Q-factor increases 4.0 times but
abruptly in the dotted solid curve. The estimated switching
the switching intensity decreases 648.7 times.
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MW/cm2 for the operating wavelengths at 20%, 40%, and
60% reflections, corresponding to the operating wavelengths
of 1552.319 nm, 1552.453 nm, and 1553.064 nm,
respectively. It is seen that as we change the operating
wavelength (Δλ = 0.745 nm) from 20% to 60% reflections,
the switching intensity increases from 2.2 MW/cm2 to 140.5
MW/cm2 (increasing 63.9 times).

We next consider the operating wavelength influence on
the switching intensity. We keep the gap-distance d of 300
nm, the optical bistable behaviors for operating wavelengths
at 20%, 40%, and 60% reflections corresponding to the
shifted-wavelength (Δλ) of 0.088 nm, 0.222 nm, and 0.833
nm from the depth. As seen in Fig. 6, the switching
intensities are 2.2 MW/cm2, 9.7 MW/cm2, and 140.5

Fig. 6. Bistability behaviors for the gap-distance d = 300 nm. The switching intensities are 2.2 MW/cm2, 9.7 MW/cm2, and
140.5 MW/cm2 for the operating wavelengths at 20%, 40%, and 60% reflections, respectively.
the linear reflection spectrum of coupled slab waveguide
gratings with perfect alignment is also plotted. The
horizontal shifted-alignment s is supposed to mainly change
the phase retardation between two slab waveguide gratings.
If horizontal shifted-alignment s is 430 nm (half-period), the
reflection spectrum is reversed to the case of perfect
alignment. So it may cause a phase retardation change of π.
The deviations from either of the coupled slab waveguide
gratings lead to high Q-factors’ states [12].

3.2. Horizontal shifted-alignment
Next, we consider coupled slab waveguide gratings with
horizontal shifted-alignment. Various shifted-alignment
coefficients s are examined while the gap-distance d of 300
nm is fixed as an optimal value to achieve the Fano
resonance with high sensitivity and high Q-factor. Our
calculated linear reflection spectra for the gratings with
various horizontal shifted-alignments s = 100 nm, 150 nm,
and 430 nm as shown in Fig. 7 (a). For comparison purpose,

Fig. 7. (a) Full reflection spectra of the coupled slab waveguide grating for various horizontal shifted-alignments and (b) the
enlarged F2 regions for horizontal shifted-alignments s of 100 nm. The gap-distance d is fixed at 300 nm.
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Fig. 8. The bistability behaviors of high-order F2 (a) and F2 (b) resonances for various operating wavelengths of the coupled
slab waveguide gratings for the horizontal shifted-alignment s of 100 nm.
Table 2. The resonant peaks, Q-factors and switching
intensities for the horizontal shifted-alignment s = 100 nm of
the coupled slab waveguide gratings for high-order F2 and
F2 Fano resonances.
High-order F2
F2
Resonant peak (nm)
1509.06
1559.45
Q-factor
51,733
12,187
Switching
20%
0.06
1.08
intensity
40%
0.19
3.43
(MW/cm2)
60%
4.43
79.97

case of the horizontal shifted-alignment s = 100 nm are
shown in Figs. 8 (a) and 8(b), respectively. As seen in Fig.
8(a), the high-order F2 case, the switching intensities are
0.06 MW/cm2, 0.19 MW/cm2, and 4.43 MW/cm2 for
operating wavelengths at 20%, 40%, and 60% reflections. It
is approximately two orders increasing of switching
intensity when operating wavelength changes from 20% to
60%. In Fig. 8(b), for the F2 case, 1.08 MW/cm2, 3.43
MW/cm2, and 79.97 MW/cm2 for operating wavelengths at
20%, 40%, and 60% reflections are shown. From Figs. 8(a)
and 8(b), the high-order F2 and F2 resonances based the
horizontal shifted-aligment, for the operating wavelength at
certain reflection. For example, the operating wavelength at
20% refection, Q-factors and switching intensities are
(12,187 and 1.08 MW/cm2) and (51,733 and 0.06 MW/cm2)
for the F2 and high-order F2 resonances, respectively. At the
F2 resonance, the Q-factor is 4.24 times smaller and the
switching intensity is 18.0 times higher than those at highorder F2 resonances. In case of operating wavelength at 60%
refection, the switching intensity at the F2 resonance is
79.97 MW/cm2. It is 18.95 times higher than that at the
high-order F2 resonances corresponding to the switching
intensity of 4.43 MW/cm2. The other horizontal shiftedalignment s are also treated and not shown here, show the
same tendency.
Since the Q-factors and switching intensities accordingly
of the coupled nonlinear gratings are dependent on the
horizontal shifted-alignment. In this work, we do not pay
much attention on the optimization to achieve the highest Qfactor and lowest switching intensity. We instead focus on
demonstrating the possibility to significant enhance the Qfactor and reduce the switching intensity by using the
horizontal shifted-alignment. Based on the enhancement of
Q-factor and reduce switching intensity accordingly by the
horizontal shifted-alignment, the system will undoubtedly
facilitate the development of new optical bistable devices
towards high efficiency of switching intensity.

In our case, we consider the horizontal shiftedalignment s of 100 nm and 150 nm and the reflection spectra
are plotted in Fig. 7 (a). There are four resonant peaks in
each reflection spectrum of horizontal shifted-alignment s of
100 nm and 150 nm. The reflectivity of side-bands for all
cases of perfect and horizontal shifted-alignment does not
change. The reflectivity of side-bands is fixed at around
70%. There exist two Fano resonant F2 shapes, as shown in
Fig. 7(b). The F2 and high-order F2 of Fano resonances are
located at the longer and shorter wavelengths, respectively.
The field distributions and Q-factors at resonances are
shown in the insets of Fig. 7(b). As the results, the mirror
symmetry of the system is broken and brings mainly change
in the phase retardation between slab waveguide gratings. It
results the higher Q-factors. Comparing the field
distributions of the perfect alignment (inset of Fig. 5(a)) and
the horizontal shifted-alignment cases (insets of Fig. 7(b)),
we note that the horizontal shifted-alignment allows the
excitation of the state of high-order F2 with a different local
modal profile of F2. As seen in Fig. 7(b), the Q-factor of
high-order F2 resonance is higher than that of F2 resonance.
The Q-factors for F2 and high-order F2 are 12,187 and
51,733 for the horizontal shifted-alignment s = 100 nm. The
inset of Fig. 7(b) shows the electric field distributions at F2
and high-order F2 resonances. Table 2 summarizes the
resonant peaks, Q-factors and switching intensities for the
horizontal shifted-alignment s = 100 nm of the coupled slab
waveguide gratings for high-order F2 and F2 Fano
resonances.
The optical bistable behaviors for various operating
wavelengths of the high-order F2 and F2 resonances in the

4. Conclusion
In conclusion, the Fano resonances have been explored in
nonlinear photonic structures such as slab waveguide grating
and coupled slab waveguide gratings. The optical
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switching/bistability characteristics based on Fano resonance
provide more bistable switching efficiency than that based
on Lorentzian resonance in nonlinear slab waveguide
gratings. We believe that our design and numerical
investigation have been a useful guideline for the
implementation of Fano resonant configurations for optical
devices.
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Abstract
There are recent efforts toward the integration of plasmonic
nanostructures with graphene, such as to enhance its lightmatter interaction which can result in novel optoelectronic
technologies. The present work describes numerical efforts
to optimize a plasmonic dimer geometry and materials,
which results in strongly enhanced electromagnetic near
fields that can be coupled with a graphene layer. We used
FEM and DDA simulations to understand the details of the
coupling mechanism, and also investigate the effect of
directionality of the light beam on the plasmonic
enhancement.

1. Introduction
One way to improve the light-matter interaction in
graphene beyond its intrinsic 2.3% absorption [1] efficiency
is to use plasmonic nanostructures in close proximity [2–6].
In a recent effort from our group, we have demonstrated a
novel scheme of stacking two arrays of silver nano
particles, separated just by a single layer of graphene [7].
The fabrication method was based on layer-by-layer shadow
evaporation of different materials, which in the past [8]
were used to fabricate three-dimensional arrays of
plasmonic nanoparticles separated by a dielectric spacer.
The crucial innovation was to use Graphene as the dielectric
spacer layer, which allowed placement of two planar arrays
of silver nanoparticles separated by 0.34 nm, which is the
thickness of single layer graphene. This arrangement gave
rise to intense electromagnetic field enhancement at the
location of the spacer layer, which resulted in strongly
enhanced Raman scattering, as well as a high photocurrent
in graphene.
The purpose of this paper is explore design possibilities
such as to maximize the field enhancement at the location
of graphene in a dimer configuration. Orienting the dimers
with respect to the angle of the incident light, as per our
simulations, show little or no dependence on the direction
of the electric field polarization relative to the dimer axis.
This is related to the large electromagnetic retardation [9]
in the relatively big particles (radius 70 nm) considered

here. The study also indicates that silver gives a better
enhancement as compared to gold in the visible range. The
numerical simulation assumes the dimer gap to be air.
Advanced simulation method using discrete dipole
approximation (DDA) [10] reveals that introducing a
dielectric to simulate a graphene layer in the dimer gap
instead of air has relatively small effect in our field
enhancement estimates.

2. Isolated Vs Single Particle
FEM based simulations using a commercial software
COMSOL is used to simulate two silver nano particles
(diameter=140 nm) separated by a gap of 0.34 nm
(thickness of a single layer graphene). The dielectric
constants of gold and silver are taken from Johnson and
Christy [11]. The surrounding medium is considered to be
air. Maximum net electric field enhancement |Etotal/Eincident|2
is calculated in a plane perpendicular to the dimer axis,
where the graphene spacer lies in our actual experimental
system [7]. The electromagnetic (EM) wave propagates
along the dimer axis and the polarization is perpendicular to
it.
From fig. 1(A) and (B), it can be observed that compared to
an isolated nanoparticle, the magnitude of near field
enhancement in case of a dimer is about 5 orders of
magnitude higher, at their resonance wavelength. Also, the
near field is highly confined to a tight spot in the dimer gap.
Fig.1 (C) compares the maximum enhancement of a dimer
to an isolated particle across various wavelengths. The field
enhancement for the dimer is calculated in the dimer gap.
Across all wavelengths, the enhancement for a dimer is
orders of magnitude higher. The maximum enhancement
peaks at the resonance frequencies: 435 nm (quadrupolar
resonance) and 510 nm (dipolar resonance) for the dimer
and at 365 nm (quadrupolar) for the single particle case.
Due to plasmon interactions the resonance peak is red
shifted for a dimer as compared to the isolated particle case.

(orientation in fig. 2(C)) the field is more tightly confined to
a very small area. Fig. 2 (E) plots the field enhancement
across different wavelengths for both the cases. It can be
clearly seen that the enhancement is six orders of magnitude
greater in the second case. The arrangement of the dimer in
the first case is easily achievable experimentally and has
been demonstrated by several groups in the past [3,12]. But
the second case where the near field is harnessed right at the
dimer gap is extremely difficult to achieve. We were able to
achieve such a unique configuration experimentally by the
combination of several deposition techniques [7].

Figure 1: (A) Near field distribution around a single Ag
particle; at resonance (365 nm), max(|Etotal/Eincident|2) is
90.86. (B) Near field distribution around a Ag dimer; at the
quadrupolar resonance (435 nm), max(|Etotal/Eincident|2) is in
the order of 106. (C) max(|Etotal/Eincident|2) compared
between a dimer and an isolated particle.

3. Dimer Orientation
Heeg et al. have measured the field enhancement in a dimer
gap by measuring the SERS signal from a graphene layer on
top of two adjacent plasmonic gold nano particles [12]. We
compare field enhancement in their configuration to that of
our experimental system [7]. We again consider a silver
dimer (diameter = 140 nm) separated by a 0.34 nm gap. In
the first case, the electromagnetic (EM) wave is propagating
perpendicular to the dimer axis while the electric field is
polarized parallel to the dimer axis. The enhancement is
calculated at the plane, as indicated by the red dotted line in
fig. 2 (A), which is similar to the experiments in ref [12]. In
the second case, fig. 2 (C), EM wave is propagating parallel
to the dimer axis, while the electric field is polarized
perpendicular to the dimer axis, which is similar to our
experiments [7]. Fig 2 (B) and (D) gives the field
distribution for the two orientation in fig. 2 (A) and (C)
respectively. It can be observed that in the second case,

Figure 2: (A) Scheme of simulation similar to the
experiments in ref [3,12]; the red dotted line indicates the
plane where enhancement is estimated, (B) Corresponding
electric field distribution at an incident wavelength of 440
nm. (C) Scheme of simulation similar to our
experiments [7]; the red dotted line indicates the plane
where enhancement is estimated, (D) Corresponding
electric field distribution at an incident wavelength of 440
nm. (E) Comparison of enhancement for the two different
orientations. The green and the red lines indicate the
orientation similar to case (A) and (C) respectively.

2

4. Effect of Angle of Incidence

5. Effect of Dielectric Spacer

When the angle of incidence of the incident EM wave is
varied (0 degree corresponds to K vector along dimer axis,
90 degree corresponds to perpendicular to dimer axis),
interestingly the maximum field enhancement does not vary
drastically, although there is a shift in the resonance peaks
(fig. 3). This result is quite contrary to what is usually
predicted in the literature [13], which states that if the
polarization direction is along the dimer axis, the two
nanoparticles couple and give rise to field enhancement,
where as if the particles polarize perpendicular to the dimer
axis, dipoles in same direction are created in each particle
and there is no coupling.
The reason for such strong coupling even when the electric
field polarization is in an unfavorable direction is attributed
to the retardation effect due to large size [9]. In our case, due
to the large size of the particle, retardation is playing an
important role and there is almost an equal enhancement in
both 0 degree and 90-degree case. By the time the incident
EM wave crosses the first particle and reaches the second
one, the phase flips, which leads to polarization in dissimilar
direction, leading to coupling between the two particles. Our
studies on the role of retardation on plasmonic coupling and
near field enhancement will be published in near future.

In all the previous sections, we have considered the
dimer gap to be air. In our experimental system, we have a
dielectric spacer-graphene in the dimer gap. In order to
simulate the actual system, we have tried to put a dielectric
slab in the dimer gap and see its effect on the near field
enhancement. Including a thin slab of high dielectric
constant material in a (finite element method) FEM based
simulation was computationally expensive because of the
requirement of a very large number of mesh elements. Thus,
another computation method known as discrete dipole
approximation (DDA) [10,14] is explored for putting the
thin dielectric slab in the dimer geometry to simulate our
actual experimental system [7]. DDA calculations are also
found to be memory intensive and that is why, we could
only simulate a slab which was as low as 1.4 nm in
thickness; as a thinner slab required more number of dipoles.
But even with a slightly thicker dielectric slab than our
actual experimental system we are able to achieve an insight
about the effect of presence of a dielectric in
the dimer gap.
A dielectric spacer of thickness 1.4 nm and refractive index
3 is introduced in the dimer gap. The dipole size is kept
smaller than the thickness of the spacer, to ensure enough
number of dipoles for discretization of the spacer. The
results show that introducing a dielectric layer in the dimer
gap changes the magnitude of enhancement minimally, less
than 20% (see fig. 4). It is observed, that there is a red shift
of the maximum enhancement position by 10 nm, which is
expected, as plasmon resonance condition has a direct
relation to dielectric constant of the surrounding medium.

Figure 4: Scheme of DDA simulation for calculating the
field enhancement at the dimer gap, in presence of a
dielectric spacer. Green dotted line represents the plane
considered for calculation of enhancement. (B) Maximum
field enhancement at the dimer gap with a dielectric slab
compared to that having no dielectric for different
wavelengths.
Figure 3: (A) max(|Etotal/Eincident|2) with different angle of
incidences. (B) max(|Etotal/Eincident|2) plotted for two
different wavelengths; it can be clearly observed that the
magnitude remains in the same order, with a change in the
angle of incidence.

6. Conclusion
In conclusion, we numerically estimate the near field
enhancement in a system like an experimental system
described before [7]. Compared to an isolated particle, a
dimer tightly focuses the near field in a sub-nanometer gap.
The plasmon resonance for the dimer is red shifted into the

3

visible and the near field enhancement is much higher
than an isolated particle. Simulations with different
orientations of the polarization angle of the incident field is
done. Surprisingly, the simulations show that the magnitude
of field enhancement varies minimally (within an order of
magnitude) for different direction of electric field
polarizations relative to the dimer axis. We assumed the gap
between the dimers to be air in the FEM simulations. Later
we used DDA to introduce a dielectric slab, which has a
relative small effect on the resonance peak value and
spectral position.
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ABSTRACT
Near-field imaging has become a versatile technology in metamaterial-related researches, since it
not only provides direct imaging of electromagnetic/acoustic wave propagation in and around
metamaterials

1-7

, but also can visualize the band diagrams in reciprocal space8,9 and dynamic

pulse evolution in time domain8,10. LINBOU Nearfield Imaging Systems provide a stable, fast
and economic solution to near-field imaging of electromagnetic and acoustic waves in physical
space, reciprocal space and time domain, from two dimensions to three dimensions, from nearfield measurements to far-field radiation patterns.
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Abstract-This paper investigate the technique of suppression of surface modes in the metamaterial
grounded slab. This technique consists to sandwich a left-handed material layer between the air and
the metamaterial slab. The purpose of this suppression is to reduce the mutual coupling between the
elements of array antennas. The Transverse Resonance Method is applied in this analysis to find the
effects of the left-handed material layer on the dispersion characteristics of transverse electric and
transverse magnetic polarizations.
The array antennas play in important role in electromagnetic fields. They are used in different applications
such as; mobile communications and phased-array radar. The mutual coupling of the elements of array has
negative effects on the directivity, the bandwidth and the radiation of antenna. Then, it is necessary to reduce this
coupling by the suppression of surface modes using the left-hand material LHM This material has an increasing
use thanks to its recent realization (i. e., has a negative index of refraction) and its unusual properties [1]. To
suppress the surface modes, the LHM layer is sandwiched between the air and the semi-infinite metamaterial
slab, as shown Fig. 1.

Figure 1.

An infinity metamaterial grounded slab with LHM layer characterized by negative parameters
ɛ2 and µ 2.
Applying the Transverse Resonance Method in order to obtain the equivalent circuit that allows us to find
the dispersion equation [2].
J
J
2

1

Y1

Figure 2.
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Equivalent circuit used to illustrate the Transverse Resonance Method.

We solvetheequivalentcircuitfromtheKirchhoff’scurrentandOhm’slawtofindthedispersionequation:
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For TM and TE polarizations, this dispersion equation may be presented as:
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In the numerical study, we consider that our structure is composed by a LHM layer with ɛ2= -2, µ 2= -2 and
height d1= 50mm and a metamateriel slab with permittivity
3
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and permeability

4 GHz according to the drude model

and height d2= 10mm.
The variation of the normalized real constant with the frequency is presented in Fig. 3(a) and (b) for TM and
TE polarizations.
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Figure 3.

Dispersion of (a) TM and (b) TE surface modes in metamaterial grounded slab with LHM
layer.
From these results, we observe that the fundamental modes TM0 and TE0 of surface mode do not exist in the
metamaterial grounded slab structure with LHM layer. Higher modes of surface modes exist only in particular
frequency range and have many remarkable features. When we increase the frequency, the normalized real
constant of the higher modes increases approaching the

2

2

, but it cannot exceed this value and saturates at

a specific value of frequency. The saturation frequency and the normalized real constant are dependent on the
mode order. We also observe that the surface mode is suppressed at the frequency band 6.5GHz to 7.4GHz of
TM4 mode because the dispersion curve is below the cutoff frequency.
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Abstract- A double C-shaped resonator (DCR) unit cell metamaterial (MTM) for 5G
mobile network that operates at 28 GHz is proposed. For comparison purpose, three other
common unit cells which are the S-shaped resonator, double G-shaped resonator (DGR),
and Omega-shaped resonator are optimized to operate at similar operating frequency.
Additionally, the approach to reduce MTMs losses is presented and discussed. The losses of
the proposed DCR is significantly improved in all unit cells due to the opposite directions of
the induced current on both sides of the unit cell and the negativity of the constitutive
parameters is maintained.

1. Introduction
MTMs have attracted great attention due to unusual electromagnetic properties such as the negative
permittivity, permeability, and refraction index. However, the performance of the MTMs is primarily
limited by the MTMs losses. These losses give negative influences toward the realizations of the unique
electromagnetic properties of the MTMs. The losses in MTMs consists of two primary components:
radiation losses and dissipation losses where losses of the first component is greater than the latter [1, 2].
Millimeter wave frequency range, on the other hand, attracted researchers in the past few years due to its
advantages in the wireless communications systems such as high speed, high capacity and availability for
large bandwidth. These advantages make this band the best candidate for the fifth generation (5G) cellular
networks by exploiting the enormous amount of available spectrum to greatly increase the communication
capacity [3]. A suitable configuration of MTM is designed to operate at 28 GHz for 5G mobile phone
applications and to the best of our knowledge design an MTM unit cell that operates at this band is the
first of its kind. For comparison, three other known unit cells are optimized to operate at 28 GHz.
Furthermore, the major component of MTM losses which is the radiation loss is greatly suppressed by
applying the principle of the electromagnetically induced transparency (EIT) phenomenon.
2. Unit-Cells Construction, Numerical Results and Discussion
The unit cells in Fig. 1(a)-(d) are constructed on Rogers RT5880 substrate with the relative
permittivity of 2.2, tangent-loss of 0.0009, and a thickness of 0.508 mm. The length (L) and width (W) of
each unit cells are given in the caption of Fig. 1. The performance comparison between the DCR unit cell
and the other three common unit cells shapes which are S-shape, DGR, and Omega-shape to operate at 28
GHz are carried out. Fig. 2 (a) and (b) shows the reflection (S11) and transmission coefficients (S21) of the
unit cells. It can be observed that the proposed DCR unit cell achieves a wider bandwidth than the other
three unit cells which is 1.1 GHz of bandwidth as opposed to less than 0.5 GHz of bandwidth in other
three unit cells. Moreover, the dimension of the proposed DCR unit cell is the smallest over all the
studied unit cells with the length L = 2 mm and width W = 1 mm. On the other hand, transmission
coefficient of the DCR depicts near zero loss which contribute to nearly full transmission in comparison
with the other unit cells where the losses in the S-shape is at the highest, approximately -1 dB. Moreover,
the induced surface current of the DCR structure induces the anti-parallel currents on the both sides of the
unit cell which causes the destructive interference of the scattering fields. As a consequence, the EIT
effect is induced and extremely suppresses the radiation loss. The constitutive parameters are retrieved
using the robust method as described in [3]. Fig. 1(a)-(d) depict the real parts of the permittivity ,
permeability and refractive index, of the unit cells at 28 GHz.

W

L

(a)

(c)

(b)

(d)

Fig.1: The unit cells structure a) the proposed DCR (2×1 mm), b) S-shape (2.9×2 mm), c) DGR (1.3×2
mm) and d) Omega-shape (3.7×4 mm)
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Fig.3: The retrieved results for the real parts at 28 GHz of a) the proposed DCR b) S-shape c) DGR d)
Omega-shape
3. Conclusion
This paper introduces the DCR unit cell which operates at 28 GHz for 5G mobile network
application and three others common unit cells are optimized to operate at similar frequency for
comparison purposes. The reflection and transmission coefficients of four unit cells are displayed and
investigated. The proposed DCR unit cell successfully achieves low radiation loss of nearly full
transmission, small size, and wider bandwidth of reflection coefficient and negativity of the constitutive
parameters over all other three unit cells.
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Abstract- We experimentally demonstrate a thin bi-layer metamaterial supporting asymmetric
transmission for linearly polarized light but not for circularly polarized light over a broad
bandwidth in the near-infrared region. We provide a simple and intuitive working principle, along
with full-wave simulations that agree well with the experimental results. We also prove that our
design is extremely insensitive to spatial misalignment, which might occur during the
nanofabrication process.
As an analogue of electrical diodes, optical diodes enable asymmetric transmission, or one-way transmission
of light. Such a property is fundamentally interesting, because light transmission is normally symmetric due to
the Lorentz reciprocity in time-invariant linear media. Metamaterials, engineered materials with extraordinary
optical properties originated from subwavelength scale structures, provide an alternative, simple solution to
break the Lorentz symmetry condition via mode conversion between specific modes, even though the system is
completely reciprocal. Asymmetric transmission for circularly polarized light [1-5] and for linear polarization
[6-11] has been demonstrated with various design.

Figure 1. (a) Schematic of the metamaterial unit cell, (b) SEM image of the fabricated sample, (c) simulated
transmission characteristics and asymmetric transmission of the metamaterial.

Here, a thin bi-layer metamaterial which works as an optical diode over a broad bandwidth up to 50 terahertz
is introduced. Under this bi-layer metamaterial, linearly polarized light transmit the material along one direction,
but not the opposite direction while circularly polarized light exhibit symmetric transmission characteristics. A
simple and intuitive working principle based on the symmetry inherent in the metamaterial design, along with
full-wave simulations that agree well with the experimental results are provided. We also prove that our design is
extremely insensitive to spatial misalignment, which might occur during the nanofabrication process. These
prominent features promise a wide range of applications, such as ultrafast optical computing, information
processing and suppressing undesired interactions in integrated micro- and nano-devices.
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Abstract-A wet chemistry process was designed to synthesize multi cavity magnetite(Fe3O4)
nanorods using FeOOH as precursor. Both the precursor and magnetite were characterized by
XRD. The FeOOH was measured by Thermogravimetric Analyzer (TGA) and Differential
Scanning Calorimetry (DSC). And the TEM images indicate that the magnetite has a nanorod
structure with multi cavity. The length of the magnetite nanorods are around 50nm. The
cavities are quasi-spherical shape with a diameter of 6nm.
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Abstract- We demonstrate the couplings between vertical SRRs by transmittance experiments and
numerical simulations. Two different arrangements inclusive of rectangular and interlacing-rectangular
arrays are characterized. For both arrangements, the resonance frequencies are increased while the
transmittances are decreased with decreasing distance between vertical SRRs. The weak current
densities and magnetic field distribution in the small distance arrays lead to higher resonant frequencies.
The interlacing-rectangular array is compared to the similar inter-distance rectangular arrays as well.
Slightly increased in current density and significant drop in magnetic field strength are conclude that the
electric field strength inside each meta-atom dominates the resonance behaviors.
Unusual electromagnetic properties such as negative refractive index or subwavelength imaging, which is
not appeared in nature, are the interaction results while electromagnetic waves passing through the artificial
metamaterials[1-2]. Split ring resonators (SRRs) have been investigated since their advent in metamaterials.
Until now, they have been widely proved to exhibit negative index of refraction, magnetoinductive coupling, and
additionally, extraordinary nonlinear effects and Fano resonance. Down to the scales of nanometers or
micrometers, SRRs are often patterned with two dimensional planar structures. There are numerous studies
concerning the coupling effects of planar SRRs. However, the studies on the coupling effects of vertical SRRs
are limited since the difficulties of the fabrication process. In this work, we fabricated vertical SRRs with an
innovative metal stress-driven self-assembled method [3]. The transmittance of the rectangular arrays shows a
stronger resonance with blue-shift as the inter-distance decreases, which can be explained from the increased
filling factors and reducing capacitances. On the other hand, the rectangular-interlacing array reveals significant
transmission deep and approximate resonant frequency comparing to rectangular array with similar
inter-distance were based on the fact that the increased filling factors and that the attractive electric force is
relatively weak compared to the repulsive electric force between vertical SRRs. More details will be present in
the conference.

Fig. 1 (a)-(d) The rectangular arrays with inter-distances of 0.5, 1, 2, and 3

m, respectively. (e)

The interlacing-rectangular array by shifting the neighboring rows by half Px with inter-distance of
1 m. (f) Transmission spectra of rectangular arrays with inter-distance of 0.5, 1, 2, and 3
m and
interlacing-rectangular array with inter-distance about 1

m, respectively.
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Abstract- This paper highlights a mutual coupling reduction of two closely spaced meander line
antennas by using left-handed split ring resonator (SRR) metamaterial for 5.9 GHz DSRC
application. The antenna consists of two closely spaced meander line antennas where SRR unit cells
are placed vertically between two antennas and another 4x3 cells at the ground plane. The SRRs
significantly reduce mutual coupling and good MIMO characteristics have been achieved for the
designed antennas like diversity gain and effective correlation coefficient.
SUMMARY
Recently in wireless communication, meander strip line antenna has achieved a tremendous attraction for
designing small size antennas. Different types of meander line antennas have already investigated in many open
kinds of literature as e,g., tapered meandered, tapered meander line and self-resonant MLA [1]. However, the
main challenges have come when meander line antennas need to be designed for multi-elements or MIMO
application. Mutual coupling effects between two antennas generate distortion in the overall antenna
performance [2].
The development of metamaterial concept is treated as a turning point to reduce mutual coupling by utilizing
a natural nonexistence property material that enables different characteristics of an antenna [3]. Different types
of metamaterial structure have been analyzed briefly include left-handed metamaterial with negative relative
permeability and negative permittivity. In this paper, a left-handed Double Negative (DNG) circular split ring
resonator (SRR) has been designed for isolation enhancement of MIMO meander strip antennas for
Dedicated-Short-Range-Communication (DSRC) Vehicle-to-Vehicle (V-2-V) application working at 5.9 GHz.
Fig.1 presents the structure of unit cell, permeability, permittivity and refractive index which have been obtained
based from S11 and S12 [4].

100

100

0

-20

real
imaginary

-100

60

Real
imaginary

40
20
0
-20

-40
4.5

0

-200

real
imaginary
4.0

80

Permeability

20

Permittivity

Refractive Index

40

5.0

5.5

6.0

6.5

-300
4.0

4.5

5.0

Frequency

5.5

6.0

6.5

4.0

4.5

5.0

5.5

6.0

6.5

Frequency (GHz)

Frequency

(a)
(b)
(c)
(d)
Figure 1. Left-handed unit cell (a) 3-D configuration (b) Refractive Index (c) Permittivity (d) Permeability
This left-handed circular split ring resonators (SRR) unit cell have been located vertically between meander
line antennas as shown in Figure 2(a) while another 4x3 cells are placed at the ground plane, as depicted by Fig.
2(b). The effect of mutual coupling between two antennas is shown in Fig. 2(c). It is clearly seen that the mutual
coupling between two antennas improved and shifted to -19 dB at 5.9 GHz when unit cells are applied in the
structure. Moreover, less than 0.05 of envelop correlation coefficient (ECC) is stated with more than 9 dB
diversity gain which is suit for MIMO application requirements.
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Figure 2. (a) Front view of meander line antenna (b) back view (c) reflection coefficient.
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Enhancement of Vehicle-to-Vehicle Circular Array Antenna
Imtiaz Islam1, Mohd Faizal Jamlos1,3*, Mohd Aminudin Jamlos2, Ping Jack Soh1, Siti Zuraidah Ibrahim1,
A.S.M Alqadami1 and Rizalman Mamat3
1
Advanced Communication Engineering (ACE), School of Computer & Communication Engineering, Universiti
Malaysia Perlis (UniMAP), 01000 Kangar, Perlis, Malaysia
2
Department of Electronic, Faculty of Technology Engineering, UniMAP, 02100, Padang Besar, Malaysia
3
Faculty of Mechanical Engineering, Universiti Malaysia Pahang (UMP), 26600, Pekan, Malaysia.
*
corresponding author: mohdfaizaljamlos@gmail.com
Abstract- A new design of metasurface with double-negative (DNG) characteristic has been
proposed for bandwidth and gain improvement of the circular array antenna. The antenna structure
is formed by circular radiating patches and DNG metasurface unit cells which are placed at the
ground plane in form of 5x3 array. It is found that that DNG metasurface improved the antenna
bandwidth from 2.04 GHz to 2.7 GHz and maximum gain enhanced from 5.5 dBi to 5.776 dBi at
5.9 GHz.
SUMMARY
In recent years implementing different types of material in antenna technology has attracted tremendously by
researchers. For example artificial metasurface like metamaterial for antenna technology open a way to explore
new ideas. Metamaterial is artificial magnetic conductor which can change the material property at certain
frequency range [1]. Different types of metamaterial are explored to improve antenna's performances include
frequency selective surface (FSS), electromagnetic band gap structure (EBG) and artificial magnetic conductor
(AMC) [2]. Nevertheless, those techniques increase thickness of the antenna and produce higher surface wave
which degraded the radiation pattern. Furthermore, double negative metasurface (DNG) has widely used where
the permittivity and permeability will be negative on certain frequency range [3]. In this paper, a new design of
5x3 double-negative metamaterial array structure have been applied at the ground plane to boost antenna's
performances. Figure 1(a-d) presents the metasurface unit cell structure, refractive index, relative permittivity
and relative permeability. The extraction procedure has taken from the magnitude and phase of S11 and S21 [4].
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Figure 2(a) presents the front view of the circular array antenna. This structure contains 8x2 small size
circular radiating patches. The diameter of circular patches 8.45 mm. Simple quarter wavelength transmission
line is used to develop array structure. This structure produces the bandwidth from 4.26 -6.3 GHz. Figure 2(b)
presents the metasurface row which is placed step by step. At first step, it improved the bandwidth from 2.04
GHz to 2.45 GHz. Secondly, when another row of metasurface placed, it improved from 2.45 GHz to 2.57 GHz.
Bandwidth is further improved to 2.7 GHz when the third row is added as shown in Figure 2(c). Moreover, the
maximum gain is increased from 5.5 dBi to 5.8 dBi at 5.9 GHz.
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Abstract- Composite Langmuir-Blodgett films (8 layers) of dioctyl sodium sulfosuccinate with
oligo phenylenevinylene and gold nanoparticles of size 50 to 80 nm were formed on glass surfaces.
Its morphology and optical properties (phase shift) were studied.
Langmuir-Blodgett (LB) films of organic substances with silver or gold particles can be used in the field of
photonics to create devices of integrated optics, to develop epsilon-near-zero or negative refraction
metamaterials [1, 2]. LB method does not require high temperatures and vacuum [3]. Langmuir layers of
amphiphilic compounds are close-packed structures formed at the water surface after their transfer onto a solid
substrate by LB method to form defectless mono- and multilayer films [1, 3].
The objective of this work was to create composite LB films of dioctyl sodium sulfosuccinate with gold
nanoparticles and investigation of their optical properties.
In order to form of LB multilayers and the hydrophobic shell on the gold particles (Au) we used dioctyl
sodium sulfosuccinate (AOT). In order to visualize AOT–Au Langmuir layers at UV light with a wavelength of
365 nm we used 4,4'-(1E,1'E)-2,2'-(2,5-dipropoxy-1,4-phenylene)bis(ethene-2,1-diyl)bis(4,1-phenylene) bis(4(decyloxy)benzoate) – oligo phenylenevinylene (PhB). AOTPhB coatings and their composition with gold
particles were formed on glass plates of rectangle shape with area ~ 4 cm2. LT – 201 device was used for the
measurement of surface pressure – area per molecule (π – A) isotherms of AOTPhB and AOTPhB–Au Langmuir
layers and also for the deposition of coatings by vertical deposition method (4 bilayers of Y type) under surface
pressure (π) ~ 15 mN/m [3]. Compressibility (K) was calculated for linear portions of the isotherms
corresponding to compression of the Langmuir layers in the phase state "solid film" [1]. Gold nanoparticles were
synthesized by citrate technique[2]: 1 mM aqueous solution of chloroauric acid was heated to the 100ºC, then
3.8 mM aqueous solution of sodium citrate was added, molar ratio HAuCl4:Na3C6H5O7=2:3.6. Obtained
compound was exposed under 100ºC for 5 minutes and then cooled to room temperature. As a result aqueous
colloid of gold NPs stabilized by sodium citrate was obtained. After centrifugation and fractionation colloid of
gold NP with diameter from 50 to 80 nm was obtained, size of NP was determined by the method of dynamic
light scattering on Zetasizer Nano ZS (UK). In order to crate АОТPhB-Au composite LB coatings the NPs
aqueous solution was mixed with the 0.4M AOT in isooctane solution containing 1 mg / ml PhB solution in
hexane. The thickness of the AOTPhB multilayers was measured by interferometric method using POSTMK1
device (Planar, Belarus). Phase shift of optical radiation passing through the samples measured by using the
walk-off interferometer [1]. The He-Ne laser with a wavelength of 632.8 nm was used as radiation source.
The phase shift of 16 nm thick AOTPhB coating (Figure 1) is 6.2°. The incorporation of gold nanoparticles
into the structure of the АОТPhB film was accompanied by a decrease in compressibility (from 0.095 to 0.012)

of AOTPhB–Au Langmuir layers relatively to AOTPhB layer. The presence of gold particles with a size from 50
nm to 80 nm in AOTPhB multilayer structure also confirmed by SEM and AFM methods (Figure 2).

a)

b)

Figure 1 AFM image of topography (а) and phase contrast (b) of АОТPhB multilayer

Figure 2 SEM (a) and AFM (b) images of LB multilayer based on gold particles in AOTPhB matrix
The phase shift (δφ) of the composite AOTPhB–Аu coating is 1.4°. Partial oxidation of the AOTPhB matrix
after 15 min treatment in UV etching with photo Surface processor PL 16-110D (SEN Lights Corp., Japan) –
Figure 2 b decreases it’s δφ to 0.85°.
Thus composite LB coatings of Au nanoparticles in the dielectric AOTPhB matrix can be used to create
epsilon-near-zero materials.
Acknowledgements Authors express gratitude to post-graduate student A. Stankevich for kindly providing
oligo phenylenevinylene.
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Abstract-In the last decade hyperbolic metamaterials has become an emerging class of media
offering unique electromagnetic response. Within this paper we demonstrate that functionality of
such structure can be further extended by employment of stimulus-sensitive functional materials
providing control of optical properties of complete Tunable Hyperbolic Metamaterial (THMM)
structure. In particular, we put the main emphasis on controllable dispersion, light stopping and
gain/absorption in the near- and mid-infrared range of frequency.
Hyperbolic Metamaterials (HMM) are anisotropic media characterized by unclosed surface in wave vector
space, known as hyperbolic dispersion. Due to their unusual dispersion properties such media reveal wide
variety of potential applications in means of nanophotonics [1]. Particularly, latest researches in field of HMM
are focused on employing stimulus-sensitive materials, such as graphene [2-4], vanadium dioxide and
chalcogenide glass [5], providing tunability of complete structure and giving rise to completely new potential
applications.
In this paper we demonstrate interesting behavior of the passive/active bulk graphene-based HMM structure
(GHMM) as well as symmetric planar waveguide composed of Type II HMM core and air cladding. Especially,
in the case of bulk GHMM structures we have shown the possibility of voltage-controlling the dispersion
regimes i.e., Epsilon-Near-Zero (elliptic), Type I and II HMM (hyperbolic) as well as structure’s optical
properties. For example, one of the effects resulting from controlling of dispersion is tunability of structure’s
reflectance, see Figs.1(a)-1(b), also revealing angle-sensitivity.
(a)
(b)

Fig. 1 a): Voltage-controlled [(a)] dispersion regimes and [(b)] reflectance of exemplary bulk THMM structure.

Another interesting behavior arising from dispersion-shape controlling is observed in bulk HMM structure
composed of amplifying/absorptive material and functional material. Such structure offers modification of
gain/absorption bandwidth of constituent active medium s well controllable electromagnetic transparency. As an

example, we present strong gain/absorption enhancement with significantly narrowed bandwidth, see
Figs.2(a)-2(b).
(a)
(b)

Fig. 2 Controlling of gain [(a)] and absorption [(b)] in active THMM structure.

Finally, our study concerned also the phenomenon of slow light inside a symmetric planar waveguide
composed of Type II HMM core and air cladding. It has been shown that proper tailoring of structure’s geometry
combined with sufficient voltage biasing can lead to stopped light of selected wavelength, for example within
SCLU bands ( see [3] and its references), for certain waveguide width, see Figs. 3(a)-(b).
(a)
(b)

Fig. 3 Controllable light stopping in GHMM-based waveguides.

We believe that these kinds of tunable hyperbolic metamaterials could lay foundations for a new class of
novel controllable photonic devices.
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Abstract— We study a wire medium comprising high-index wires, and uncover topological
phase transition between closed and open types of dispersion for transverse-electric (TE) polarized waves. The transition results in a filamentary pattern and remarkable Purcell factor for a
magnetic dipole moment oriented perpendicularly to the optical axis of the medium.

Hyperbolic metamaterials have been widely studied in the past decade [1]. As is well known,
since these artificial materials are uniaxially anisotropic and the principal components of the effective permittivity tensor do not possess the same sign, the isofrequency (dispersion) surface is
open (a hyperboloid). However, this is only for transverse-magnetic (TM) waves. The isofrequency
surface of transverse-electric (TE) waves is a sphere having a certain radius. That is due to the
fact that the known hyperbolic metamaterials have no magnetic response. In order to have an
open surface for TE waves, the e↵ective permeability tensor should not be unity and its principal
components should have di↵erent signs.
Recently, in Ref. [2], the authors studied a multilayer fishnet metamaterial, and they experimentally showed that TE waves have an open dispersion surface at optical frequencies. Concurrently
with [2], we introduced a novel realization of magnetic hyperbolic metamaterials [3]. It is a wire
medium whose wires are made of high-index epsilon-positive materials. It is worth noting that those
materials with high refractive index can be found both in microwave and optical ranges. Firstly, we
analytically derive the corresponding e↵ective permeability tensor (µ? , µ? , µk ) and subsequently,
we study the isofrequency surfaces at di↵erent frequencies according to the dispersion relation of
TE waves:
2
q2
+
= k02 "? .
(1)
µk µ?
Here, q and are the transversal and longitudinal components of the wave vector. Also, "? is the
transversal component of the e↵ective permittivity tensor and k0 is the free-space wave number.
Intriguingly, we find that at a special frequency, the medium experiences topological phase transition
[4] between the closed and open types of dispersion. Such e↵ect was investigated in our previous
works for a wire medium of polaritonic nanowires. However, in those works, the transition was
associated with TM waves [5]. Topological phase transition has a significant influence on radiation
pattern and enhancement of subwavelength dipoles. Here, by positioning a magnetic dipole moment
inside the medium, we observe that the energy is transferred along the optical axis of the medium
at the transition frequency. Also, a strong radiation enhancement is achieved. This noticeable
enhancement corresponds to the magnetic moment oriented perpendicularly to the wires axis.
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Abstract- This communication presents miniaturization of broadband series feed array antenna
using double negative pi-shaped metasurface. The array antenna consists of 3×7 rectangular patches
using series feeding operated from 4.38 GHz to 6.07 GHz. Double negative pi-shaped metasurface
has applied in the ground plane in 7×5 form which miniaturize the array antenna size by 59.1% in
length operating at 4.19 GHz to 6.09 GHz. Moreover, the maximum gain achieved is 6.7 dBi.
SUMMARY
With development of modern era, it is highly required to inflate compact size antennas in order to fulfill the
stringent requirements of modern communication system [1]. In last decades, several miniaturization approaches
have already demonstrated in the literature for microstrip patch antennas including different types of slots,
implementing shorting pins and irregular ground plane [2]. Another conventional technique for antenna
miniaturization is to use high dielectric material as antenna substrate [3]. However, those all methods provide
narrow impedance bandwidth. Alternatively, a material having both electric and magnetic properties can be used
as substrate to reduce antenna size [4]. Nonetheless, it is difficult to find low loss magnetic material for
microwave regime in nature.
Recently, metamaterials have been attained much attention in antenna technology for various application
like- SAR reduction, antenna performance improvement, invisibility clocking, polarization rotator and filters
because of its extraordinary electromagnetic characteristics. In this paper, a pie-shaped metamaterial unit cell
having the characteristics of negative permittivity and permeability is used for antenna miniaturization. Figure
1(a) shows unit cell structure where perfect magnetic boundary condition has applied in X-direction while
perfect electric boundary condition in Y-axis. The relative permittivity and permeability for this proposed unit
cell are presented in Figure 1(b) and Figure 1(c). The series feed array antenna structure presents at Figure 1(d).
The array antenna consists of 7×5 radiating patches. The overall size of the antenna is 105mm× 50mm which is
1.5909λ × 0.75λ (wavelength at 4.5 GHz). The overall bandwidth without the unit cells is 1.69 GHz.
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The Pi-shaped double negative unit cell has applied in the back side of radiating patches, as shown in Figure 2. It
is notified that the overall size of the antenna has reduced to 65mm × 50mm which is 1.0λ × 0.75λ at 4.5 GHz. It
can be said that, the size reduced to 59.1% in length from the actual array structure. Furthermore, the overall
bandwidth has been increased from 4.19 GHz to 6.09 GHz (1.9 GHz) compared to without unit cell which is
1.69 GHz.
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9.5GHz Metamaterial AMC reflector for X-band
Applications and Operation
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Abstract- A single layer structure consisting of a metamaterial (MTM) artificial magnetic conductor
(AMC) reflector is presented in this paper. An FR4 substrate with thickness of 1.6mm was used and
the incidental wave angles were varied from 0o to 66o. A peak reflection of close to 90% was achieved
at 9.5GHz by the AMC reflector for both TE and TM polarization
Keywords- Metamaterial, Reflector, AMC.
I.
Introduction
AMC as the name implies which is sometimes interchanged with electromagnetic bandgap (EBG) [1] is a
structure designed with an unusual boundary conditions to be selective in supporting surface wave currents which
is different from conventional metallic conductors [2] where as EBG is a high impedance surface consisting of
periodic AMCs. In modern antennas, AMC’s are used to replace the perfect electric conductor (PEC) ground plane,
this is simply because of the AMC’s ability to reduce back-radiation as well as increase gain. [3].
II.
Proposed Design and Simulation
The proposed MTM structure stages an AMC Reflector on FR4 substrate with a dielectric constant of 4.6,
loss tangent of 0.019 and height of 1.60mm. The major part of the AMC’s structure comprises of a square box
Booleaned with a circular shape as sown in figure 1a & 1b. The square shape measures 6.75mm which is also
responsible for the performance of the S11 of the AMC. On the other hand, the circular shape measures 5.1mm in
diameter and is directly responsible for determining the resonance frequency.

Figure:1

(a)

(b)

III.
Simulation Results and Discussions
a. Transverse Magnetic mode (TM) AMC’s phase reflection
The AMC was simulated with different incidence wave angles (00, 150, 250, 350, 470 and 660) for TM mode
and it was observed that, as the incident angle is increased, the resonance frequency across 00 (0 degrees) increases
gradually. Take for instance, at direct incident wave (00) the AMC resonated at 9.50GHz, while as the incident

angle was increased to 150 the resonance frequency also increased to 9.54GHz. it is noted that there is no significant
difference for angles below 300 but above 300, the shiftt in the resonance frequency is significantly high, in the
cases of 350, 470 and 660, the results were 9.76GHz, 9.96GHz and 10.22GHz respectively.
b. Transverse Electrical mode (TE) AMC’s phase reflection
Similar the same simulation was repeated for the same angles and this time it’s for TE mode. The results for
both the TM and TE mode are similar expect that for the TE mode, the increment in the resonance frequency is
less when compared with that of the TM mode. For the first 3 incident angle (00, 150 and 250) the increment is
negligible whereas for incident angles (350, 470 and 660) the shift in resonance frequency is high but still lower
than that of the TM mode. Figures 2a & b shows the phase reflection for TM & TE respectively.

Figure 2:
a.
b.
c.
d.
AMC’s reflection Magnitude for Different incidental wave angles
As mentioned earlier, the proposed AMC was simulated with different incidence wave angles (00, 150, 250,
0
35 , 470 and 660. It was observed that for both TE and TM mode there is shift in the resonance frequency. With
respect to TE mode, the frequency shift witnessed in the result of incident angles (00, 150, 250 and 350) are small
and negligible whereas for incident angles (470 and 660) its considerably large as it jumped into 10.0 GHz. Figures
2c & d shows the phase reflection for TM & TE respectively
c.

IV.
Conclusions
MTM AMC reflector was designed and presented. It was simulated for various incident angles (00, 150, 250,
350, 470 and 660 and its performance was tested. It performed excellently at resonance frequency of 9.5GHz for
incident angles below 300 where as the performance dropped for angles above 300 with slight shift in resonance
frequency. It demonstrated a usable bandwidth (-900 to 900) of close to 2.40 GHz.
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work, Research Management Centre (RMC), Universiti Teknologi Malaysia (UTM), Faculty of Electrical Engineering
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Abstract— We performed a plasma generation experiment with metamaterial using 2.45-GHz

microwave, and detected the electron density which decided the eﬀective permittivity and transmitted 2.45-GHz signal at the position in the generated plasma. The transmitted signal sustains
relatively high level with both the negative-permittivity plasma and the negative-permeability
double-split-ring resonator, although each material works as reflector and absorber. This bifurcation about the wave propagation suggests that the synthesis of the plasma and the DSRR is
completed, which compose the negative-refractive-index material.

Metamaterials which are the periodic composite of the unit cells, meta atoms, have given the
supernatural electromagnetic responses. One of the conventional metamaterials is a double-splitring resonator (DSRR) which is a good example of the resonance types proposed by Pendry et al
[1]. DSRR includes large capacitance and inductance, and can exhibits the negative-permeability
(µ) reaction to the external magnetic field near the resonance frequency. The refractive index (N )
decides the relationship between the frequency and the wavelength whether the wave can propagate
or not. The electric permittivity (") and the magnetic µ completely decides N , and the negativeµ DSRR generates the novel propagation area, left-handed material, with using the negative-"
materials. The experimental verification was performed [2] by using the DSRR and metal wires
which were in the eﬀective negative-" states [3].
On the other hand, metal wires array was used as the experimental simulation for the plasma
[4], and the previous researches about the negative N implies that the combination of the DSRR
and the plasma, the discharged gas, can provide a negative N state. Our group has focused on
this coupling and performed the experiments; we has showed the eﬀective electromagnetic-energy
input into the plasma through the DSRR existence [5] and the enhanced nonlinearity [6, 7]. In
our previous paper [6, 7], we showed the ability of the dynamic N thanks to the various " and
to the electric connection between the DSRR and the plasma working as the electrode via the
plasma vacant area, the plasma sheath. In this report, we focus more on the change of the wave
propagation in the DSRR space induced by the plasma generation.

Figure 1: (a) Experimental setup. (b) Time development of measured electron density at z = 5
and 10 mm in cases with and without DSRRs. A
dash line shows a density whose equavalent permittivity becomes 0.

Figure 2: 2.45-GHz detected signal intensity as a
function of input power. (a) Without DSRR. (b)
With DSRR. Square and circle symboles express
results without and with plasma generation, respectively.

Figure 1(a) shows the experimental setup. The input 2.45-GHz microwave propagates into the
rectangular waveguide and enters the DSRR space in the vacuum chamber filled with Ar gas. The
plasma is generated near the entrance, the Teflon plate, and it diﬀuses backward.
First, we monitored the electron density (ne ) of the generated plasma at the 5- and 10-mm
positions in Fig. 1(a). In this measurement, Ar gas pressure was set at 200 Pa, and the net
input power was about 100 and 200 W in cases without and with the DSRR, respectively. The
power was the maximum which each generated plasma allowed to enter. Figure 1(b) shows the
time development of ne in the 300-ms initial period of the plasma excitation. Without the DSRR,
generated plasma possesses the high ne for the input microwave frequency, 2.45 GHz, but the
density rapidly decreases as the position is far from the entrance because the plasma works like
as the absorber and the reflector, which makes thin plasma. On the other hand, the plasma with
the DSRR at z = 10 mm sustains the high ne which is clearly beyond the cutoﬀ level. The DSRR
extends the penetration length of the input wave into the generated plasma.
We detected the transmitted 2.45-GHz signal intensity (V2.45GHz ) at z = 10 mm in both cases,
and Fig. 2 shows that the plasma generation in 200-Pa Ar gas aﬀects V2.45GHz . In Fig. 2(a),
V2.45GHz increases as the increment of the input power and keeps the high intensity in the vacant
waveguide (square symbols), but the plasma generation drastically weakens V2.45GHz because of the
evanescent mode and the energy consumption in the negative-" plasma.
However, the plasma has the completely opposite role with the DSRR. In Fig. 2(b), V2.45GHz in
the negative-µ DSRR space is suppressed, but the plasma generation induces the higher intensity
than that in the DSRR (square symbols in Fig. 2(b)) and in the plasma-filled waveguide (circle
symbols in Fig. 2(a)) although the plasma is clearly the absorber/reflector in Fig. 2(a). These
results imply that the negative µ of the DSRR cancels the negative " of the plasma and this
synthesization can makes propagation material for 2.45 GHz and helps the eﬀective energy incidence
into the generated plasma.
In conclusion, we performed the experiment about the plasma generation and the wave propagation into the plasma with using the DSRR. The generated plasma kept the highly ionized state up
to 10 mm along the wave propagation direction, and the detected input signal intensity sustained
the higher level with the DSRR and the plasma. Therefore, the DSRR and the plasma can have
connection each other and it is possible that this composite works as the negative- and real-N
material.
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Abstract- While the resonance mechanism has been utilized for metamaterial design, extreme anisotropy has
been less explored. There is indeed a wide range of material properties including extreme anisotropy, which
may not be realized without designing metamaterials. Here, we present a design method suitable for
anisotropic metamaterials by topology optimization. Specific design problems in consideration are those that
require the tailoring of the Equi-Frequency Contour and field polarization. As a design application, we
consider the design of wave-mode converting metamaterial.

Because metamaterials are artificially designed to realize various wave-specific phenomena, their design is
not a trivial task. Among various design methods, we consider the use of the topology optimization method as an
efficient design methodology [1-3]. There were many successful cases of using the topology optimization for
metamaterial and phononic crystal design [4-8], but little attention has been paid to the design of elastic
metamaterials exhibiting extreme anisotropy [9]. As a specific case, we consider the realization of anomalously
polarized elastic wave motion, which can be used to make unique wedges that can convert a longitudinal mode
to a shear mode and vice versa.
The phenomenon of anomalous polarization can occur only in special materials exhibiting extreme
anisotropy but no progress has been made towards the design of such extreme anisotropy. Now, it may be
possible to realize such extreme property by using elastic metamaterials. As the terminology “anomalous
polarization” implies, the desired phenomenon requires special Field Polarization (FP). At the same, the EquiFrequency Contour (EFC) should trace the desire contour shape. However, there appears no topology
optimization design considering both the EFC and FP.
While we will discuss possible formulations to design anisotropic elastic metamaterials, we propose a new
formulation that simultaneously traces the desired EFC and FP. To facilitate the design optimization process by
the proposed formulation, sensitivity analysis was performed to be used for a gradient-based optimizer. We
considered several design case studies to demonstrate the effectiveness of the proposed method. Some findings
from the convergence behavior will be also discussed.
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Abstract— We study phase transitions between metamaterials and photonic crystals by employing an inverse dispersion method that allows to construct a phase diagram for periodic structures composed of materials with high dielectric index including silicon and Ge-Sb-Te alloys. Our
theoretical results are confirmed by microwave experiments with tunable metacrystals.

Photonic crystals and metamaterials are two important distinct classes of periodic photonic
structures usually studied independently. Recently these structures have been considered in a
unified approach [1] that analyzes how a typical photonic crystal composed of a square array of
dielectric cylindrical rods [2] transforms into a metamaterial that can be characterized by averaged
parameters [3]. By varying the cylinder radius and dielectric permittivity, it is possible to build a
phase diagram controlled by structural parameters and allowing to introduce metamaterials with
negative magnetic permeability. Here we develop deeper the concept of photonic phase transitions
initiated in Ref. [1].
We study periodic structures with complex band diagrams employing the information about
bands within the gaps related to Mie or Bragg resonances [4]. Usually, to study the band-gap
diagrams, one reduces Maxwell’s equations to the eigenvalue problem [2]
r⇥

1
!2
r ⇥ H = 2 H,
"(r)
c

(1)

where H is the magnetic field, "(r) is the distribution of dielectric permittivity in a periodic structure, ! is the frequency, and c is the vacuum light velocity. The familiar Floquet-Bloch theorem
allows to define eigenfrequencies as functions of the wavevector k. If the dielectric permittivity is a
real function, the eigenvalue problem (1) is Hermitian, hence eigenfrequencies take real values only,
and we cannot find the eigenmodes within bandgaps. An alternative way is to reduce Maxwell’s
equations to a generalized eigenvalue problem for the wavevector k
✓
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where n is the direction of the wavevector k = kn, E and H are the Bloch amplitudes of the electric
and magnetic fields respectively. After exception of the longitudinal waves the equation (2) can
be reduced to the standard eigenvalue problem [4], that represents an inverse problem of finding k
for given !. Since this approach allows us to obtain eigenmodes for frequencies within band gaps,
below we analyze the bands behavior typical for both Bragg and Mie resonances.
We consider a complex band-gap diagram calculated for a square lattice of dielectric cylinders
with real dielectric constant " of rods with radius r = 0.3a. In this case, the bands collapse at the
Brillouin zone boundary (at the X point). However, introducing of weak losses, " = "cyl (1+0.002i),
removes this degeneration. We find that for "cyl < 18.5 the plot of the real part of wavevector k vs.
normalized frequency a/ demonstrates a crossing behavior (Fig. 1c), so that the distance between
the band going from the point at the reciprocal lattice vector g = (0, 0), and the band going from
the point at g = (0, 1), decreases monotonically with the frequency a/l until the crossing point,
then it increases again monotonically. However, for "cyl > 18.5, the distance between the bands
decreases until a certain frequency after which they turn into an anti-crossing regime (Fig. 1d).
The critical value "cyl = 18.5 is in excellent agreement with the value of dielectric constant defining
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Figure 1: Complex band diagram calculated by the !(k) method (solid lines) and inverse k(!) method
(circles) for the Bragg gap "cyl = 3 (a) and the Mie gap "cyl = 40 (b). Details of the band crossing behavior
presented in a lager scale of (c) for "cyl = 3 and (d) for "cyl = 40. The data calculated by the inverse method
correspond to weak losses "00 = 0.002"0 . The inverse dispersion method uses 25⇥25 plane waves.

the boundary between the regime of photonic crystals and the regime of metamaterials obtaining
from the direct !(k) method. [1].
Since these two methods give the same results, we can use the most appropriate method. With
the inverse k(!) method we analyze a number of problems that cannot be solved with direct !(k)
methods. The first one is to build phase diagram for photonic structures composed of common highrefractive index materials such as silicon and Ge-Sb-Te alloys that have strong frequency dispersion
of dielectric permittivity "(!). Arbitrary "(!) dispersion makes the usage of direct method be
problematic since the operator in eigenproblem (1) depends on the eigenvalue !. At the same
time the frequency dispersion "(!) does not a↵ect inverse k(!) method, since its eigenvalue is k.
The second problem is to study phase transition due to a higher order Mie modes. We verify our
theoretical predictions for higher-order photonic phase transitions experimentally at microwaves.
Measured data are shown to be in an excellent agreement with our theory.
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Manipulating the spatial distribution of magnetic near-field by a
four-unit coding metamaterial
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Abstract- In this paper a coding metamaterial with ‘0’ or ‘1’state controlled by a photo-relay is
proposed, whose working frequency is about 3.0 MHz or 3.2 MHz. By arranging four units of this
coding metamaterial in a square area, some special coding sequences can be easily realized, like
‘0000’ and ‘0101’. As a consequence, the spatial distribution of magnetic near-field can also be
modified. Both numerical and experimental results demonstrate that, under the coding sequence
‘0000’, for instance, the magnetic field distribution are relatively uniform, as well as ‘0101’
provides a diagonal field distribution. This work can also be extended to a large area complex
structure with more unit cells.
Recently, vivid applications based on electromagnetic near-field have been emerging, such as near-field
communication (NFC), radio frequency identification (RFID) and wireless power transmission (WPT). [1-3]
However, the theory and technology of regulating the electromagnetic near field, especially some dynamic
control strategies, are still not enough. Metamaterial is a good candidate for the control of electromagnetic waves
and fields. However, for classical metamaterials, once the parameters of a metamaterial unit is settled, its
electromagnetic properties cannot be changed also. Later, this problem is issued by adding some controllable
elements, like variable capacitor, into the metamaterial units. In 2014, Engheta Group develop digital
metamaterials , specifically synthesize an electromagnetic metamaterial with a desired permittivity, using as
building blocks only two elemental materials with two distinct permittivity functions.[4] Then, T. J. Cui Group
proposed the concept of coding metamaterials for convenient switching between different antenna radiation
patterns.[5]
In this paper a coding metamaterial with ‘0’ or ‘1’state controlled by a photo-relay is proposed. By arranging
four units of this coding metamaterial in a square area, some special coding sequences can be easily realized, like
‘0000’ and ‘0101’. As a consequence, the spatial distribution of magnetic near-field can also be modified.
As shown in Fig. 1, a coding metamaterial with 2 2 identical unit cells whose working frequency is about
3.0 MHz or 3.2 MHz is designed and fabricated. Each unit cell includes double-sided copper circuits, two
capacity elements, a photo-relay and some connectors for controlling signals. By controlling the photo-relay, the
coding metamaterial can work at 3.0 MHz or 3.2 MHz, which are named ‘0’ and ‘1’ states respectively. The total
size of each unit cell is 50.8 50.8 1mm3.
According to the Kirchhoff Voltage Law, the currents in this four-unit coding metamaterial can be
determined by the following relation: [6]

⎛ Z1
⎜
⎜ iωM 1
⎜ iωM
2
⎜
⎜ iωM
1
⎝

iωM 1
Z2
iωM 1

iωM 2
iωM 1
Z3

iωM 2

iωM 1

iωM 1 ⎞⎛ I1 ⎞ ⎛U ⎞
⎟⎜ ⎟ ⎜ ⎟
iωM 2 ⎟⎜ I 2 ⎟ ⎜U ⎟
=
iωM 1 ⎟⎜ I 3 ⎟ ⎜U ⎟
⎟⎜ ⎟ ⎜ ⎟
Z 4 ⎟⎠⎜⎝ I 4 ⎟⎠ ⎜⎝U ⎟⎠

1

Where, In is the current in the n element, Zn=Rn+i ω Ln +1/(i ω Cn) is the self-impedance, Ln is the self-inductance,
Cn is the capacitance, M1 is the mutual inductance between nearest neighbors and M2 is the mutual inductance
between the next nearest neighbors. Consequently, based on the Biot-Savart law and superposition[7], the
perpendicular magnetic field at the transfer distance h=50mm from surface of the structure can also be deduced,
shown in Fig.2. Both numerical calculation and experimental measurement demonstrate that, under the coding
sequences ‘0000’, for instance, the magnetic field distribution are relatively uniform, as well as ‘0101’ provides
a diagonal magnetic field distribution. This work can also be extended to a large area complex structure with
more unit cells.
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Fig. 1: a Photograph of a four-unit coding metamaterial and b

i

ii
Fig. 2: The calculated (a) and measured (b) results of the

Schematics of coding sequences ‘0000’ and ‘0101’. Yellow: ‘0’

spatial distribution of the magnetic near-field at h=50mm: (i), (ii)

state; blue: ‘1’ state.

are the results of ‘0000’ and ‘0101’, respectively.
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Abstract-We have developed the procedure of the quantization of the electromagnetic field in a
layered inhomogeneous media, based on the analysis of the eigenvalues of the scattering matrix
(S-matrix). We present application of S-quantization for the calculation of spontaneous emission
rate for different photonic structures. We study the enhancement of spontaneous emission of the
dipole embedded in the layered metal-dielectric structure applying S-quantization.
Metal-dielectric multilayered systems have attracted great scientific interest over the past decade due to their
special optical properties emanating primarily from hyperbolic dispersion of isofrequency surface, and therefore
are generally called hyperbolic metamaterial (HMM) systems [1]. Recently appeared estimations of ultra-high
values of the spontaneous emission rate enhancement of the dipole emitter centered in the stratified
metal-dielectric metamaterial [2] are very interesting, offering many fascinating applications. Nevertheless, these
results deserve more careful consideration since in these studies, the mode structure of the field in the space with
the inhomogeneity was assumed to be identical to the mode structure of a homogeneous medium obtained using
periodic BC [3].
However, in the case of an inhomogeneous medium, the approach to the problem of the mode structure of
the field on the basis of periodic BC is not rigorous and self-consistent, because the presence of inhomogeneity
can lead to significant changes in the mode structure (obtained by applying the periodic BC) discussed in
[4],which in turn may lead to inaccuracies in the analysis of layered systems. In our study of layered
metal-dielectric structures we present angular dependence of Purcell factor [5] for incidence angles inside the
light cone, as proposed initially in [3]. Also we notice that the use of periodic BC limits an applicability of
results obtained in [2,3], since only “symmetric” eigenvector is used in approach [3], while the mode
corresponding to “antisymmetric” eigenvector is missed.
We have developed a procedure S-quantization [6] of quantization of electromagnetic field that would allow
rigorous self-consistent description of the mode structure in the quantization box with inhomogeneity, and
providing a way for the calculation of probability of spontaneous emission (Purcell effect) from multilayered
structure for modes characterized by arbitrary direction of propagation and polarization, for arbitrary layered
structures. S-quantization solves the long-standing problem coupled to normalization of the quasi-stationary
electromagnetic modes.
Examples of application of S-quantization for the calculation of spontaneous emission rate for the cases of
Bragg reflector and microcavity are demonstrated in [6]. We have compared S-quantization results with
experimentally observed photoluminescence pattern measured on Tamm plasmon structure [7], showing a good
agreement, what provide the confirmation for S-quantization method. We study the enhancement of spontaneous

emission of the dipole embedded in stratified metal-dielectric structures, illustrating dependence of Purcell factor
over the inplane wavevector.
Acknowledgements, this work has been supported by Russian Science Foundation (Project no.
16-12-10503).
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Abstract—In this work, we present an optimization approach to reduce the bandwidth of metal
mesh THz filters on thick substrates. Adjoint sensitivity analysis is exploited to provide the
derivatives of the objective function for the optimizer. Through the optimization steps, the
trapped-mode response has been improved with the out-of-band rejection reduced. EM simulations
are carried out to illustrate the efficiency of the technique in decreasing the filter’s bandwidth and
enabling integration for detection and sensing applications.
In the last two decades, the THz metamaterials have been of a great interest because they allow for powerful
THz applications [1-3]. One crucial and common element in most of these applications, especially in
space-based astronomy and sensing, is the THz filter. Metal mesh filter represents a simple design and relatively
low-cost in fabrication [4]. The stand-alone metal mesh filters have been widely used for many decades.
However, at higher frequencies, their metal sheet thickness becomes electrically thick [5]. A possible remedy is
to build the filter on thick and inexpensive substrates. In addition, the out-of-band rejection can be improved by
producing a trapped-mode excitation within the structure [6, 7].
Here, the THz filter template shown in Fig. 1 has the vector of control parameters is given by x= [G, J, K, a,
T
b] as shown. The initial values of these points are set and passed to the EM simulator HFSS [8]. HFSS
simulates the structure and returns both the S-parameters and their adjoint sensitivities [9, 10] with respect to all
the control parameters. These sensitivities are to be utilized within the optimization algorithm. Derivative-based
optimization is utilized to reach the optimal set of control variables satisfying the design specifications.
In our example, we utilize a cross absent filter with initial template parameters similar to the design in [7]
and a 1-μm thick copper grid operating at 0.37 THz resonant frequency. We carried out the simulations for the
filter on a 1-mm thick fused silica substrate. Here, we aim to narrow the bandwidth of the initial filter. The
objective function is a weighted version of the transmission response of the filter. The EM simulation is
performed for 9 frequency sweep points linearly distributed from 0.34 THz to 0.4 THz. 𝒙𝑙 and 𝒙𝑢 are, the
lower and upper bound constraints on the parameters, respectively. The main objective function can be
formulated as,
m in m ax S 21 f i , x
x
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The minimax optimizer starting point 𝑥0 and the optimal parameters values 𝑥𝑓 are shown in Table I. The
optimal response, in Fig. 2, shows that the new bandwidth is reduced from 14% to 6.5%, which is less than half
the original one.

Fig. 2.The transmittance of the initial filter template (…) and of

Fig. 1. A top view of one cell of a metal mesh filter.

the final (optimal) design (

) of the narrow bandwidth filter.

TABLE I
Parameter

𝒙0 (μm)

𝒙𝑓 (μm)

G

305

306.2

J

40

28.2

K

194

183.6

a

166

168.0

b

12

7.8
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Abstract- We show that the new type of the phase matching technique, which is controllable
birefringence based on the mesoscopic crystal. The polarization of the pump wave and 2nd harmonic
wave can have orthogonal polarization, and the x- and y- directional linear property of the
mesoscopic crystal can be independently controlled, and coherence length can be tuned.
1. Introduction
The nonlinear metamaterials draw much interest because of their enhanced nonlinearity. Since the frequency
dispersion of the nonlinear metamaterials are generally more severe than natural nonlinear crystal, the phase
matching technique for nonlinear metamaterials were also widely studied. However, the many previous phase
matching technique for nonlinear metamaterials are limited to special cases, such as zero-index [1], or negative
index [2]. Here, we show that the new type of phase matching technique for nonlinearity-enhanced medium
based on the controllable birefringence of the mesoscopic crystal. This phase matching method is based on the
controlling crystallinity of the mesoscopic structure and polling direction of the nonlinear material.
2. Results
The mesoscopic crystal structure are represented in Fig. 1a and its enhanced linear susceptibility was
previously demonstrated [3]. The structural parameters are ‘a’, ‘g’, ‘hm’, ‘hd’, which are lateral unit cell
dimension, lateral gap size, metal layer thickness, and dielectric layer thickness, respectively. Here, we assumed
the filling dielectric have non-zero 2nd order susceptibility. The effective nonlinear dielectric tensor of the
mesoscopic crystal can be obtained by the Lorentz-reciprocal theorem [4,5],

(1)

where p = +1, 0, -1 depends on the polling direction for specific points, and (i,j) component of 3-by-3 E matrix,
Eii, is i-directional component of unitless electric field vector generated and normalized by j-directional applied
average electric field. The quantitative E configuration is calculated in ref. [3]. The components of the 6-by-6 E(2)
matrix are binomial expansion of the E matrix. Therefore, one can manipulate and enhance the nonlinear
susceptibility by mesoscopic field configuration and the polling direction of the mesoscopic crystal. One
representative example for the polling direction is depicted in Fig. 1b. For this configuration, the linear
susceptibility, and the 2nd order nonlinear susceptibility from Eq. (1) becomes,

(2)

It shows that the generated 2nd harmonic wave becomes x-polarization, even if input pump wave is y-polarized.
Moreover, the x-component and y-component of linear effective dielectric constant can be controlled by
controlling x-, and y-unit cell dimensions. Therefore, the phase matching condition can be accomplished by
independent controlling of x- and y- directional dielectric constants even with the dispersion of the metal and
dielectric of the mesoscopic crystal. The numerical results is represented in Fig. 1c. It clearly show that the
coherence length can be controlled by the controlling of the x- and y- lateral unit cell size.

Fig. 1 (a) schematic of mesoscopic crystal (b) one example of polling direction configuration. (c) coherence
length controllability (ax = 160 nm; blue: ay = 160 nm, red: ay = 180 nm, green: ay = 120 nm, black: ay = 135
nm)
3. Conclusion
We numerically show that the controllable birefringence can be used for new type of the phase matching of
second harmonic generation. Together with the enhanced nonlinearity of the mesoscopic crystal, the
phased-matched harmonic generation can be widely applicable to nonlinear devices.
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Abstract-In this paper, a design and simulation study of a bandwidth enhanced bent monopole
antenna consisting a unit of CSRR, shorting via and a stub is presented. The antenna resonates at
0.75 GHz and 0.9GHz with bandwidth 32.73%. A comparison of return loss between bent
monopole and bent monopole with added CSRR is shown to prove the functional of CSRR. The
proposed antenna has a moderate 1.789dB and 2.047dB gain at 0.75 GHz and 0.9 GHz respectively.
1. INTRODUCTION
Recently, metamaterials(MTM) have been used widely in microwave devices and antenna application field.
Broadband and compact antennas are in high demand with the fast development of modern wireless
communication devices. Special properties of MTM such as zero propagation constant and negative refractive
index could have enhanced the properties of the antenna [1]–[6]. At the low frequency such as Ultra High
Frequency (UHF) band, using a MTM structure would be a great idea to improve the performance of the antenna
as the wavelength of the antenna at this band is large. In this paper, a bandwidth enhanced metamaterial inspired
antenna is proposed. The antenna is fed by a bent monopole and consists of a square shape complementary split
ring resonator (CSRR), shorting via and a stub.
2. ANTENNA DESIGN

(a)
(b)
(c)
Figure 1: The geometry of the proposed antenna. (a) CSRR (b) Front view (c) Back view
The geometry of the proposed antenna is shown in Figure 1. The antenna consists of a square shaped CSRR,
bent monopole, via and a shorted stub that connects the via to the ground plane with total dimension of 150mm x
80mm. It is designed with basic monopole antenna to be operated at 0.75GHz as the center frequency. The

monopole is bent at the end for the size reduction purpose as the bent has not change much on the antenna
performance. The antenna is simulated on FR-4 dielectric substrate of permittivity 5.0, and a thickness of 1.6
mm by using CST microwave software. CSRR is chosen and added to this work for the bandwidth enhancement
purpose [2]. A via of radius 0.5 mm at the center of the CSRR connects the stub at the back of the antenna that
connected to the ground. Table 1 shows the dimension of the antenna parameters.
Table 1: Proposed antenna dimension
Parameters
a
b
c
mb ml
gl
st
Dimension (mm)
35
2
2
32 130 65
5
3. RESULTS AND DISCUSSION

Figure 2: Return loss comparison
Figure 2 shows the comparison of return loss between bent monopole and bent monopole with added CSRR.
Bent monopole resonates at 0.75 GHz with bandwidth percentage 17.22%. Then, a CSRR is added next to the
monopole and it produced another resonant at 0.9 GHZ with bandwidth 32.73% at -10dB. It shows a single unit
of CSRR may enhanced the bandwidth of the antenna. The proposed antenna has a gain of 1.789 dB and 2.047
dB at 0.75 GHz and 0.9GHz respectively.
4. Conclusion
A bandwidth enhanced metamaterial antenna with bent monopole at UHF band is proposed. The antenna
consists of a square CSRR, via, stub and monopole bent with size of 150mm x 80mm. The antenna resonates at
0.75 GHz and 0.9 GHz with bandwidth of 32.73%.
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Abstract- In this study, a flexible substrate for metamaterial based on Nickel Aluminate (NiAl2O4) synthesized
by sol-gel method is presented. The optical and microwave characterization demonstrate that the NiAl2O4
substrate is consists of a dielectric constant of 4.8, loss tangent of 0.04, and an optical bandgap of 2.8 eV. The
metamaterial unit cell is fabricated on prepared flexible composite employing copper coating by magnetron
sputtering. The double negative metamaterial behavior is found at a frequency of 6.05 GHz in microwave spectra.

Figure: (a) The fabricated metamaterial unit cell on synthesized substrate, (b) Presentation of flexibility, (c)
Reflection and transmission coefficient of metamaterial and (d) The effective parameters.

Improvements in several areas of materials science have resulted in a variety of new materials with strong
potential applications to microwave components. In recent years flexible materials have earned immense
interest in microwave engineering [1,2], however, there are very limited analyses on the impact of bending
structures. Nano-crystalline NiAl2O4 is synthesized by many researchers with several methods [3,4], but they
have not been explored much for microwave applications. The microwave dielectric properties of NiAl2O4
were investigated to find their employment as flexible material based metamaterial for microwave uses. The
sol–gel method was employed to synthesize the flexible composite. The establishment of spinel assembly and
crystalline dimension were assured using X-ray diffraction analysis. Morphology of the samples was clarified
by means of the scanning electron microscopy. Relative permittivity and dielectric loss tangent of the
specimen were restrained by DAK 200 MHz to 20 GHz dielectric measurement kit and obtained as 4.8 and
0.04, respectively. The energy bandgap was found 2.8 eV from optical analysis, which implies that the
synthesized nanoparticles are semiconductors by nature. The flexible substrate layer was prepared by mixing
NiAl2O4 nano-powder with polyvinyl acetate (PVA) glue dried up by means of heat. Finally, the metamaterial
unit cell is fabricated on 20×18 mm2 NiAl2O4 flexible composite substrate employing 200 nm copper coating
over that 1 mm thick substrate by magnetron sputtering shown in Figure (a & b). N5227A PNA microwave
network analyzer and 159WCAS A-INFO Microwave waveguides are used to measure reflection and
transmission parameters shown in Figure (c) of fabricated unit cell. DRI method [5] is used to extract the
effective parameters shown in Figure (d) of the unit cell and double negative metamaterial behavior is found at
a frequency of 6.05 GHz in microwave spectra. The overall analysis confirmed that NiAL2O4 is a highly
suitable for fabrication of flexible metamaterial and desired operating parameters can be archived by
modifying the synthesis and fabrication conditions.
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Abstract- We derive a method for calculating effective parameters of metafluids, where the
rationally designed 3D metamolecules are homogeneously dispersed in liquid-phase fluid (e.g.,
water). Using this method, we engineer the effective parameters of solution-processable form of
metamaterials by tailoring the shape and size of plasmonic nanoparticle and geometry of cluster.
Metafluids, in which the tailored metallic nanoparticle clusters (i.e., metamolecules) are homogeneously
dispersed within fluid medium, have been viewed as a practical way to use metamaterials mainly owing to their
solution processability [REF 1, REF 2]. However, S-parameter-enabled retrieval methods, which have been
widely used in analyzing a periodic metamaterial [REF 3], are not valid for retrieving effective parameters of
metafluids, because metamolecules in fluid are randomly rotating and moving in real time.
In this work, we analyze the optical properties of metamolecules, which could be materialized by benefitting
from the recent advances in soft matter engineering (e.g., colloidal assembly [REF 4]). Then, we derive the
effective parameter determination methods for metafluid based on the Clausius-Mossotti relation combined with
dressed polarizability. Finally, we apply this method to various cluster motifs and identify the required
concentration of cluster to induce unnatural light-matter interaction such as negative refractive index.
If we assume distance between each cluster and overall size of cluster are relatively small compared with the
wavelength, Clausius-Mossotti relation can be applied to retrieve effective parameter (e.g., permittivity) as
follows:

εr −1
εr + 2

=

Nα
3ε 0

(1)

where ε 0 , ε r are permittivity of vacuum and single molecule, respectively. As a representative example of our
approach, herein, we exploit the available unnatural electromagnetism by using octahedron cluster motifs
(Figure 1a) consisting of six 60 nm metallic nanospheres. This suggested structure has a substantial magnetic
and electric dipole resonance by near-field coupling between adjacent metallic nanospheres (Figure 1b).

[Fig.1] (a) structure of octahedron. (60[nm] diameter of each constituent particle, 1[nm] gap between neighbor
particles) (b)Electric dipole (blue) and Magnetic dipole (green) of this octahedron structure.

[Fig. 2] Refractive index of 0.77 micro-molar concentarion metafluid calculated by Clausius-Mossotti relation.
Real part (a) and imaginary part (b) is shown in graph separately.

When this cluster motif is dispersed in water with 0.77 micro-molar concentrations, the negative refractive
index at visible wavelength was found to be achieved (Figure 2). Also, we further engineered the cluster motifs
such as broken symmetry to reduce the required concentration of metamolecules for negative refractive index.
This design of asymmetric metamolecules was carried out under the umbrella of cluster motifs, which could be
available with DNA-based programmable self-assembly [REF 5].
Acknowledgements, This work was supported by Samsung Research Funding Center of Samsung
Electronics under Project Number SRFC-MA1402-09.
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Abstract- The energy harvesting with metamaterial structure (Split Ring Resonator) are proposed.
The operating frequency is 1.3GHz. Three design are simulated by using CST software shows
square patch give the highest value of absorption, which is 96.57%. For E-field monitoring in CST,
the even circle shows the lowest value of absorption frequency wavelength, but its shows that it has
the highest value of E-field, which is 181,100 V/m.
Artificial materials showing electromagnetic properties are not attainable in naturally due to their negative
value of permittivity and permeability[1]. This artificially called metamaterials. They are made from assemblies
of multiple elements fashioned from composite materials such as metals or plastic[2]. The materials are usually
arranged in a repeating pattern, with the scale that smaller than their operating wavelength[3]. Split Ring
Resonator is the one example of design from metamaterial structure[4]. The ring design as a patch with substrate
and ground plane give the negative value of permeability[5]. Since the previous work shows that SRR can be
used as an absorber of microwave signal (almost 100% efficiency), here come the challenge to take it as a new
platform to harvest an energy, replacing the common method of harvest an RF signal by using rectenna[6]. This
research starts from the study the performance of various design for patch split ring resonator[7]. Circle, square
and hexagon are the proposed design in the research to optimize which design give the highest performance in
absorbing transmitting frequency signal.
The absorption performance of all the structures shows the similarities. The circle shape has absorption
value of 92.72%, followed by Hexagon shape by 95.17% and square shape with the highest percentage, which is
96.57%. In this result, all three structure has more than 90% of absorption characteristics, with E-plane must be
parallel to the structure. The simulation continued by looking at the E-field characteristic. All mesh value is
defined as a constant parameter. The result show vice versa from the absorption result. The circle patch gives the
highest value of E-field concentration compared to others two designs. The circle patch gives the value of E-field
181 100 V/m, followed by hexagon patch (158,400 V/m) and square patch (109,200 V/m).
Initial observation shows that the edge of the structure gives an influence of E-field concentration. Since the
circle patch didn't have any edge of its shape, the E-field orientation is easier to concentrate at the gap of the
structure. Compared to hexagon and square patch, E-field is concentrated more than one point. This makes
trapped energy inside the structure spread to several points, and disappear. The propagation of wavelength must
be vertical toward the patch. If the structures are rotated 90 degree either clockwise / anticlockwise, the result of
E-field decreased. This is due to the reflection coefficient that has been shifted to 800MHz.

Split Ring Resonator Patch
Design
(0 and 180 degree)

Reflection Coefficient (S11)
E-field (V/m)
Absorption Percentage
E-Field (V/m)
(Rotated 90 degree)

Circle
-11.405 dB
181,100
92.72%
4,238

Hexagon
-13.183 dB
158,400
95.17%
1,527

Square
-14.649 dB
109,200
96.57%
1,036

In this study, it’s important to choose the structure that has high concentration of E-field at the gap. From the
table result, even though the square patch has the highest value of reflection coefficient, the circle patch got the
better performance on E-field concentration. The absorption percentage of circle patch are the lowest one
compared with other two patch, but its capable to capture the highest E-field. Next all three patch structures will
be fabricated and measured. The result of measurement will be compared with simulation. Further study, the
measurement will be done by using an oscilloscope and measure the potential energy at the gap of the structure
by place a passive element (resistor or diode) as a load.
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Abstract
A printed super wideband (SWB) monopole antenna for
wireless communication applications using a unique double
negative (DNG) unit cell metamaterial is presented. A
compact key-shaped radiator is designed with electrical
dimensions of 0.152 λo × 0.140 λo with respect to its lowest
operating frequency. The proposed design, satisfactory far
field radiation pattern, gain features fulfils the requirements
to be suitable for SWB spectrum. Moreover, the 10 dB
impedance bandwidth of the proposed antenna is from 3.47
to 60 GHz.

1. Introduction
In the past decades, an essential amount of research has
been dedicated to microstrip antennas by increasing the
utilization of the spectrum depending on the demand of
wireless communication systems and the surrounding
environment [1]. For instance, the current users of wireless
personal area network (WPAN) are excitedly demanding
super wideband (SWB) antennas to cover both long and
short range transmitting for universal services [2]. These
desired antennas have many benefits such as small size,
lightweight, low cost, and their conveniently with integrated
circuits. However, narrow bandwidth is one of the
drawback challenges that limit the usages in the wideband
modern
wireless
applications.
Double-negative
metamaterial (DNM), which is an example of the
metamaterial unit cell can be used to improve and increase
the antennas bandwidth due to the tremendous changes of
its behavior to produce negative refractive index (NRI)
within both negative permeability (µ) and permittivity (ɛ)
[3]. The first engineered materials with simultaneously
negative ɛ and µ was mathematically described by V.
Veselago in 1968 [4]. Furthermore, by applying the DNM
metamaterial on the antennas design, their performance will
be enhanced where a new version of the antennas with an
obvious improvement in terms of bandwidth, gain, size and
good radiation patterns can be obtained [5].

This paper presents a miniaturized super wideband (SWB)
monopole antenna using a new, wideband and compact
DNM unit cell for wireless applications. Two rows of the
proposed left-handed metamaterial unit cell located on the
reverse side of the antenna substrate and some are placed
near to the transmission line of the antenna. This structure
exhibits negative permittivity and permeability and negative
refractive index (NRI), which result in a compact, wide
band antenna with omnidirectional radiation pattern.

2. Antenna Design and Unit Cell Geometry
The proposed DNM unit cell consists of several symmetric
split ring resonators (SSRRs) assembled and combined to
enable the unit cell operation over the wide band range
within 3.47–60 GHz.

(a)

(b)
Figure 1: (a) Metamaterial unit cells structure, (b)
simulation set.
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It can be seen clearly that 2 × 2 unit cells are placed on the
proposed antenna reverse side above the selected partial
ground plane whereas two unit cells are applied horizontally
close to the antenna’s transmission line.

It was simulated using Computer Simulation Technology
(CST) software for achieving the S-parameters whereas its
simulated geometry is shown in Figure 1a. The simulation
setup of proposed metamaterial unit cell illustrated in Figure
1b where two waveguide ports are located on each side of
the z-axis. However, the proposed miniaturized SWB
monopole antenna is shown in Figure 2, which is printed on
a low-cost, 1.6 mm-thick FR4 substrate with a relative
permittivity of 4.7 and loss tangent of 0.025. The overall
size is of substrate is 22.5 × 14 × 1.6 mm3 where the antenna
is fed by 50-Ω SMA connector as shown in Figure 2.
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Figure 4: Comparisons of unit cell effects on reflection
coefficient

Figure 2: Proposed antenna with unit cell (a) Front view
(b) Back view
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Figure 3: Metamaterial unit cell simulated results (a)
Permittivity (b) Permeability (c) Refractive Index

Figure 5: 3-D radiation pattern at (a) 5 GHz, (b) 10 GHz, (c)
and 20 GHz.

2

3. Results and Discussion
Figure 3 (a-c) shows the obtained simulated results of the
permeability, permittivity and refractive index within the
frequency rang up to 60 GHz. The results showed the
acquired wideband range of real negative values for both
permeability and permittivity while the achieved real
negative refractive index can be observed at the frequency
span of (1-9.8 and 16.8-60) GHz as shown in figure 3.
Furthermore, it can be observed in Figure 4 that the
proposed SWB antenna incorporates with unit cell can
display high bandwidth from 3.47 to 60 GHz with reference
to S11 < -10 dB which has too far wide bandwidth against
previous antennas. The impedance bandwidth of the
proposed antenna reaches 178.13% and the radiation
patterns indicate that the SWB antenna radiation patterns
are approximately omnidirectional as shown in Figure 5 (ac).

4. Conclusions
A miniaturized super wideband (SWB) antenna using DNG
metamaterials is presented. A novel and compact with lefthanded symmetric split ring resonators (SSRRs)
metamaterial unit cells is proposed. The features of negative
permeability, permittivity, and refractive index (NRI) are
validated from the proposed unit cell construction. Several
unit cells are then placed on the antenna’s backside and
nearby the antenna’s transmission line. The simulated
reflection coefficient (S11) shows a wide bandwidth by
178,13 % (from 3.47 to 60 GHz).
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Abstract
This paper highlights a modified compact H-shaped Double
Negative (DNG) metamaterial unit cell for X- and Ku-band
applications. The unit cell has been constructed with the
combination of two pair of L shaped resonators and two
rectangular conductor blocks. The unit cell realized a highest
DNG bandwidth of 4.32 GHz covering X and Ku-band
(10.68 GHz to 15 GHz) with a size of 0.792 cm2. 1x1, 2x1,
2x2 and 4x4 array of the unit cell have also been analyzed.

1. Introduction
Artificial engineered materials or Electromagnetic (EM)
Metamaterials (MMs) have been received a lot of attention
from researchers with remarkable progress observed over the
past decade [1]. The intriguing properties of MMs have
inspired the researchers to implement them for various
multiband applications and electromagnetic absorption
reduction [2]–[4]. Different researchers have designed
different alphabet-shaped metamaterial unit cell structures
including U-shape, V-Shape, S-shape, H-shape, Z-shape etc.
for multiband applications [2], [3], [5]. An “H-shaped”
metamaterial has been proposed by Islam et al. [2], but the
highest bandwidth was 0.5 GHz in C-band. Moreover Hossain
et al. presented “two G-shape” DNG metamaterial for S- and
C-band. In this case the highest bandwidth they achieved is
1.05 GHz (2.95 GHz to 4.00 GHz) with the lowest size of
1.2×1.2 cm2 for the unit cell-A [3]. The highest DNG
bandwidth in multiband operation has been reported in [5]
that is 3.61 GHz which is higher than the other reported
works. But in this case the size of the unit cell was 1 cm2. Few
manuscripts have been reported with multiband operation
higher than 4 GHz DNG bandwidth associated with
miniaturized size less than 1 cm2.
This paper proposes a DNG multiband meta-material unit
cell having negative permittivity and permeability in region of
X-band and Ku-band with a highest DNG bandwidth of 4.32
GHz (10.68 GHz to 15 GHz) covering both first and second
band.

(a)
(b)
Figure 1: Proposed Modified H-shaped metamaterial unit
cell (a) proposed geometry (b) 3D geometry
This unit cell has realized a size of 0.9×0.88 cm2 that is less
than other unit cell reported in the above mentioned
literatures. The proposed unit cell has been analyzed
with 1×1 , 2×1 , 2×2 and 4×4 array gestalts. It exhibits
resonance in X band and Ku band respectively. Moreover, it
has DNG property in these two bands with a highest DNG
bandwidth of 4.32 GHz (10.68 GHz to 15 GHz) in covering
both bands. For the other array configuration it also shows the
DNG properties in the X and Ku bands with a common DNG
bandwidth of 10.8~15 GHz.

2. Unit cell design Architecture
The proposed unit cell consists of two pair of L shapedresonators sandwiched one another. In addition to that it has
two rectangular conductors in the middle. These shapes
together form a shape of Modified H shaped proposed unit
cell. Both of the L shaped resonators are connected with each
other as depicted in Figure 2. The whole unit cell is
symmetric with respect to the horizontal axis. The unit cell is
designed on an FR-4 substrate of relative permittivity,
ɛr =4.3 and loss tangent, δ=0.025 , copper thickness of
0.035 mm. The dimensions of the unit cell are presented in
Table 1. FDTD based Computer Simulation Technology
(CST) Microwave studio is used for the design of the unit
cell. In this design the incident wave travels along z axis.
Perfect Electric Conductor (PEC) and Perfect Magnetic
Conductor (PMC) are deployed along y and x axis

respectively. The design is simulated with a frequency range

of

0.1

GHz

to
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GHz

using

tetrahedral

Parameter.

Value (mm)

Parameter.

Value (mm)

Parameter.
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Value (mm)

a

9

f

0.95

n

3.9

t

3.75

b

4.4

g

1.2

p

1.58

u

0.68

c

0.5

h

1.22

q

1.2

v

0.75

d

0.5

k

0.5

r

0.6

w

0.7

e

0.5

m

0.8

s

1.2

x

0.6

Table 1: Parameter dimensions of the proposed metamaterial unit cell

Figure 3: Transmission coefficients for different array
structures.

Figure 2: Illustrated proposed geometry of the unit cell

(a)

(c)

(b)

(d)

Figure 4: Relative permittivity of the unit cell with (a) 1×1, (b) 2×1, (c) 2×2 and (d) 4×4 array

3. Results

mesh property. Figure 1 illustrates the unit cell’s 2D and 3D
view. It can be seen that the waveguide port is set in the z
direction. The dimensions are elucidated in Figure 2.

Figure 3 describes transmission coefficients, !!" (dB) the
different array of the unit cell. All of the array structures have
the resonance in X and Ku band. The 1×1 array structures
exhibits resonance at 11.156 GHz and 12.944 GHz in the X
and Ku band respectively. Whereas, for the 2×1 array

2

structure they are at 11.126 GHz and 12.72 GHz. The 2×2
array structures exhibits resonance at 10.962 GHz, 11.618
GHz while the resonances presents at 9.6563 GHz and 12.601
GHz in case of 4×4 array. Figure 4 and 5 respectively
delineate the relative permittivity and permeability of
different
array
structures.

3

(a)

(c)

(b)

(d)

Figure 5: Relative permeability of the unit cell with (a) 1×1, (b) 2×1, (c) 2×2 and (d) 4×4 array.
In Figure 4 and 5, shaded zones in the figures illustrate the
negative real part of the permittivity and permeability
respectively. In Figure 5, it can be seen that 1×1 and 2×1
array configuration there is only one negative indexed band,
while in 2×2 and 4×4 array configuration there is two
negative bands. The negative indexed band starts from 10.68
GHz and it stops at 15GHz in case of 1×1 array while it
extends from 10.72 GHz to 15 GHz in 2×1 array. For 2×2
array it is 9.37~9.46 GHz and 10.69~15 GHz. In the case of
4×4 array configuration the negative permeability band is
found to be in 9.655~9.97 GHz and 10.8~15 GHz zone.
From the above results it can be said that the unit cell shows
DNG characteristics 10.8~15 GHz band commonly in all of
the array configurations.
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Abstract
Investigation of Single Negative (SNG) Split Ring
Resonator (SRR)-based compact symmetric reciprocal 5
Port Reflectometer (5PR) has been alluded. The 5PR
realized a dual bandwidth of 1.072 GHz (0.803 GHz to
1.875 GHz) and 1.056 GHz (3 GHz to 4.956 GHz). The
results of 5PR indicate a near zero magnitude of reflection
coefficient and ≈ 0.5 for transmission coefficients which
agree with theoretical values. The 5PR can be used for
portable microwave imaging system for early breast tumour
detection.

1. Introduction
Electromagnetic metamaterials have been a concentrated
research activity with remarkable progress observed over the
past decade [1],[2].The use of different metamaterials
including Split Ring Resonators has been presented in various
manuscripts for improving bandwidth as well as
miniaturization of the antenna [2]. However, to the authors’
best knowledge no manuscript has yet been reported to
investigate the usability of metamaterial in 5PR for
microwave imaging application. Microwave imaging has
been proposed as an alternative approach for breast tumour
detection by the medical researchers. A portable low-cost
reflectometer is needed as an alternative network analyzer in
lieu of conventional VNA used in microwave imaging
systems
which

is not only costly but also retards portability owe to its large
size. This shortcoming of VNA has inspired the researchers to
use reflectometer as an alternative network analyzer. Few
researchers have designed reflectometer to be used in breast
microwave imaging but specializing for the higher frequency
range [3]. This paper presents symmetric reciprocal 5PR
reflectometer which can be used for the lower frequencies so
as to meet the higher penetration depth as been suggested in
[4]. It comprises 4×5 arrays of SNG SRR unit cells in the
opposite side of the substrate. The circuitry of the 5PR is
based on the microstrip technology. Simulated results shows
dual band of 1.072 GHz and 1.052 GHz.

2. Reflectometer design
The 5PR have been designed using Advanced Design
Software (ADS). The reflectometer consists of the circuitry
along with the SNG metamaterial in the ground plane of the
reflectometer. The metamaterial unit cell of circular SRR
kind consisting two concentric circles. The inner radii of the
circles are 2 mm and 3 mm respectively while the outer radii
are of 2.5 mm and 3.5 mm respectively. The unit cell is
designed using FDTD based Computer Simulation
Technology (CST) Microwave studio. Perfect Electrical
Conductor (PEC) is placed as the boundary condition in the
y axis while Perfect Magnetic Conductor (PMC) is placed in
the
x
axis.
The
waveFigure 1: 3D view of the metamaterial unit cell.

Figure 2: Permittivity characteristics of the unit cell.
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(a)
(b)
(c)
Figure 3: 2D layout of 5PR (a) conductor layer, (b) SRR unit cell layer and (c) both layers (transparent)

(a)
(b)
(c)
Figure 4: Simulated Results (a) reflection coefficient, (b) phase and (c) Magnitude of reflection and transmission coefficient
guide ports are applied in z axis and open boundaries are
selected for this axis. The split widths of the two circles are
1 mm. which are in line with each other in the vertical
direction. The reflectometer consists of 5 ports which are
matched to 50 Ω. It consists of 5 curved microstrip lines
which are curved by 72 °. 5 microstrip T-junctions are used
in each of the ports in the reflectometer circuitry. The unit
cells are applied in the opposite side of the substrate by
using 4×5 array structures as can be depicted from Figure 3.
The five port reflectometer was simulated from 0.5 GHz to 5
GHz. The 5PR has been designed using FR-4 substrate with
a relative dielectric constant ɛr =4.3 and a loss
tangent, δ=0.025 , copper thickness of 0.035 mm . The
Reflectometer is shown in figure 3 in a detailed way.

4. Conclusion
This paper proposes a SNG metamaterial-inspired
symmetric reciprocal 5PR for early breast tumour detection
system. This 5PR consists of 4×5 array of SNG
metamaterial unit cell in the rear part of the substrate and
circuitry in the top plane of the substrate. Simulated results
shows dual bands of 1.072GHz and 1.056 GHz. This 5PR
can be considered as a prominent candidate for the portable
early breast tumour detection system.
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Abstract
A new combination polymeric magneto dielectric comb
array antenna is presented. The combination substrates of
Polydimethylsiloxane (PDMS) and Ferrite III oxide
(PDMS-Fe3O4) provided huge improvement bandwidth of
49.21 % compared to existing antenna. Combination
polymeric magneto dielectric, comb array antenna and
PDMS-Fe3O4’s permeability of 1.85 contributing to such
bandwidth ranging from 26.823 GHz to 42.573 GHz and
gain of 7.161 GHz. The radiation pattern results are also
presented. Furthermore, dimension of 19x33 mm2 is
considered compact in size.

In this paper, Figure 1(a) shows the comb array antenna
which is designed with full ground plane at dimension of 19
x 33 mm2 for width and length respectively as shown in
Figure 1(b). An array structure of comb antenna is
organised in zig-zag with main radiating element inclined
by -90 degrees. The spacing between each array is d = λg /2
where λg is the guided wavelength at the center frequency
while length, l of each array is based on formula l = λg [7].

1. Introduction
Currently, modern wireless communication technologies
such as medical diagnosis, navigation, and millimeter wave
technologies demand robust, small, conformal and
lightweight antennas [1]. In millimeter wave technologies,
enhancing their bandwidth potentially improves its data-rate
transmission [2, 3]. The capability in obtaining a large
bandwidth for microstrip patch antenna is contributed by
chosen an appropriate types of substrate material [4, 5]. For
these reason, this paper introducing a new combination of
meta-material substrate; Polydimethylsiloxane (PDMS) and
Ferrite III oxide (Fe3O4) with a compact microstrip comb
array antenna.

Figure 1. The fabricated polymeric magneto comb array
antenna. (a) Front view (b) back view
The PDMS-Fe3O4 substrate layer is designed to embed the
comb array antenna as depicted in Figure 2 with thickness
for upper layer is v=1.4 mm and bottom layer is w=3 mm.

2. Polymeric Magneto Comb Array Antenna
PDMS- Fe3O4 is a new dielectric substrate contains of
silicone based elastomer and (10 nm) nanoparticles of
magnetic (Fe3O4) iron oxide. The magneto dielectric gives
permeability more than unity which is 1.85 lead to
bandwidth increment with permittivity of 3.45. The
fundamental in getting a huge bandwidth is by reducing its
quality factor, Q where Q is inversely proportional to
permeability [6]. Hence, high in permeability provides a low
Q and enhance the bandwidth.

Figure 2. Perspective view for polymeric magneto comb
array antenna with PDMS-Fe3O4

3. Discussion

4. Conclusions

Figure 3 shows the reflection coefficient, S11 of polymeric
magneto comb array antenna. It is observed that the
proposed antenna capable to operate in frequency range of
26.823 GHz to 42.573 GHz with 15750 MHz (57.27 %) of
bandwidth. Besides, the simulated and measured results for
S11 agreed well. The polymeric magneto comb array
antenna also has a broader bandwidth compared to [7] up to
49.21 %.

As conclusion, the new combination of PDMS-Fe3O4 with
comb array antenna produces wider bandwidth and good
gain as well as compactness of size for millimetre wave
applications
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Figure 3. Simulated (solid line) and measured (dotted line)
of reflection coefficient for polymeric magneto comb array
antenna
Further results is on polar radiation pattern as shown in
Figure 4 for XZ-plane and YZ-plane. It is observed that the
simulated and measured radiation patterns agreed well. The
highest gain of 7.161 dB is recorded.

Figure 4. Simulated (solid line) and measured (dotted line)
of polar radiation pattern for polymeric magneto comb array
antenna
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Abstract
The patch antenna gain and axial ratio enhanced when a
dielectric radome double negative (DNG) metamaterial of
H-shaped unit cells positioned on top of the patch. The
radome is comprising of alternately two layers of negative
permeability
and
permittivity
substrate.
Circular
polarization's axial ratio of 2.329 dB has been realized by
the presence of DNG metamaterial radome compared to
5.57 dB of without the radome. The gain has been increased
as well from 8.25 dB to 9.57 dB.

1. Introduction
The opportunity of making left-handed metamaterial
substrate with -ve permeability, -ve permittivity and
refractive index contritely is change radically many fields
including antenna design. It is extremely attractive because
it shows the opportunity of reducing the difficulties
experience in designing a directional antenna. In general
directional antennas are either dishes or arrays. [1] They
have acquired tricky feeding system. In case of arrays the
number of antenna elements is fed with particular phasing
and spacing. Since the gain requirement will more advanced
of the feed network design becomes a tough task and
controlling the side lobe level also becomes dreary. In this
paper, we have used the H-shaped and Inverse H-shaped to
improve the gain and axial ratio of patch antenna. The
antenna gain is increased more than 1.5dB of that of the
normal patch antenna. The Circular polarization's axial ratio
of 2.329 dB has been realized by the presence of DNG
metamaterial radome compared to 5.57 dB of without the
radome, which clearly show the existence opportunity to try
them as array elements or finding alternative ways of
improve the gain and axial ratio of any antenna element. [3]
A point-to-point wireless communication usually fails to
distribute the threshold signal strength of -51 dBm. It also

fails to stabilize the data rates in severe climate conditions.
[4] Failing to abide such meshold brings about the slow
internet connection or even disconnected. A high efficiency,
gain, and circular polarized (CP) microstrip patch antenna
will provide a suitable solution to avoid major signal
attenuation during such conditions. [5] Rather of CP
antenna, two-port MIMO methods to increase channel
capacity for higher data rate and better hyperlink stability of
a system. Consequently, convergence between CP
technique, array antenna configuration and MIMO antenna
techniques are studied to deliver effective trusted point-topoint communication. Figure. 1(a-d) presents the
permeability, permittivity and refractive index where
negative permeability achieved at (5.81-6.82) GHz, negative
permittivity achieved (5.8-6.72) GHz and negative
refractive index achieved (5.85-6.0) GHz. The effective
permeability, permittivity and refractive index has been
retrieved from S11.

(c)

Figure 1: DNG Left-Handed Metamaterial (a) presents the
structure simulated, (b) permeability, (c) permittivity and (d)
refractive index.

2. Antenna Design Simulated
Metamaterial radome structure with the patch antenna is
simulated using CST MICROWAVE STUDIO based 3D for
electronic packages and simulated result shows in figure 2
(a-e). Likewise (b-c) shows the axial ratio bandwidth is
observed to be 100MHz.As well (d-e) shows the 3D patterns
of the patch antenna. The gain is observed to be 1.5dB. It
also show that the antenna tunes at 5.8GHz.

(d)

(a)

(e)
Figure 2: DNG Left-Handed Metamaterial Radom (a)
presents the structure simulated, (b) S11 with and without
DNG radome, (c) Axial ratio with and without DNG
radome, (d) Gain with DNG radome and (e) Gain without
DNG radome.

(b)
2

Table 1: Parameters dimensions of the proposed antenna and (DNG) metamaterial radome.
Para.

Para.

Wsl

Value
(mm)
2.9

Para.

g

Value
(mm)
0.3

Ls2
Ws1

1.7

Ws

1.2

Ls

3.

Para.

λ1

Value
(mm)
42

Para.

R3

Value
(mm)
10.4

60

R1

40

R2

7.8

Lslot

9.4

Wslot

Conclusions

We have studied the structures composed of materials. The
(DNG) metamaterial of H-shaped unit cells radome base on
dielectric could increase the antenna gain and axial ratio,
which could be useful for antenna radome applications. The
end-to-end curvy dual-coupled 90° phase shifters that is
connected to each circle-segmented patch. (S11) gain in the
simulated with (DNG) radome and without (DNG) radome (from
8.25% to 9.57% GHz) and axial ratio simulated with (DNG)
radome and without (DNG) radome (from 5.57 to 2.329 GHz) in
the axial ratio. CP array antenna radome with 90° triple-coupled
phased shift polarizer at 5.8 GHz.
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Para.

Lfeed

Value
(mm)
2.5

Para.

W1

Value
(mm)
2.6

L3

Value
(mm)
16

9

Wfeed

2.5

L2

2.8

W3

2

1.3

L1

3

W2

1.85

L4

23
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permeability which is absent in normal material.

Abstract
This paper presents a split ring resonator based metamaterial
radome for point-to-point communication. The radome
structure is formed using split ring resonator at 5.8 GHz.
Antenna structure has been formed using 2×2 MIMO array
structure with high directivity and good isolation between
two arrays. Performance of radome characteristics have
been evaluated in terms of bandwidth, directivity, radiation
pattern and isolation between two antennas. Small
degradation has been found for antenna performance in
terms of using metamaterial radome.

2. Split Ring Resonator Based Metamaterial
Radome Design
In this paper, a negative permittivity based split ring
resonator metamaterial unit cell has been designed for
radome structure. Figure 1(a) presents unit cell structure
where the negative permittivity achieved from 3.92 GHz up
to 10 GHz. Figure 1(b) presents the relative permittivity of
the unit cell. This until cell has been applied in 6×4 array on
FR-4 substrate which is a radome structure. Than this
radome has been placed on the top of array antenna
structure maintaining 4mm distance. The MIMO array
antenna structure has been formed using 2×2 array. Figure
1(c) presents the MIMO array antenna structure and Figure
1(d) shows the array structure with metamaterial radome.

1. Introduction
A radome plays an important role in the practical
application of antennas which are placed over antenna in
order to protect from different environment like wind, rain,
ice, hot, UV etc. Radome can be different types in several
shapes like spherical, geodesic, planar etc. depends on the
application (radar, telemetry, tracking, and point-to-point).
Radomes can be designed using different types of low
losses material like-fiberglass, PTFE-coated with proper
integration for indoor and outdoor environment [1].
However, the main challenge for designing radome is the
avoiding antenna radiation losses which occurred from
attenuation, scattering and depolarization. Thus can effect
on the electromagnetic signal by degrading antenna pattern.
Furthermore, scattered radiation from radome may affect
antenna performance by elevating side lobes which can
degrade antenna directivity very highly [2].
Different types of artificial magnetic conductor has been
used to design radome as- partially reflecting surfaces,
frequency selective surfaces. Metamaterial based radome
can be great choice because for designing radome structure
because of the unusual electromagnetic property [3].
Metamatrial attains exotic electromagnetic property over
certain frequency band which is not normal in nature. It can
show totally opposite characteristics compare with naturally
existing material in terms of negative permittivity or

Figure 1: (a) Metamaterial unit cell radome (b) Relative
Permittivity (c) Antenna Structure (d) Metamaterial radome
(Below is antenna structure).

1

Table 1 Parameters dimensions of the proposed antenna and metamaterial radome.
Param.

Param.

lw

Value
(mm)
1.49

Ws

Value
(mm)
55

w

1.49

Ls

58

g

0.3

Wp

16

Param.

Value
(mm)
27

Param.

λ2

L1

λ1

Param.

W1

Value
(mm)
3

Param.

L3

Value
(mm)
13

Ls1

Value
(mm)
55

27

L2

2

W3

12

Ws2

70

4

W2

4

L1

1.4

Figure 3 presents the directivity of the antenna with
metamaterial radome. It achieved 11 dBi directivity which
is applicable for point-to-point communication.

3. Results and Discussion
Figure 2 presents the performance of antenna with radome
structure. Since the antenna have MIMO characteristics,
isolation between two antenna structures is considered as
important parameter. Figure 2(a) presents the performance
of reflection coefficient and isolation between two antennas
with radome structure.

4. Conclusions
Circularly Polarized Multiple Output Multiple Input (CPMIMO) Array antenna with isolation between two array and
bandwidth has been proposed. The WLAN -MIMO Array
antenna’s characteristics of directivity, and radiation pattern
has been discussed and analyzed to have the optimum
performance, which could be useful for point-to-point
communication with metamaterial radome, (S11) and (S21)
shows a 36% of isolation between two antenna and
bandwidth (from 0.311 to 0.401 GHz). Bandwidth achieved
with radome structure is 5.8% at 5.8 GHz where without
radome it achieved 5.86%. However, the isolation between
two antennas with and without radome also satisfactory. At
both cases the minimum isolation achieved -39dB and
maximum -75 dB.
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Figure 2: Performance of antenna with and without
Metamaterial Radome.

Figure 3: Illustrate the antenna radition pattern based on 3D
with Metamaterial Radome.
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Abstract
This paper presents a compact crisscross slotted log periodic
fractal Koch antenna (S-LPFKA) with artificial magnetic
conductor (AMC) surface that serves as a reflector. This SLPFKA with AMC is designed to operate from 0.47 to 0.79
GHz with linearly polarized radiation, performing with
36.6% size reduction compared to stand-alone S-LPFKA.
With gain from 2.57 dBi to 4.75 dBi, this antenna is suitable
and has a great potential for ultra high frequency (UHF)
television white space (TVWS) applications.

1. Introduction
In telecommunication, TVWS refers to the unused
broadcasting frequencies in wireless spectrum which located
within VHF and UHF bands [1-3]. It is very attractive due to
its much lower frequency compared to current unlicensed
spectrum. Operating Wi-Fi in TVWS will provide several
distinct advantages such as longer range, greater speed,
more reliable connections and broader coverage compared to
traditional 2.4 GHz and 5 GHz frequencies [4].
Microstrip patch antennas are widely applied in various
applications because of their small profile, light mass and
low budget. However, they suffers from some limitations
including narrow bandwidth and low efficiency [5]. Many
methods have been proposed to overcome the disadvantages
of microstrip patch antennas such as by applying log
periodic technique. This technique manage to increase the
bandwidth and potentially offer low cross-polarization ratio
over a wide frequency range. Nevertheless, it unfortunately
results in the expense of a large physical area [6-7].
Nowadays, the inspiration to study AMC design by
most researchers are due to the advantages of AMC in
increasing gain, reducing back lobe radiation, enhancing
bandwidth as well as size miniaturization [8-9]. AMC is one
type of metamaterial which consists of periodic structures. It
acts like a regular metallic ground plane outside of its
bandwidth and has a reflection coefficient phase of 0° [10].
In this paper, a S-LPFKA with AMC metamaterial is
designed with a compact size of 190 x 285 mm2 for the

width and length respectively. 36.6% size reduction is
obtained for the proposed antenna compared to the standalone S-LPFKA. The proposed antenna exhibits gain
ranging from 2.57 dBi to 4.75 dBi over UHF TVWS bands.
This paper is organized as follows: Section 2 begins by
demonstrating an AMC single design. The S-LPFKA with
AMC operating from 0.47-0.79 GHz will also be described
in this section. Next, the simulated results of S-parameter,
gain and radiation patterns are presented and discussed in
Section 3. Finally, a conclusion will be drawn in Section 4.
2.

Antenna Design

A square patch unit cell is chosen since it is easy to fabricate
and provide a large bandwidth performance. A single AMC
unit cell is illustrated in Fig. 1(a). The simulations were
completed by using periodical unit cell simulation offered in
CST Microwave Studio. The structure of AMC unit cell
consists of five layers as shown in Fig. 1(b). The ground
plane is located at the bottom layer of this structure. This is
followed by a layer of FR-4 substrate with dielectric
constant of εr=4.7 and loss tangent (tan δ) of 0.019,
respectively. The AMC plane is located on the third layer.
Another layer of substrate is placed on top of this AMC
plane. The AMC plane and ground plane are made up using
Copper with a conductivity and thickness of 5.8 x 107 S/m
and 0.035 mm respectively. Finally, a plane wave source is
located on the top of the AMC unit cell with a gap of 10
mm. The phase of the reflected wave is about 0° for 0.63
GHz as shown in Fig 2. The operating bandwidth of the
AMC plane is defined by a ±90° phase response. The unit
cell is then arranged into 2 x 3 array to form the AMC plane.
The AMC plane of the proposed antenna is integrated
beneath the antenna substrate as illustrated in Fig. 3. To
cover the entire bandwidth from 0.47-0.79 GHz, 10 patches
were needed. Series iteration fractal Koch structure with
30° flare angle has been integrated at the radiating elements
of log periodic dipole antenna (LPDA). Fractal Koch
structure manage to miniaturize the size of conventional
LPDA.

(a)
(b)
(c)
Figure 3: Proposed antenna (a) 3-D configuration, (b) Top
view and (c) Side view.

3. Discussion
The contribution of the AMC plane is evaluated by
comparing the antenna performance against a stand-alone SLPFKA. Fig. 4 shows the comparison of reflection
coefficient, S11 between stand-alone S-LPFKA and
proposed antenna. The graph shows that stand-alone SLPFKA has impedance bandwidth from 0.47-0.79 GHz
which covering the whole UHF TVWS bands but it has
larger size which is 305 x 280 mm2. From the analysis, the
optimum dimension of the proposed antenna is 285 x 190
mm2 which indicate 36.6% size reduction compared to
stand-alone S-LPFKA. As can be seen in Fig. 4, the
proposed antenna are working on channel 24-25, 28-33, 3640, 43-46 and 56-60 with the total of 22 channels. Based on
the list of TV broadcasters in Malaysia using VHF and
UHF, we can notice that there are only 4 channels (channel
27, 33, 39 and 55) which are occupied by the broadcasters
in UHF band and the remaining channels are being unused.
The polar radiation patterns is illustrated in Fig. 5 and has
been performed at 0.47 GHz and 0.79 GHz for both E- and
H-planes. With the gains from 2.57-4.75 dBi, this proposed
antenna has become a suitable candidate for UHF TVWS
applications

(b)
Figure 1: (a) AMC dimensions (with L = W = 91 mm, g = 2
mm), and (b) Side view.

Figure 2: Reflection phase of AMC unit cell.
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Figure 5: Polar radiation patterns of the proposed antenna.

4. Conclusions
In this work, a S-LPFKA with AMC is proposed with
operating frequencies from 0.47-0.79 GHz. The size of
proposed antenna is successfully reduced by 36.6% by
implementing AMCs with slotted series iteration log
periodic fractal Koch techniques. Both simulation and
measurement result shows that the proposed antenna
satisfies the impedance bandwidth requirements of UHF
TVWS bands applications (0.47-0.79 GHz). Overall, the
performance of proposed antenna is suitable candidate for
UHF TVWS band applications.
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Abstract
A multiband coplanar waveguide (CPW) fed antenna array
using a novel double negative (DNG) metamaterial unit cell
for GSM900, WLAN, LTE-A and 5G Wi-Fi applications is
presented in this paper. The investigated DNG structure
indicates wide range of negative refractive index in the
frequency span (0-3.78 and 5.65-7.2) GHz. Two categories
of the proposed metamaterial plane have been applied to
enhance the bandwidth up to 1.2 GHz, whereas the
maximum attained gain is 6.74 dBi at 3.5 GHz.

1. Introduction
Recently, the development of wireless communication has
been grown rapidly especially for 5G Wi-Fi, wireless local
area networks (WLANs) and Long Term EvolutionAdvanced (LTE-A) [1]. A single hardware to operate in
multi frequency bands is highly desired. Furthermore, the
metamaterial structures has been developed significantly
due to the tremendous change of its physical behaviors that
leads to investigate new electromagnetic properties which is
not easy to be attained in normal case [2]. Double-negative
metamaterial (DNM) is an example of this metamaterial
unit cell structure, which has negative properties for both
permittivity and permeability to exhibit negative refractive
index (NRI) electromagnetic properties [3]. However,
antennas performance have been improved dramatically by
applying the metamaterial due to its numerous effectiveness
to produce a novel version of the antennas design with a
noticeable improvement in terms of size miniaturization,
gain and bandwidth enhancement, low cost and good
radiation patterns [4]. Therefore, antenna design
incorporates with metamaterial can offer an ultra-high
performance class of these antennas.
In this paper, a multiband CPW fed antenna array using
a novel and compact DNM unit cell has been proposed. The
investigated DNG structure consists of several symmetric
split ring resonators (SSRRs) to exhibit wide range real
values of negative permeability and permittivity, hence,

leading to negative refractive index (NRI) as well. The
proposed antenna is suitable for GSM900 at 0.9 GHz,
WLAN at 2.3/2.4/5/5.2/5.8 GHz, 4th generation LTE-A at
3.5 GHz and 5G Wi-Fi in the frequency range of
(5.15~5.875) applications, while it is overall size (0.236λo
0.128λo 0.005λo) with respect to its lowest operating
frequency. Simulated results (with and without DNG unit
cell), including the reflection coefficient and gain at
indicated frequency bands are discussed prior to the
concluding remarks.

2. Antenna Design and Unit Cell Geometry
The proposed unit cell and the CPW antenna structures are
described below:
2.1. Proposed Unit Cell

The proposed DNG unit cell structure is shown in Figure 1a.
Its overall size is (6 x 6) mm2. The optimized line width of
each SRR is 0.5 mm with split gap by 0.5 mm is used to
generate negative permeability and permittivity where r1, r2
and r3 equal to 2.9 mm, 1.9mm and 0.9 mm respectively.
Figure 1b shows the simulation set up testing of proposed
metamaterial unit cell structure, which was placed between
two waveguide ports located on each side of the z-axis to
attaining the S-parameters.
2.2. Antenna Design Geometry
The proposed CPW antenna array is printed on a low-cost,
1.6 mm-thick FR4 substrate with loss tangent of 0.025 and a
relative permittivity of 4.7. Figure 2 illustrates the 3-D
geometry of the proposed antenna array where two
categories of the proposed metamaterial plane have been
used, one is placed behind the antenna array and the second
will be considered as a reflector within 10 mm away from
the antenna. It is an array containing 2-elements; triangularlike structure forms each radiator. The antenna is feeding by
narrow micro-strip line with 50-Ω SMA connector.
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Figure 4: Return loss (S11) and gain.

Figure 3 (a–c) illustrates the obtained real and imaginary
values of permittivity, permeability and refractive index.
The results indicated that the achieved real negative
permittivity, permeability and refractive index at frequency
bands of (0 ~ 6.82, 7.22 ~ 10) GHz, (0 ~ 6.96,7.31 ~ 9.36)
GHz and(0 ~ 3.78,5.65 ~ 7.2) GHz respectively.
Furthermore, in Figure 4, it can be observed that the
proposed antenna with unit cell features high bandwidth of
980 MHz (28 % centered at 3.5 GHz) and 1221 MHz (22.1
% centered at 5.5 GHz). In addition, the achieved gain can
be increased from 3.23 dBi to 6.74 at 3.5 GHz for LTE-A
and up to 5.98 at 5 GHz. Moreover, two rows structure of
unit cell behind the proposed antenna array create additional
resonances at 900 MHz and 2.4 GHz for GSM and WLAN
applications respectively.

Figure 5 (a-d) shows the simulated 3D far field radiation
pattern at 900 MHz, 2.4 GHz, 3.5 GHz and 5.8 GHz of the
proposed CPW antenna along azimuth and elevation plane.
The antenna displays almost omnidirectional radiation in
the (x-y) plane and (y-z) plane. Moreover, the maximum
attained gain is 6.47 dBi considered as an increase of
92.57% after applying the proposed metamaterial unit cell.

2

(a)

(b)

[4] A. S. M. Alqadami, M. F. Jamlos, P. J. Soh, S. K. A.
Rahim, G. A. Vandenbosch, and A. Narbudowicz,
Miniaturized dual-band antenna array with doublenegative (DNG) metamaterial for wireless applications,
Applied Physics A, vol. 123, p. 22, 2017.

Figure 5: 3-D radiation pattern at (a) 0.9 GHz, (b) 2.4 GHz,
(c) 3.5 GHz and (d) 5.8 GHz

4. Conclusions
A quad band antenna array using wide range DNG
metamaterials is presented. A novel compact SSRR
resonator left-handed metamaterial unit cells is proposed.
The features of negative permittivity, permeability and
refractive index (NRI) are validated numerically from the
proposed unit cells structure. They are then placed as two
scenarios on the reverse side of an antenna array. The
simulated result shows that the proposed antenna integrated
with the compact sized unit cell structure has proper
impedance bandwidth covering the required band widths of
GSM900, WLAN, LET-A and 5G Wi-Fi in the 0.865–1.06
GHz, 2.24–2.52 GHz, 3.25–4.31 GHz and 4.9–6.5 GHz
respectively. The proposed antenna features omnidirectional
radiation patterns.
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Abstract
In this paper, the utilization of flexible polymer
polydimethylsiloxane (PDMS) as the substrate for the
realization of patch 3dB branch-line coupler (BLC)
operated at 24GHz is presented. In advanced, the
micromachine technique introduces a magnetization of
magnetic filler, Fe3O4 into the polydimethylsiloxane
(NPDMS) to be applied as transmission line of BLC for
Automative Collision Avoidance System (ACAS)
application. Promising elements with flexible, lightweight,
resistant capability against dust and corrosion are realized.
The presented design exhibited considerable return loss, S11,
transmission, S21, coupling, S31 of (3±1) dB and isolation,
S41 within ACAS Standard requirement.

1

Introduction

Significantly, enhanced innovation of polymer-based
nanocomposite materials by adding magnetic nanofillers,
such as carbon nanotubes, carbon nanofibers and iron oxide
nanoparticles to polymeric has attracted tremendous interest
exclusively on strengthening the electrical conduction,
mechanical hardness, chemical stability, resistance of
thermal properties as well as the possible improvement of
fire behavior properties serve suitable potential applications
of microwave absorbing material. These properties showed
that the resonance magnetic losses in a ferrocomposite with
nanosized magnetite filler are shifted to the higher
frequency specifies the compatibility of this method to be
applicable for higher frequency applications [1]. Polymer
serve as a coupling agent has been demonstrated in
preparing elastomer nanocomposites on magnetite
nanoparticles [2]. Characterization of magnetic polymer
superparamagnetic with good magnetic saturation, improves
the permeability and good electrical conductivities [3-4].
In practical, as the higher frequency is desired for
ACAS application, the wavelength will be reduced and the
device miniaturized. As a proposed technique,
micromachining is introduced due to their capabilities of
accurately defining structural dimensions, capability to
integrate with other integrated circuits and possibly
realization at a lower cost [5] which outlines the most
development techniques to prepare for polymer magnetic

nanocomposites. The high permeability magnetic fillers,
Fe3O4 are usually employed to increase the permeability
and ferromagnetic properties with increased coercive force
induced by the non-magnetic polymer spacer [6]. Magnetic
nano particles have a wide range of applications, including
magnetic fluids recording [7], catalysis, data storage,
environmental remediation separation, purification, and
biomedical uses [8-10], microwave absorption [11] and
medical diagnosis using magnetic resonance imaging [MRI]
[12]. The ferromagnetic resonance and intensity are
strongly affected by magnetic nanoparticle content in
polymer composition which modifies the permeability and
permittivity of the microwave devices [13].
In this paper, utilization of magnetic filler, Fe3O4
branch-line coupler is designed for vehicle to vehicle
beamforming application, at 24GHz ACAS frequency. A
PDMS combined with increasing amounts of cross-linker
utilized in 3dB branch-line coupler (BLC) as flexible
substrate with flexible, lightweight, resistant capability
against dust and corrosion. The presented design exhibited
promising return loss, S11, transmission, S21 and coupling,
S31 of (3±1) dB and isolation, S41 within ACAS ISM
Standard with minimal amplitude imbalance properties.

2

Branch-line Coupler Design

Branch-line couplers are utilized for beam forming
network due to characteristic of input power divided equally
between the output ports. The 3 dB BLCs have a degree of
freedom where any of the four ports can be used as an input
port. The ports opposite to the chosen input port are the
output ports while the adjacent port is the isolated port. By
implementing equivalent admittance approach [14-15], the
four-port symmetrical network can be split into four circuits
by using the two symmetry planes. Due to the decrease of
the wavelength (λ0 = 12.5 mm) at operating frequency of
24GHz, couplers using quarter-wave length lines become
feasible. In this paper, a 3dB BLC line is designed using
nanocomposite polymeric magneto-ferrite thin film by
loading 35% of 10-nm iron oxide Fe3O4 into pure
polydimethylsiloxane (PDMS) to generate nanocomposite
polymeric magnetic ferrite (NPMDS) branch-line coupler
illustrated with blue line with thickness of 300µm,
permittivity of 2.8, permeability of 1.4 and loss tangent

0.047 at the operating frequency of 24 GHz for ACAS
bandwidth of 200MHz from 24.05GHz to 24.25GHz [16].

Output Phase(Degree)

3

300

Experimental Results and Discussion

A pure PDMS (εr = 2.7, loss tangent=0.04) is used
as the substrate while ground plane is copper metalized. The
multilayer of proposed BLC with the size of 37.49mm
x37.49 mm, gap of 0.36mm, depth of 0.2mm and other
parameters has been illustrated in Figure 1(a) till Figure 1
(c) and the dimensions of the proposed BLC are listed in
Table1.
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Table 2 Output simulation results of the proposed BLC
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Figure 2(a) illustrated S-Parameter performance of the
proposed BLC and phase difference in Figure 2(b).
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Para.
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S11

-18.63dB

S41

-14.09dB

S21

-4.78dB

Phase Difference

89°

S31

-3.97dB

Bandwidth

(23.95-24.28GHz)

The magnetic filler PDMS patch is used as radiating
patch of the proposed BLC by micromachining channel.
Micromachining variation effect parameter depth, d of the
channel has been investigated towards the BLC
performance of reflection coefficient, S11 and isolation
value, S41. Once the value of depth, d of radiating magnetic
filler is varied, deviations in the BLC performance are
observed in Figure 3. As shown in Figure 3(a), as the depth
is increased, operating frequency for S11 parameter are
shifting homogeneously to the lower frequency but with
higher percentage of transmission. However the
performance at the operating frequency still achieves
promising value. Conversely, isolation value didn’t reflect
the uniform changes due to the depth variation as illustrated
in Figure 3 (b) but the value achieve less than -10dB for
each depth parameter.

Table 1: Parameter detailed of the proposed BLC shown in Fig. 1
Value
(mm)
20.30

Value

The performance of BLC is determined by the
amplitude and phase imbalances, representing the difference
in amplitude between the two output ports and the phase
differs from the desired 90° between the two output ports.
The minimal amplitude imbalance of 0.81dB and promising
phase output difference, 89° with minimum variation of 1°
error are shown in Figure 2(b) while bandwidth were
obtained from 23.95GHz to 24.28GHz which satisfied
ACAS requirement. The summarized performance of the
proposed BLC is tabulated in Table2.

(b)

Fig. 1: The proposed BLC topology, (a) perspective views, (b)
magnification, (c) cross section view.
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Fig. 2: Simulated result of the proposed antenna, (a) S- parameters
(b) Output phase difference.
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Conventionally, amplitude imbalance and phase
imbalance due to the depth variation are plotted in Figure 4.
Minimal variation of amplitude imbalance can be clearly
seen at 24GHz with an average value of 0.75dB. Moreover,
phase difference imbalance observed to be uniformly
changes with the changes variation of depth, d indicates
equally power distributed between output ports. Ideally
average of 5.5° consistent value was observed at 24GHz
operating frequency with depth variation of 100µm.
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Fig. 4: Amplitude imbalance and phase difference proposed BLC.
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Conclusions

This paper demonstrated the utilization of 35% of 10-nm
iron oxide Fe3O4 into polydimethylsiloxane (PDMS) as the
BLC transmission line with a flexible polymer PDMS as
substrate, for the realization 3dB branch-line coupler (BLC)
operated at 24GHz. In particular, accurately defining
structural dimensions by micromachine technique
contributed to the development of this design. Enhanced
properties of the NPDMS is utilized for BLC which is the
key element of beamforming network dedicated for vehicle
to vehicle application with promising requisites of flexible,
lightweight, resistant capability against dust and corrosion
properties. In addition, by performing the parameter
variation analysis of the polymer nanomagnetic filler
radiating patch depth, d between NPDMS and substrate,
analysis of BLC performance are presented. The presented
design exhibited considerable return loss, S11, promising
results of transmission, S21, coupling, S31 of minimal
amplitude balance (3±1) dB and isolation, S41 within ACAS
ISM Standard.
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Abstract
This paper proposes a microstrip rectangular patch antenna
using a structure of artificial magnetic conductor (AMC).
This type of antenna is designed to operate at 16 GHz,
where the potential fifth generation (5G) band may be
located. By adding AMC structure, the proposed antenna
offers about 23.6% size reduction of the conventional
antenna. Moreover, higher gain has been achieved, which is
from 6.87 dB to 7.99 dB with 494 MHz of frequency
bandwidth.

1. Introduction
According to [1], the exploitation of 5G network will
emerge between 2020 and 2030. Although there is no
standard has been fixed yet, the researchers estimate that 5G
frequency band starts from 6 GHz [2]. To realize this newest
technology, microstrip patch antenna can be one of the
possible candidates as it offers light weight and low volume
[3]. However, due to the limited efficiency, low gain and
narrow bandwidth, AMC structure is then invented to
overcome the drawbacks mentioned. By having reflection
phase characteristic of 0°, the frequency bandwidth of an
AMC unit cell is determined from 90° to -90° [4-5].

(a)

(b)
Figure 1: Proposed antenna with AMC structure (a) 3D view
(b) AMC structure.

3. Discussion
2. Antenna Design
A microstrip rectangular patch antenna with AMC structure
is designed on a 44x21 mm2 Rogers RT5800 substrate with
Ɛr=2.2 and h=0.508 mm of thickness. The size of the
antenna with AMC is reduced by 23.6% of the conventional
antenna (antenna without AMC). Figure 1(a) illustrates the
arrangement of the antenna, where the AMC structure is
placed in between both substrates. This type of metamaterial
is formed by 2x4 AMC unit cells, as shown in Figure 1 (b).

To test the utilization of AMC, the performance of the
proposed antenna and the conventional antenna has been
compared. Figure 2 (a) shows the reflection coefficient
(S11) of both antennas. It is clearly indicates that the
antenna with AMC structure performs better by having 18.84 dB of S11 and 3.08% (494 MHz) of frequency
bandwidth. Besides that, the radiation gain pattern of those
antennas also has been analyzed as presented in Figure 2
(b). The proposed antenna obtains 7.99 dB of gain, which is
1.03 dB higher than the conventional antenna.

2D Graph 1

[3] M. S. Alam, M. T. Islam, N. Misran and J. S. Mandeep,
A Wideband Microstrip Patch Antenna for 60 GHz
Wireless Applications, Elektronika Ir Elektrotechnika,
Vol. 19, No. 9, 65-70, 2013.
[4] Maisarah Abu, Maizatun Muhamad, Zahriladha Zakaria
and Hasnizom Hasan, Millimeter-Wave Parasitic AMC
Patches on the Array Antenna, International
Conference on Computer & Communication
Engineering (ICCCE 2016), 9-24.
[5] Raimi Dewan and Mohamad Kamal A. Rahim, Antenna
Performance Enhancement with Artificial Magnetic
Conductor
(AMC),
Conference
on
Antenna
Measurements & Applications (CAMA), 2015.
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Figure 2: Performance of the proposed antenna and the
conventional antenna (a) Reflection coefficient (b) Gain.

4. Conclusions
A microstrip patch antenna with AMC structure is presented
in this paper. The implementation of AMC structure into the
microstrip patch antenna offers a lot of advantages
especially in antenna size miniaturization and gain
enhancement. Due to the high path loss at high frequency,
antenna with high gain provides wide area coverage for data
exchange, hence the proposed antenna has a potential to be
applied in 5G applications.
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Abstract
This paper presents a reconfigurable U-shaped slot patch
antenna with a metamaterial structure of artificial magnetic
conductor (AMC). The AMC structure that consists of
windmill-shaped slot unit cells are placed in between of two
substrates to boost the performances of antenna. Compared
to the ordinary antenna, the antenna with AMC structure
offers better reflection coefficient and wider bandwidth
which is from -10.35 dB to -27 dB and from 64 MHz to 342
MHz, respectively.

(a)

1. Introduction
The researchers are recently working very hard to explore
the fifth generation (5G) as the users now demand more
bandwidths to transmit data at the speed of 1 Gbps and
above [1]. As higher frequency needed to realize 5G
network, many types of reconfigurable antennas have been
proposed but the antenna using RF MEMS switches has a
good potential to be applied as they can be operated at high
frequency band, have low insertion loss and allow zero
standby power consumption compared to others tunable
components [2]. The idea of using AMC structure seems to
be possible in 5G applications as the ordinary reconfigurable
antenna offers narrow bandwidth and poor reflection
coefficient. AMC is actually a metamaterial which performs
zero degree reflection phase characteristic of Perfect
Magnetic Conductor (PMC) at resonance frequency [3-4].

(b)
Figure 1: Proposed reconfigurable antenna with AMC
structure (a) Top view (b) Side view

3. Discussion
The phase reflection performance of an AMC unit cell is
shown in Figure 2. The bandwidth of AMC is determined
when phase shifts between +90° to -90°, therefore the
bandwidth of this proposed AMC is 37% at a frequency
band from 8.1 to 11.78 GHz.

2. Antenna Design
In this paper, a reconfigurable antenna using AMC structure
has been designed to operate at 11 GHz, as illustrated in
Figure 1. The proposed AMC consists of 2x6 rectangular
with windmill-shaped slot unit cells. The structure is placed
in between Rogers RT5880 substrates with Ɛr=2.2 and
thickness, h=1.575 mm.

Figure 2: Reflection phase of an AMC unit cell

Table 1: Configurations of RF MEMS switches
State
1
2
3
4

MEMS1
ON
OFF
ON
OFF

Conference on Computer & Communication
Engineering (ICCCE 2016), 9-24.
[4] H. Lago , M. F. Jamlos, N.Bahari and M.R. Hamid,
Reconfigurable Beam Pattern Folded Dipole Antenna
Based on AMC Structure, IEEE International RF and
Microwave Conference (RFM 2015), Sarawak,
Malaysia, December 2015, 186-189.

MEMS2
OFF
ON
ON
OFF

As two RF MEMS switches have been used in the proposed
antenna, four states are defined as tabulated in Table 1. The
comparison of reflection coefficient (S11) between the
ordinary antenna and antenna with AMC structure has been
presented in Figure 3. Based on the figure, the antenna with
AMC offers better reflection coefficient and wider
bandwidth compared to the ordinary antenna. When
MEMS2 is activated or both switches are activated, S11
shifted to the left and vice versa. Besides that, wider overall
frequency bandwidth is obtained which is only 64 MHz for
ordinary antenna to 342 MHz for antenna with AMC
structure.
0
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Figure 3: Reflection coefficient of the proposed antenna for
each state.

4. Conclusions
A reconfigurable U-slot patch antenna with windmillshaped slot AMC structure is proposed in this paper. By
implementing the AMC structure into the reconfigurable
antenna, the proposed antenna offers better reflection
coefficient and wider bandwidth compared to the antenna
without AMC structure. Therefore the proposed antenna
could be the potential candidate to fulfill one of the 5G
requirements.
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Abstract
Integration of crescent shaped array antenna into a
metamaterial of single resonant Artificial Magnetic
Conductor (AMC) at 9.41 GHz is proposed. AMC plane
stacked with crescent shaped array has successfully
increased the gain, efficiency and bandwidth of the antenna
to 9.73 dB, 97% and 398 MHz respectively compared to
8.46 dB, 96% and 393 MHz without AMC. It is observed
that the characteristics of the proposed AMC plane
significantly contributed to such results.

especially the gain, bandwidth and efficiency while
reducing the radiating surface up to 6%. The performance
of the crescent array antenna with and without AMC plane
is tabulated in Table 1.

1. Introduction

In this research, a crescent shaped array antenna has been
designed as the radiating structure on the top of AMC plane.
The design of the AMC unit cell is illustrated in Figure 1(a).
The AMC is capable to exhibit 0o phase response at 9.41
GHz with 2.83 GHz of bandwidth. As depicted in Figure
1(b), the AMC shows positive permittivity and high
permeability at the desired operating frequency. To the best
of author knowledge, a microstrip patch antenna one of the
most popular antenna among researcher. However, this type
of antenna is suffered in term of its performance due to the
ground effect. Nevertheless, this risk can be eliminated by
incorporating the AMC plane at the microstrip antenna as
shown in Figure 2. As the result, the proposed antenna with
AMC is capable to enhanced the antenna performances

1.3

8.0

1.2

7.5

1.1
7.0

1.0
0.9

6.5

Permeability

2. Results and discussion

(a)

Permittivity

Due to the main characteristic of Perfect Magnetic
Conductor (PMC) which exhibits 0o reflected phase,
therefore it is potentially to improve the antenna
performances [1]. However, the PMC is not available in
nature [1]. However, an Artificial Magnetic Conductor
(AMC) which is classified as a metamaterial [2] capable to
exhibits the PMC characteristic at a specific frequency for
each resonant response [3]. This research aims to design an
AMC ground layer which can be placed closer to the
resonant structure while improve the performance. For that
reason, a microstrip array antenna is proposed as the
radiating structure due to its fabrication simplicity and low
profile characteristics.
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(b)
Figure 1: Simulated AMC unit cell (a) dimension and (b)
results of permittivity and permeability.

3. Conclusions
An incorporate of crescent shaped array antenna with AMC
plane is proposed. Through the simulation process, the
AMC plane is capable to be placed near to the radiating
element. With aid of AMC plane which potentially exhibits
as PMC, therefore the bandwidth, efficiency and gain of the
crescent array antenna are enhanced up to 398 MHz, 97%
and 9.73 dB respectively.
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Figure 2: (a) Radiating crescent shaped array antenna,
(b) AMC plane and (c) structure of the array antenna
with AMC.
Table 1: Comparison performance of the crescent
shaped array antenna with and without AMC.
Antenna performance
Radiating surface (mm2)
Gain (dB)
Bandwidth (MHz)
Efficiency (%)

Crescent array
antenna
without AMC
165.74
8.44
393
96

Crescent array
antenna with
AMC
155.62
9.73
398

97
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Abstract
A compact UWB MIMO antenna with metamaterials Split
Ring Resonator (SRR) etched in between elements is
presented. Its reverse side integrated with a partial ground
plane to enhance bandwidth and improve inter-element
isolation. The SRR metamaterial structures are significantly
reduced the mutual coupling and improve antenna isolation,
through exhibiting the negative characteristics for both
permittivity and permeability. Results show that the
isolation below than 20 dB in the entire UWB band, from
3.1 to 10.6 GHz.

1. Introduction
The demands of high data rates and channel capacity are the
major issues of interest in wireless communication. This
attention contributes to the increasing popularity of
multiple-input multiple-output (MIMO) systems, which
employs diversity techniques to improve communication
systems reliability via multipath fading reduction [1].
Meanwhile, the ultra-wideband (UWB) spectrum which
ranges between 3.1 and 10.6 GHz is capable of providing
high data rates [2], [3]. To simultaneously increase data
rates while mitigating multipath fading, the MIMO diversity
technology can be integrated within UWB systems [4-6].
Recently, implementing the metamaterial unit cells
structures for antenna design enable the performance
improvement of MIMO antenna system through the
isolation
enhancement
[7].
The
electromagnetic
metamaterial is defined as the artificial material structures
that can be designed to explain the electromagnetic features
that not present in nature [8]. Using the periodic structure of
Split Ring Resonator (SRR) with the metal wires,
correspondingly the negative relative permittivity and
permeability are obtained [9-12]. To decrease the resonant
frequency value of an antenna, the metamaterial structures

of SRR unit cells are placed along an antenna to be used as
a loading structure [13-16].
This work is an effort in designing a compact UWB MIMO
antenna with a low inter-element mutual coupling. The
proposed antenna operates with from 2.95 to 12.2 GHz and
dimensions of (0.3λ × 0.2λ) at the lower cutoff frequency
2.95 GHz. The Split Ring Structure combination with
ground plane effectively reduces inter-element pattern
correlation across the operational band with the isolation of
20 dB. Satisfactory diversity performance is confirmed via
the envelope correlation coefficient and diversity gain (DG)
of 0.2 and 9.8, respectively. Meanwhile, its mean effective
gains (MEGs) ratio is nearly unity.

2. Antenna Design Geometry
The structure of the single ring resonator unit cells
metamaterial was shown in Figure 1 (a) and (b). The
geometrical dimensions of the proposed unit cell are listed in
Table 1. The mathematical formulation in [17], [18], were
used to evaluate the negative index parameters such as
permittivity and permeability that produced through exciting
the electric and magnetic fields in the wire SRR unit cells.
The real and imaginary values of permittivity, permeability
refractive index, and impedance are illustrated in Figure 1
(c), (d), (e) and (f). The geometry of the proposed UWB
MIMO antenna was depicted in Figure 2 (a) and (b). It is
designed on an FR-4 substrate with a thickness of 1.6 mm,
permittivity ϵr= 4.7 and loss tangent tan δ = 0.025. The
overall structure consists of two identical monopole antenna
elements (denoted as MA1 and MA2) placed in parallel on
the same side of the substrate with metamaterial structure of
unit cells of SRR in between antenna elements. The partial
ground plane and long wire of the unit cells are located on
the reverse side of the substrate to reduce mutual coupling
and
improve
isolation
between
ports.

Figure 1: Geometry of the single ring resonator (SRR) unit cell structure, (a) unit cell front view, (b) unit cell back view, (c)
simulation setup, (d) permittivity, (e) permeability, (f) refractive index, (g) impedance.

(a)

(a)
Figure 2: Geometry of the proposed UWB MIMO antenna, (a) front view, (b) back view.
Table 1: Parameters dimensions of the proposed antenna
Para.

Para.

W

Value
(mm)
32

Para.

LG

Value
(mm)
6

L
Lp

Para.

Lv

Value
(mm)
3.2

20

Lf

8

Wf

Para.

lin

Value
(mm)
1.3

7

Wv

2

win

Para.

wr

Value
(mm)
0.25

6

lr

0.5

ϴ

Para.

W

Value
(mm)
32

LG

Value
(mm)
6

16.2

gs

0.6

L

20

Lf

7

15°

gr

0.5

Lp

8

Wf

2

3. Results and Discussion
Figure 3 compares the simulated and measured S11 and S21.
Simulations indicate a bandwidth from 2.95 to 12.2 GHz. A
downwards shift is seen as the measured bandwidth covers
the UWB band from 2.5 to 11 GHz for the reflection
coefficient below -10 dB. The simulated and measured S21
shown in Fig. 4 indicate a mutual coupling of less than -20
dB between within the operating band (from 3 to more than
12 GHz).
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L. Liu, S. W. Cheung, T. I. Yuk, and A. A. Mimo,
“Compact MIMO Antenna for Portable UWB
Applications With Band-Notched Characteristic,”
IEEE Trans. Antennas Propag., vol. 63, no. 5, pp.
1917–1924, 2015.
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M. S. Sharawi, A. B. Numan, M. U. Khan, and D. N.
Aloi, A dual-element dual-band MIMO antenna system
with enhanced isolation for mobile terminals, Antennas
and Wireless Propagation Letters, IEEE, vol. 11, pp.
1006-1009, 2012.
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P. Mookiah, and K. R. Dandekar, Metamaterialsubstrate antenna array for MIMO communication
system, IEEE Trans. Antennas Propag., 57(10), 328392, 2009.
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A. Sarkhel , D. Mitra, and S. R. B. Chaudhuri, A
compact metamaterial with multi-band negative-index
characteristics, Applied Physics A, 122(4), 1-10, 2016.

[10] M. A. Wan Nordin, M. T. Islam, and N. Misran, A
compact
wideband
coplanar
waveguide
fed
metamaterial-inspired patch antenna for wireless
application, Applied Physics A, 109(4), 961–965,
2012.

Figure 3: Simulated and measured S11 and S21 of the
proposed UWB MIMO antenna.

[11] D. R. Smith, W. J. Padilla, D. C. Vier, S. C. NematNasser, and S. Schultz, Composite medium with
simultaneously negative permeability and permittivity,
Phys. Rev. Lett., vol. 84, no. 18, 4184–4187, 2000.

The proposed MIMO antenna accomplished a 2:1 VSWR
bandwidth of 2.5 to 11 GHz, which enabled operation
throughout the whole UWB band and showed isolation
better than 20 dB.
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M. Ramahi, Electromagnetic coupling reduction in
high-profile monopole antennas using single-negative
magnetic metamaterials for MIMO applications, IEEE
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Abstract
The paper presents enhanced performance of 3dB branchline coupler (BLC) by implementing diamond shaped unit
cell negative permittivity metamaterial with 2×2 array cell
configuration. S11 of less than -10 dB, equally power
distributed of coupling, S31 and transmission, S21 of less
than -3 dB, low magnitude imbalance of 0.01dB and
enhanced bandwidth of 103% are achieved from 4.66GHz
to 12.54GHz. Such features are highly potential and suitable
to be implemented for 5.9GHz automotive Dedicated Short
Range Communication (DSRC) application.

1. Introduction
Extraordinary electromagnetic properties possess of
negative refractive index revealed initially by Veselago
theorized that a left-handed medium (LHM) was implied
from the presence of simultaneously negative permeability
or permittivity which drastically drawn significant scientific
interest [1-2]. Due to the propagation of electromagnetic
waves in matter, this unprecedented metamaterials with
negative permittivity and negative permeability are
artificially constructed into materials design which in turn
provides enhanced performance [3-4]. Possessing these
intriguing electromagnetic properties, metamaterials widely
utilized as a part of applications, such as super-lenses [5],
waveguides, filters [6], antenna design, invisibility
cloaking, electromagnetic absorbers, and electromagnetic
band gaps [7], and branch-line coupler [8-11]. Different
techniques of metamaterial was designed in the scaling of
artificial structures has already been demonstrated from
radio frequencies (RFs) to millimeter-wave application [1214].
Metamaterials can be classified into three categories:
zero-index materials, single-negative media, and doublenegative media, where these artificially structured
composites potential in the electromagnetic spectrum with
material response is limited and the construction of novel
devices is simplified. Metamaterial with either a negative
permittivity or permeability is known as single-negative
(SNG) medium. Significantly, metamaterial emphasis on
solving
the
conventional
physical
limitations,

miniaturization in size, improving gain, bandwidth and
efficiency in multi-band operation of the antenna design
[15].
In this study, the proposed design of 0.16λ0×0.16λ0
diamond shaped unit cell array are etched on one side of a
FR4 substrate exhibits resonance at DSRC frequency,
5.9GHz for vehicle to vehicle communication elements. The
proposed structure exhibits resonance with a wider
bandwidth of 50% enhancement in comparison with the
BLC design without metamaterial. Moreover, the proposed
BLC structure’s dimension is 8.72mm × 9.69mm, which is
significantly reduced compared to the BLC operating at the
same frequency presented in [16]. The results towards
enhancement of BLC performance is discussed in detailed in
the subsequent part.

2. Branch-line Coupler Design
Specifications for the response of each unit cell are
predetermined prior to construction before the entire
constructed BLC design is finalized. Fig. 1(a) shows the
geometrical parameters and dimension detailed of the
proposed diamond shaped unit cell with the size of
0.16λ0×0.16λ0 in area. As per illustrated in Fig. 1 (b) the unit
cells are arranged in the 2×2 array. Subsequently,
transmission unit cell is altered by adjusting the shape, size,
and configurations of the unit cells, which control over
permittivity and magnetic permeability parameters that
indicates
the propagation of
electromagnetic
waves
in matter.
The negative permittivity and positive permeability
behavior are observed through S-parameters response
obtained from CST Microwave Studio (MWS) and
evaluated by the mathematical formulation in [17-18] which
then simulated through Matlab coding. As shown by the
frequency-domain solver for the simulation of the
metamaterial structure in Fig. 2(a) and (b), negative
permittivity was observed with frequency range of 0.5 GHz
to 8 GHz. Diamond shaped unit cell array are designed using
one side of a FR4 substrate with thickness of 1.6mm,
dielectric constant of 4.6, loss tangent of 0.019 and copper
thickness of 35µm. The proposed unit cell array was placed

at the center of a waveguide with perfect electric wall in the
x−z plane and perfect magnetic wall in the z−y plane to
realize TEM mode excitation in the z-direction while the
two open ports were in the z-direction.

(a)

3. Results and Discussion
As can be seen from Fig. 5, simulated results between the
BLC design with metamaterial and without metamaterial in
term of reflection coefficients (S11), transmission (S21),
coupling (S31) and isolation (S41) value is illustrated. Fig.
5(a) and (b) shows S-parameter value of BLC with a good
reflection coefficient (S11) value of -20.8dB, transmission
(S21) of -3.99dB, tight coupling parameter (S31) of -3± 1 dB,
low magnitude imbalance, 0.01dB and isolation (S41)
improvement to -28.58 dB at the operating frequency, 5.9
GHz. Fig. 5(c) demonstrates a promising phase output
difference between Port 2 and 3, (90°±5) °. Enhanced
bandwidth of 103% was obtained from the proposed BLC,
operated from 4.66GHz to 12.54GHz. The proposed
metamaterial has enabled the concentration of the
electromagnetic field and currents nearby radiating elements
instead of distributed them along the ground plane which
allows BLC to be utilized with enhanced bandwidth as the
surface current distribution had been illustrated in Fig. 6.

(b)

Figure 1: Diamond shaped unit cell, (a) unit cell (b) 2×2
arrays metamaterial.
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Figure 2: Unit
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Figure 6: Surface Current distribution in the metamaterial
unit cell.

4. Conclusions
In this paper, enhanced performance of BLC operating
at 5.9GHz for DSRC application realized using negative
refractive index metamaterial unit cell. A novel design of
negative permittivity diamond shaped unit cell with
considerable small size of 0.16λ0×0.16λ0 is proposed. The
features of negative permittivity are validated numerically
from the proposed unit cells structure using Matlab
simulator. In advanced, the proposed unit cell array is etched
at the bottom layer of the BLC while the center of the
substrate is kept metalized serving as a ground plane which
provides the higher percentage of transmitted signal into the
proposed design. The promising S parameter value in terms
of reflection coefficient, S11, insertion loss, S21, coupling, S31
and isolation, S41 provide promising results to serve as a
platform for vehicle to vehicle beamforming element design
at DSRC frequency, 5.9GHz.
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A broadband MIMO antenna at size 36 × 22 mm2 is
proposed. The antenna consists of two identical monopole
antenna elements (MA) with T-shaped stub ground plane
and metamaterial Single Ring Resonator (SRR) to reduce
mutual coupling and enhanced isolation between antenna
elements by exhibiting the negative characteristics for both
permittivity and permeability. The overall antenna
performance is optimized in terms of the reflection
coefficient (S11), and mutual coupling (S21), radiation
pattern across frequency from 2.8 to 4.95 GHz.

element mutual coupling. A broadband frequency from 2.8
to 4.95 GHz is achieved, which covers WiMAX and the
lower UWB band (3.1–4.8 GHz) operation. The dimension
of the proposed MIMO antenna is (0.32λ × 0.21λ) at the
lower cutoff frequency 2.8 GHz. The Split Ring Structure
combination with ground plane effectively reduces interelement pattern correlation across the operational band with
the isolation of 16 dB. Satisfactory diversity performance is
confirmed via the envelope correlation coefficient and
diversity gain (DG) of 0.02 and 9.7, respectively.
Meanwhile, its mean effective gains (MEGs) ratio is near
unity.

1. Introduction

2. Antenna Design Geometry

The wireless revolution in recent years has increased the
demands for devices which is capable of operating across
multiple frequency bands with enhanced radio link
performance through using the multiple-input multipleoutput (MIMO) technology, which employs diversity
techniques to improve communication systems reliability
via multipath fading reduction [1], [2]. When applied the
MIMO antennas in multi-standards devices, the demand is
growing on a wideband and high isolation [3]. Thus,
bandwidth enhancement and size reduction are becoming
main design requirements for printed antennas in different
applications [4-6]. Recently, implementing the metamaterial
unit cells structures for antenna design enable the
performance improvement of MIMO antenna system
through the isolation enhancement [7]. The electromagnetic
metamaterial is defined as the artificial material structures
that can be designed to explain the electromagnetic features
that not present in nature [8]. Using the periodic structure of
Split Ring Resonator (SRR) with the metal wires,
correspondingly the negative relative permittivity and
permeability are obtained [9-12]. To decrease the resonant
frequency value of an antenna, the metamaterial structures
of SRR unit cells are placed along an antenna to be used as
a loading structure [13-16]. This work is an effort in
designing a broadband MIMO antenna with a low inter-

The structure of the single ring resonator unit cells
metamaterial was shown in Figure 1 (a) and (b). The
geometrical dimensions of the proposed unit cell are listed in
Table 1. The Using of mathematical formulation in [18],
[19], is to evaluate the negative index parameters such as
permittivity and permeability that produced through exciting
the electric and magnetic fields in the wire SRR unit cells.
The real and imaginary values of permittivity, permeability
refractive index, and impedance are illustrated in Figures 1
(c), (d), (e) and (f). The geometry of the proposed broadband
MIMO antenna was depicted in Figure 2 (a) and (b). It is
designed on an FR-4 substrate with a thickness of 1.6 mm,
permittivity ɛr = 4.7 and loss tangent tan δ = 0.025. The
overall structure consists of two identical monopole antenna
elements (denoted as MA1 and MA2) placed in parallel on
the same side of the substrate with metamaterial structure of
unit cells of SRR in between antenna elements. The ground
plane with T-shaped stub and GPA are placed on the other
side of substrate, to reduce mutual coupling and enhanced
the isolation between antenna elements. The optimized
dimensions of the proposed antenna are listed in Table 1,
and optimization process will be discussed in the next
section.

Abstract

Figure 1: The geometry of single ring resonator (SRR) unit cell structure, (a) unit cell front view, (b), simulation setup, (c)
permittivity, (d) permeability, (e) refractive index, (f) impedance.

(a)
Figure 2: The geometry of proposed Broadband MIMO antenna, (a) front view, (b) back view.
Table 1: Parameters dimensions of the proposed antenna
Para.

Para.

W

Value
(mm)
36

Para.

Lf1

Value
(mm)
4

L
Lp

Para.

LG2

Value
(mm)
3.5

22

Lf2

6

LG1

Para.

Wf2

Value
(mm)
1

7

LST

10

Wf1

Para.

r1

Value
(mm)
3

gr

Value
(mm)
0.5

17.2

WG2

2.5

r2

2

gs

0.5

2

WST

1

wr

0.5

-

-

load and 3D radiation patterns at; (b) 3 GHz and (d) 4.1 GHz
when port 2 excited and port 1 terminated with 50-Ω load.

3. Results and Discussion
Figure 3 shows the simulated s-parameters of the proposed
MIMO antenna, indicating the operation in broadband from
2.5 to 2.85 GHz and from 2.8 to 4.95 GHz. Its operation
supports multi-standard operation across WiMAX and the
lower band of UWB. Simulated mutual coupling (S21)
shown in Fig. 3 indicates the value of -16 dB at lower band
and below -20 dB at upper band. This indicates that the
proposed antenna is suitable for portable MIMO
applications.

4. Conclusions
A compact broadband MIMO antenna sized at 36 × 22 mm2
is proposed for portable systems. The overall structure
consists of two identical planar monopole antennas and a
Single Ring Resonator (SRR) metamaterial structure is
proposed to reduce the mutual coupling and improve
antenna isolation, they located on same side of the substrate.
The reverse side contains a ground plane with T-shaped stub
designed to reduce mutual coupling and enhance the
isolation and Ground Plane aperture (GPA) placed on the
other side of substrate, to reduce mutual coupling and
enhanced the isolation between antenna elements. The
proposed MIMO antenna accomplished a 2:1 VSWR,
covered broadband from 2.8 to 4.95 GHz to support multistandard operation in the WiMAX and the lower band of
UWB bands, and featured isolations of at least 16 dB in the
desired band. The envelope correlation coefficient of less
than 0.05., and its MEG1/MEG2 ratio is nearly equal to
unity. Its size and results with performance indicated the
suitability of the proposed MIMO antenna for portable
applications.
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Figure 3: Simulated S11 and S21 of the proposed broadband
MIMO antenna.
The MIMO antenna’s radiation patterns evaluated by
computer simulation as illustrated in Figure 4. Three
dimensions (3D) simulated radiation patterns at the two
resonance frequencies 3 GHz and 4.1 GHz are obtained
when port 1 is excited, as shown in Figs. 4a and 4c,
respectively, Meanwhile 3D radiation patterns exciting from
port 2 at the same frequencies are shown in Figs. 4b and 4d,
respectively.

Figure 4: 3D radiation patterns at; (a) 3 GHz and (c) 4.1
GHz when port 1 excited and port 2 terminated with 50-Ω
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Abstract
The analytical analysis of the metamaterial boundary with
the rotational disorder reveals both bound and leaky surface
plasmon (SP) modes. The dispersion relations of SPs
propagating on a surface of these metamaterials are
presented along with the propagation lengths. The rigorous
modeling and analysis of surface waves at the boundary of
two metamaterials possessing rotational disorder are
presented. Dispersion properties of two different
metamaterial boundaries have been investigated. The results
show that the boundary of the metamaterials having
different dielectrics employed allows for the presence of the
particular modes crossing the light line with the significant
portion at lower frequencies lying above the free space light
line.

1. Introduction
Guiding the surface wave by artificial metamaterial
structures has been the subject of extensive interest over the
past decades [1, 2]. This can be explained by two factors.
The first one is related to the fact that the dispersion of the
surface waves is governed by geometrical considerations.
Necessarily, the definite geometry and arrangement of
nanoscale enclosures that are typically associated in a
periodic lattice determine the unique optical properties of
metamaterials [3]. The second favorable factor concerns
their sub-wavelength dimensions offering new degrees of
freedom for the design of devices [4] with a thickness much
shorter than the wavelength.
Since the emergence of the metamaterial, the disorder
within artificially structured materials has been a subject of
extensive discussions [5-7]. Metamaterial at optical
frequency can be considered as a kind of man-made
architecture material possessing unusual properties [8]. One
of its remarkable features is that the equivalent
permittivities on different directions differ from each other
and can be varied by designing its structure elaborately [8].
It is worthwhile mentioning, that this property enhanced by
the presence of the disorder promises that metamaterial may
serve for SP propagating with more flexible performances
than conventional metal or ordered metamaterial. For
instance, dealing with the photonic crystals, some disorder
can dramatically degrade the reflection and transmission
properties, which are based on constructive interferences. In
contrast, metamaterial media, by taking benefit of strong

localization effects is, in theory, not affected by a positional
disorder as long as the coupling between these resonators
can be avoided [9]. It is worthwhile mentioning, that even
in right-handed random media, localization of waves also
exists [10-12]. Sometimes the localized modes may
accidentally couple to each other and form a propagating
channel, the “necklace states” [13]. A variety of
metamaterials has been studied from the perspective of
applying the disorder to the arrangement of the elements
comprising the array. The exceptionally fertile ground to
achieve effects of disorder on the electromagnetic properties
of two-dimensional metamaterial arrays has been provided
by the latest development of techniques for fabrication of
metamaterials yielding randomized arrays of metamolecules
[14] and new ideas for using metamaterials in coherent
sources of electromagnetic radiation [15]. The transmission
of randomly distributed circular elements over a series of
filling fractions has been explored in [16]. Related findings
at terahertz frequencies, demonstrating the ability of
periodic hole arrays to support surface plasmon like waves
as well as indicating the disability of similar arrays
consisting of randomly distributed holes to behave in the
same way are reported in [17].
When designing the metamaterials, it is generally assumed
that these structures are identical, but in fact, fabrication
error will have a dramatic impact on geometrical
perturbations thus causing some degree of deviation in their
resonant properties. As has been proposed earlier [18, 19] a
spreading of the oscillator strengths across a finite
bandwidth, arises due to the variation in the geometrical
parameters of resonant metamaterial elements. It has been
demonstrated [20] that a significant variation of the
metamaterial magnetic properties may be caused by the
even weak microscopic disorder. Additionally, a substantial
suppression of the wave propagation in a wide frequency
range may happen due to a 10% deviation in the parameters
of the microscopic resonant elements may lead to [20]. The
disorder effects of left-handed metamaterials with unitary
dendritic structure cell have been proposed in [20].
However, the disordering array and geometrical variations
have been achieved separately within this studies, and
besides, they are at microwave and infrared wavelengths
[21, 22]. In recent times, the negative refractive index and
permeability in the visible regime have been recognized by
means of a disordered silver metamaterial thin film [23]. To
the best of our knowledge the limited number of studies

examining the SPs deals with the disordered metamaterial
case [24, 25].
The possibility of reconstructing an image with
subwavelength details has provided the fertile background
for the the development of SRR/wire media composite
metamaterials [26]. However, several studies [27] have
shown that disorder suppresses the left-handed behavior,
which is critical for this imaging. It is worthwhile
mentioning, that robustness to disorder is crucial when
scaling a structure down to the scale of THz or optical
wavelengths, where precise control of dimensions becomes
more difficult.
In this study, we intentionally perturb the perfect
checkerboard geometry taking a similar approach to [28].
Doing so, the rotational disorder is introduced by changing
the orientation of the nanobeams with respect to the unit
cell. However in this case the square size is not fixed and a
random rotation is applied to each element with the
metamaterial unit cell having the hexagonal shape. We
explore how disorder in element rotation affects the
dispersion diagrams of the surface plasmon polaritons. It is
worthwhile mentioning, that the interface modes in
nanostructure metal-dielectric metamaterials have already
been considered in [37], however the effect of the rotational
disorder has not been taken into consideration.
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Here, subindexes L and R refer to the left and right metamaterial
under consideration, respectively. Moreover, ρ is the metal fill
fraction ratio enabling to control the metamaterial disorder
mechanism and is defined as:

ρ=

nanowire area
unit cell area

(5)

To exemplificatively demonstrate the properties of surface waves,
we adopt a Drude model to characterize the metal (i. e. silver) in
which the permittivity is expressed as ε m (ω ) = ε ∞ −

ω 2p
ω 2 + iδω

.

The parameters are obtained by fitting this dielectric function to a
particular frequency range of bulk dielectric data [34]. It is found
[35] that for silver, the values of ε ∞ = 5 , ω p = 9.5eV ,
δ = 0.0987eV give a reasonable fit to the bulk dielectric data.
A possible way to calculate the metal fill fraction (ρ) is to obtain
values for square side (a) and spacing (S) and apply the following
equation (assuming perfect hexagonal structure) [36] for the square
pore:

2. Modeling and the analytical solution
The proposed geometry of the nanobeam composites is shown in
Figs. 1, 2. The nanobeams with permittivity εm are embedded into a
host material with permittivity εd..

Fig. 1. Schematic view of an interface separating two different
nanobeam composites
It should be mentioned, that the optical response of the nanobeam
composite resembles that of uniaxial media. It has been proposed
that at optical frequencies, Maxwell-Garnett type effective medium
theory describes the behavior of the dielectric permittivity tensor
components [29-33]. Thus, by means of effective medium
approximation it is possible to evaluate the effective permittivities
of the nanobeam metamaterial which are described by the
following equations:

ε zL

= ε dL

(
(

)
)

(
(

⎡ ε L 1 + ρ L + ε L 1− ρ L
d
⎢ m
⎢ε L 1− ρ L + ε L 1+ ρ L
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) ⎤⎥
) ⎥⎥⎦

Fig. 2. A metamaterial unit cell with nanobeams having square (a)
and rectangular (b) shapes

ρ=

(1)
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3S 2

and for the rectangular one correspondingly:

2

(6)

2bc

ρ=

3S

structure under consideration. As aL increases from 10 to 40 nm,
the dispersion curve deviated gradually from that of the aL=10 nm
and is well distinct from the light line and asymptotically
approaches different cutoff frequencies. This is similar to the
phenomenon originally appearing in the optical frequencies for
natural SPPs. The surface modes move to the higher frequencies as
the square side increases. Moreover, the frequency range of the
waves existence is broadened in comparison with the case of the
circular nanowires [38]. Herein, the chosen square side values
correspond to the case of the circle inscribed in a square.
Finally, we investigate the influence of the nanobeam shape of the
L metamaterial. The square nanobeams are replaced now by the
rectangular ones. The side of the rectangle b varies from 10 nm to
70 nm. The surface modes are shown in Fig. 4. As can be seen in
Fig. 4, the dispersion curves of the surface modes move to the
lower frequencies as bL decreases.
Generally speaking, the materials composing the metamaterial
itself play an important role in studying the surface modes. So it is
interesting in the study of the dependence of surface modes on
physical parameters of the employed materials. Here, we employ
HfO2 as the dielectric of the R metamaterial. In Fig. 5, we plot the
surface modes at the interface of two metamaterials whose
parameters are SL=66 nm, aR=20 nm, SR=76 nm, ε mL = ε mR = ε Ag
,

(7)

2

Under this assumption, it is possible to derive the dispersion
relation for the surface modes localized at the interface between
two anisotropic media, we evaluate the tangential components of
the electric and magnetic fields at the interface and obtain a single
surface mode with the propagation constant [35]
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where k is an absolute value of wavevector in vacuum and β is the
component of the wavevector parallel to the interface.
It is worthwhile mentioning, that the reported approach is
applicable to any kind of the disordered metamaterial. The effect of
the disorder is taken into consideration through the metal fill
fraction ρ.
It is interesting to notice that in case of ε mL = ε mR and ε dL = ε dR ,
the obtained result coincides with the dispersion as follows:

(

)(

⎛ ε L ε L + ε L − ε L ρ + ε L ρ ε L + ε L − ε L ρ+ ε L ρ
d
d
m
d L
m L
d
m
d R
m R
β = k⎜
⎜⎜
a+b
⎝

) ⎞⎟

ε dL = ε Al2O3 , ε dR = ε HfO2 .

⎟⎟
⎠
(9)

In Fig. 5, the three modes (aL=10nm, aL=30nm, aL=40nm) always
lie to the right side of the light line and remain nonradiative
(bound) SP modes throughout the certain frequency range. The
mode corresponding to the case aL=20nm is of particular interest
due to the fact that its dispersion relation crosses the light line and a
significant portion at lower frequencies lies above the free space
light line, which usually splits up nonradiative (bound) and
radiative (leaky) regions. For the bound modes, longer propagation
lengths take place at lower frequencies owning the dispersion that
is close to linear. Mode corresponding to the case aL=30 nm
possesses the longer propagation length than the mode
corresponding to the case aL=40 nm.
Looking at the real dispersions of the modes it can be
noticed a band bending at frequencies around ω=7·1014 Hz.
Correspondingly, a divergence in the imaginary parts is
observed. Similar deviations are typical of real-frequency
(and complex propagation constant) eigenvalue methods.
They are not physical and were already reported elsewhere
[39-41].
As it is depicted in Figs. 3-6, all the bounded modes always
lie to the right side of the light line and remain nonradiative
SP modes throughout the whole frequency range. The case
presented in Fig. 6 (a) is of particular interest since its
dispersion relation crosses the light line and a substantial
portion at lower frequencies lies above the free space light
line, which typically separates nonradiative (bound) and
radiative (leaky) regions. Consequently, the proposed
structure will interact with the material via leaky waves.
Moreover, the case depicted in Fig. 6 allows the presence of
the Ferrell-Berreman modes which exist at energies near the
ENZ of the hyperbolic metamaterial to the left of the light
line [42-44].

Where
2

2

( ) ρ − ( ε ) ρ + (ε )
b = (ε ) − (ε ) ρ ρ − (ε ) ρ+ ρ
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L

L

R
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2
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ρ R + 3 ε dL

2ε dLε mL ρ L ρ R .

R

2

On the other hand, the dispersion for the case of ε mL = ε mR and

ε dL ≠ ε dR depends on the metamaterial parameters as follows:
β =k

(

(
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Where
a = ε dR ρ R − 1 − ε mL ρ R +1 , b = ε dR ρ R + 1 − ε mL ρ R − 1 ,
c

= ε dL

(
(ρ

L

) (
− 1) − ε ( ρ
L
m

L

)
(
+1) , d = ε ( ρ
L
d

L

) (
+ 1) − ε ( ρ
L
m

L

)
− 1) .

3. Discussion
In the following, we study the influence of the square side of the L
metamaterial on the surface modes. According to the assumption,
the square side varies from 10 nm to 40 nm. Figs. 3-6 show the
dispersion curves of the disordered metamaterial. Although the
graphs possess the similar outline with that of traditional metal-SP,
the dispersion curves for the disordered nanobeams have some
particularities that deserve further considerations. Figure 3 is
plotted to show the impact of the square side on the surface modes
dispersion diagrams. Fig. 3 (a) shows the dispersion curves of the
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Fig. 3. The dependence of the surface modes on the square side:
the dependence of real (a) and imaginary (b) propagation constant
on frequency and propagation length (c). The dashed line is the
light line in (a); dots represent the numerical simulations by means
of the FDTD method in (a). Blue line – aL=10 nm; red line - aL=20
nm; black line - aL=30 nm; green line - aL=40 nm

Fig. 5. Calculated surface modes at the interface of two
metamateirals composed of different dielectrics included: the
dependence of real (a) and imaginary (b) propagation constant on
frequency and propagation length (c). The dashed line is the light
line in (a). Blue line – aL=10 nm; red line - aL=20 nm; black line aL=30 nm; green line - aL=40 nm.

Fig. 4. The dependence of the surface modes on the side of the
rectangle bL: the dependence of real (a) and imaginary (b)
propagation constant on frequency and propagation length (c). The
dashed line is the light line in (a). Blue line – bL=10 nm; red line bL=30 nm; black line - bL=50 nm; green line - bL=70 nm. cL=10 nm
for all the considered cases.

Fig. 6. Calculated surface modes at the interface of two
metamateirals composed of different dielectrics included: the
dependence of real (a) and imaginary (b) propagation constant on
frequency. The dashed line is the light line in (a). Blue line – bL=10
nm; red line - bL=30 nm; black line - bL=50 nm; green line - bL=70
nm. cL=10 nm for all the considered cases.

4. Conclusions
We analyzed the boundary of two metamaterials. Despite the
simple geometry, the structure allows for rich phenomena.
The comparison of both cases (metamaterials with the same
dielectric; metamaterials with different dielectrics) gives
insight into the differences of the dispersion diagrams. Our
results are significant seeking for a better understanding of
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the plasmonic properties of SPs in metamaterial, which are
useful to design the various metamaterial-based
optoelectronic devices.
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Abstract
The paper imparts the architecture of a modified theta
shaped double negative metamaterial unit cell that is
felicitous for dual band of microwave frequency. To justify
the performance of the proposed resonator an analogy is
conferred on transmission coefficient, relative permeability,
permittivity and refractive index. A correlation is made on
the performance after the analysis of unit cell and array
structures. The 9 × 9 mm2 structure has been printed on FR4 and a correlation is made between the basic unit cell and
array structures to validate the performance of the proposed
metamaterial. A great transmission coefficient of 13GHz
with a 500MHz band gap in the middle is demonstrated for
all of these configurations. The effective parameters of the
resonators cover C, X, and Ku-band independently with
double negative phenomena at X and Ku-band with a
frequency range of about 1.1GHz. Due to its auspicious
design, double-negative characteristics and the proposed
metamaterial has potential to be used for satellite
application.
Keywords
Metamaterial, Array Structure, Double
negative, satellite communication.

1. Introduction
Metamaterials are the special type of materials that are
usually not available in nature. They are actually engineered
materials, they need to embed periodic unit cell for their
formation to create naturally unavailable electromagnetic
properties. Moreover, these materials have the power to
control the electromagnetic wave beams to show their
unorthodox characteristics. These unusual features of the
metamaterials totally depend on the geometry of the atomic
construction. It has been started from the year 1968,
Veselago et al [1] observed unique properties of materials
having negative permittivity (ε) and permeability (μ). But it
was not appreciated until 2000 when Smith et al. [2]

fortunately validated a new unreal with these unconventional
properties (both permittivity and permeability were
negative) is called left-handed metamaterial. In case of
negativity, it has been categorized as Single-negative (either
permittivity is negative or permeability is negative), Doublenegative (both permittivity and permeability are negative).
There is also a term called near-zero refractive index
metamaterial (NZRI) where the permittivity and
permeability of a material become approximately to zero on
a particular range of frequency. Having these captivating
electromagnetic phenomena, necessary applications, like
SAR reduction [3-4], super lenses, antenna design [5-7],
filters [8], invisibility cloaking [9-10], electromagnetic
absorber, and electromagnetic band gaps etc can be
employed by metamaterials. In some cases, intrinsic
negative permittivity is found. But it is really difficult to find
the negative permeability with a natural medium. Even
artificial structures can hardly obtain the negative
permeability. Concurrently, it is really difficult to get the
negative refractive indices. Currently, multi-band
metamaterial absorbers have become an auspicious
application in the detection of explosives, even in
bolometers and thermal detectors. Moreover, a very few
studies have been made in designing this type of materials
[11-14]. Different alphabetic shapes have become popular
for particular operations [15]; like, Benosman et al. [16]
introduced a double S-shaped metamaterial that showed
negative values of η from 15.67 to 17.43GHz. Mallik et al.
proposed various U-shaped rectangular array structures lefthanded aspect at approximately 5, 6 and 11GHz. A Vshaped metamaterial was presented by Ekmekci et al. the
architecture showed double-negative characteristic. Zhou et
al. designed an S-shaped 15 × 15 mm2 chiral metamaterial
for X- and Ku-band application. Though the EMR was not
higher than 4. For the purpose of application on S and C
bands, Hossain et al. [17] design G-shaped DNG for
different unit cells and array sizes.
A metamaterial unit cell of modified theta-shaped has been
proposed in this paper. The structure covers multiple bands

(L, C, X, and Ku) of frequencies for the transmission
coefficient. And for effective parameters, it covers the X
and Ku bands with double negative characteristic.

the vertical direction of x and y axis respectively. And for
the free-space simulation purposes, a frequency domain
solver was utilized. Moreover, for the analysis purpose of
these configurations, a tetrahedral mesh was used with a
flexible mesh. The normalized impedance was 50 ohms and
the system was performed from 1 to 18GHz.

2. Cell Design
The diagram of the prospective modified Theta-shaped unit
cell composition is itemized in Fig. 1. Each unit cell
comprises with 9mm in length and 9mm in width. All
elements have the thickness of 0.35mm. Each Theta-shaped
split resonator has the width of 0.5mm with a same split gap.
The outer length of the resonator is 9mm where the split of
each of the resonators is 0.5mm. The entire patch (made of
copper) is developed on a substrate called FR-4. It has a
dielectric constant of εr = 4.3, a dielectric loss-tangent of
tanδε = 0.025. Sides of the substrate are L = W = 9mm and
the thickness is t = 1.6mm. Designed parameters of the
proposed metamaterial are enlisted in Table 1.

Table 1: Parameters of the unit cell
Parameters
Dimensions (mm)
L
9
W
9
a
0.5
g
0.5
The area of the prototype was 9
9 mm,2 which was
fabricated for the purpose of measurements. By settling the
perspective unit cell in between, the waveguides as per the
Fig. 2 to actuate the parameters accurately of the
metamaterial unit cell. To determine the parameters, we
used a vector analyzer commonly known as Agilent
N5227A. To calibrate perfectly, an Agilent N4694-60001
was utilized.

W

Vector Network Analyser

a

a

g

a

g

a
1

L
Sample
Waveguide Ports
(a)
(a)

13.5 GHz

6.5 GHz
(b)
(b)

(c)

Fig.2: (a) Experimental set up for measuring S
parameter; (b) Current distribution of the unit cell at
various frequencies

Fig.1: Metamaterial Unit cell: (a) Proposed geometry; (b)
Fabricated geometry; (c) Prototype array

3. Results and Discussions

A prototype array and a unit cell are fabricated for the
purpose of measurement. The area of the array is 36 ×
36mm2. Two waveguide ports are used to propagate the
electromagnetic waves to excite the configuration on two
opposite direction of Z-axis. PEC and PMC were used along

There are plenty of ways to find out the effective parameters
of a unit cell like NRW method, DRI, etc. This paper
highlights the electromagnetic properties using the real
values of ε, μ, and η using S11 and S21.
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12.14GHz, 13.01 to 15.22GHz and 16.73 to 16.95GHz.
Table 2 shows the frequency range of refractive indices with
effective parameters of the unit cell at different resonating
frequency bands. The refractive index shows negativity
when the permittivity and permeability both become
negative. Here η shows certain negativity at different bands
of frequencies. Hence, the designed unit cell has significant
portions, where all the three effective parameters becomes
negative. Therefore, this configuration can be allegated as
double-negative metamaterial as it has negative peaks at
8.14GHz and 14.01GHz in all the three effective parameters
which is shown in Table 2 with bandwidths.

3.1. Analysis of unit cell
As the unit cell is fabricated on a Fr-4 which has an area of
81mm2, it has been measured within a frequency range of 1
to 18GHz. The simulation was done in the CST microwave
studio and the result is compared with the measured one
after the fabrication to measure the transmission coefficient
(S21). The measured result follows the similar pattern as
there is a bit shitting of frequencies in the C-band. The
transmission coefficient exhibits a wide band with a
coverage of L, C, X, and Ku-band. The first resonance is
found in the L-band at frequency 1.63GHz. Then a wide
band from 4.68GHz to 17.18GHz with a little band gap of
500MHz. The shifting is occurring due to fabrication error
and the free space measurement process.
Fig.2 (b) shows the current distribution of the unit cell at
6.50GHz and 13.5GHz. Due to the antithetical geometry of
the structure, a reverse current flow is noticed in the metal
fillet of the configuration. Moreover, opposite current flows
through the inner and outer surfaces of the resonator creates
the stop band at this frequency [18].

(a)

Fig.3 (a) shows the magnitude of the transmission
coefficient (S21). By using S21 and S11 parameters, the
effective parameters, i.e., effective permeability and
effective permittivity can be obtained [19]. Fig.3 (b) and (c)
show the result of effective permittivity and effective
permeability respectively.
To differentiate the effective permittivity (εr) and
permeability (µ r) with S11 and S21, the NRW method is
applied.

(b)

(1)

(2)
The effective refractive index (ηr) can also be
calculated from

and

[2]:
(3)

(c)

Fig.3 (b) shows negative permittivity at resonating points. It
shows negativity at 2.60 to 5.16GHz, 6.63 to 9.31GHz and
13.03 to 16.18GHz. Fig.3 (c) exhibits the negative
permeability at 7.74 to 13.07GHz and 13.88 to 16.55GHz.
At lower frequencies, the current flow matches with the
applied field. But in case of higher frequencies, it is not
possible for the current to cope up with the applied field
when the permeability becomes negative. In the gap, there is
a charge produced of a SRR is regulated to a fluctuating
magnetic field. Both current and applied field remain in
same phase at lower frequencies, but it fails to remain in
phase in higher frequencies and as a result, negative
permeability produces.
In Fig. 3(d), real and imaginary parts of η are plotted as a
function of frequency. The curve shows negativity at 8.13 to

(d)
Fig. 3 (a) Measured and simulated results of S21 ; Real and
imaginary values of (b) effective permittivity (ε) vs
frequency; (c) effective permeability (μ) vs frequency;
(d) refractive index (η) vs frequency
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Table 2: Parameters of the unit cell
Effective
parameters

Frequency
Range(GHz)

Covered
Bands

Permittivity
(ε)

2.60 to 5.16, 6.63
to 9.31 & 13.03 to
16.18 GHz

S, C, X
& Ku

Values at
8.14 and
14.01GHz
-0.56 &
-1.15

Permeability
(μ)

7.74 to 13.07 &
13.88 to 16.55GHz

C, X &
Ku

-292.49 &
-26.21

Refractive
Index (η)

8.13 to 12.14,
13.01 to 15.22 &
16.73 to 16.95GHz

X&
Ku

-18.32 &
-6.99

1×2 array
2×2 array

(a)

4×4 array

3.2. Array Analysis
Fig. 4 describes the array formation of the unit structure and
unit cell structure which are placed horizontally for 1 × 2
array and both vertically and horizontally on the basic unit
structure for higher degrees of arrays on the same Fr-4
substrate. The array structure is measured within the
frequency range of 1 to 18GHz. For unit structure, both the
patches are placed 0.5mm apart from each other on the
substrate. On the other hand, incase of unit cell structure, the
gap between the patches is 1mm and the similar approach
was used to assess the attainment of the array.
3.2.1.

(b)

Unit Structure Analysis
1×2 array

Fig.4 (a) shows array formation and (b) shows the
transmission coefficient of the array structures. It is apparent
that the resonances of the frequencies are found at the same
points as the unit cell, but having greater negative
magnitudes.
The S21 improves a bit as there is no band gap in between
4.68 to 17.18GHz in case of 1 × 2 array. But it shows a little
gap of about 100MHz for 2 × 2 and 4 × 4 array. Fig.4 (c)
shows the real values of the permittivity, permeability and
refractive index as a function of frequency of array
structures.

2×2 array

From Fig.4 (c), it is observed that the negative values for the
single unit cell and the array structures are quite similar. The
differences among them are the amplitudes or magnitudes
and the resonating points shifted a bit to lower frequencies.
The negative magnitude decreases in cases of permittivity.
But in case of permeability, the negative magnitude
increases at resonating points. In case of the refractive index,
only the negative qualities are counted. The results of the
array structures show similarity with the unit structure. All
the effective parameters of these array structures are
summarized in table 3. All the arrays show double negative
characteristics at 8.14 and 14.01GHz.

4×4 array
(c)
Fig. 4 Unit structure (a)Different array formation; (b)
S21 vs frequency; (c) Effective parameters vs frequency
for the 1 × 2, 2 × 2, 4 × 4 array.
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Table 3: Frequency range of effective parameters of array
structures
Effective
Array
Frequency Range
Covered
parameters
Structu
(GHz)
Bands
res
Permittivity
1×2
1.83 – 4.76, 6.55 – 9.19
L, S, C,
(ε)
& 13.92 – 16.45
X & Ku
2×2
1.78 – 4.61, 6.44 – 9.19
& 12.96 – 16.27
4×4
1.19 – 4.22, 6.27 – 9.12
& 12.98 – 16.20
Permeability
1×2
7.71 – 13.01 & 13.92 –
C, X &
(μ)
16.57
Ku
2×2
7.71 – 13.01 & 13.85 –
16.58
4×4
7.69 – 13.03 & 13.87 –
16.55
Refractive
1×2
7.92 – 12.32, 12.98 –
C, X &
Index (η)
15.56 & 16.63 – 17.18
Ku
2×2
8.10 – 11.98, 12.94 –
15.24 & 16.73 – 17.11
4×4
2.48 – 3.76, 8.06 –
12.03, 12.96 – 15.24 &
16.73 – 16.96
3.2.2.

1×2 array
2×2 array

(a)

4×4 array

(b)

Unit Cell structure Analysis

Fig. 5 shows the design of Unit Cell Structures of 1 × 2, 2 ×
2 and 4 × 4 array. Here, the total unit cell is arranged
horizontally for 1 × 2 array and for higher formations, the
unit cells are placed 0.5mm apart both vertically and
horizontally based on their degree. And the structures are
operated at the frequency range of 1 to 18GHz. The same
procedure is followed to evaluate the unit cell and results are
compared with the array structures.
The array formations, effective parameters and the
transmission coefficient of the unit cell structures are shown
in Fig. 5. Array formations are shown in Fig. 5(a), Sparameter is in Fig.5 (b) and Fig.5 (c) contains the real
values of effective parameters.
The demonstration was done between two square unit cells.
They are actually two different working cells, but the output
was quite identical to the single unit cell structure. And the
same procedure is repeated for a higher degree of array
formations. It is evident from the figure, at lower
frequencies, there is a slight deviation in the effective
parameters including transmission coefficient. The
resonating points shifts a bit from the basic structure. In
case of S21, the effect is a bit higher. There is no resonance
in the L-band except 2 × 2 formation with a negligible
spike. Moreover, instead of getting the double negative at
8.14GHz, the point shifts to 7.94GHz to show the
characteristic. But with the increase with frequencies, the
unit cell structures showed good commitment to the basic
unit cell. However, the unit cell still carries the doublenegative characteristic at some extent.

1×2 array

2×2 array

4×4 array
(c)
Fig. 5 (a)Different array formation; (b) S21 vs frequency;
(c) Effective parameters vs frequency for the 1 × 2, 2 × 2,
4 × 4 array of the unit cell structure.
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The transmission coefficient of 13GHz with a 500MHz band
gap in the middle is demonstrated for all of these
configurations. The effective parameters of the resonators
cover C, X, and Ku-band independently with double
negative phenomena at X and Ku-band which is similar to
basic unit cell. All the effective parameters of these unit cell
structures are summarized in table 4
Table 4: Frequency range of effective parameters for unit
cell array structures
Effective
Array
Frequency Range
Covered
parameters
Structu
(GHz)
Bands
res
Permittivity
1×2
2.56 – 5.15, 6.59 – 9.28
S, C, X
(ε)
& 13.05 – 16.41
& Ku
2×2
2.55 – 5.15, 6.60 – 9.27
& 13.06 – 16.16
4×4
2.51 – 5.13, 6.57 – 9.26
& 13.10 – 16.09
Permeability
1×2
7.73 – 13.06 & 13.92 –
C, X &
(μ)
16.55
Ku
2×2
7.73 – 13.01 & 13.92 –
16.54
4×4
7.72 – 13.14 & 13.96 –
16.52
Refractive
1×2
7.94 – 12.46, 13.01 –
C, X &
Index (η)
15.58 & 16.61 – 17.12
Ku
2×2
8.13 – 12.17, 13.07 –
15.25 & 16.77 – 16.86
4×4
8.12 – 12.21 & 13.07 –
15.28

Table 5: Covered area and relative bandwidths by refractive
index of different configurations for double negative
characteristic
Structure
Frequency
Band
Covered Type of
range (GHz)
width
Bands
Metama
terial
Unit Cell
8.14 – 9.31
1.17
X & Ku
DNG
13.80 – 15.22
1.42
1×2
Structure

7.92 – 9.19
13.92 – 15.56

1.27
1.64

X & Ku

DNG

1 × 2 Unit
cell
Structure
2×2
Structure

7.94 – 9.27
13.92 – 15.58

1.33
1.66

X & Ku

DNG

8.10 – 9.19
13.85 – 15.24

1.09
1.39

X & Ku

DNG

2 × 2 Unit
cell
Structure
4×4
Structure

8.13 – 9.27
13.92 – 15.25

1.14
1.33

X & Ku

DNG

8.06 – 9.12
13.87 – 15.24

1.06
1.37

X & Ku

DNG

4 × 4 Unit
Cell
Structure

8.12 – 9.26
13.96 – 15.27

1.14
1.31

X & Ku

DNG

5. Conclusions
This paper presents the framework of the modified Theta
shaped unit cell and a correlation is contrived on
transmission coefficient, relative permeability, permittivity
and refractive index. The analyses and the comparisons are
made on unit cell, 1 × 2, 2 × 2 and 4 × 4 array structures
with 1 × 2, 2 × 2 and 4 × 4 unit cell structures. The
transmission coefficient (S21) is calculated and compared
with different array formations. The transmission
coefficient covered L, C, X and Ku bands for all the
configurations. Negative effective parameters are also found
in all the structures. However, unit cell, 1 × 2, 2 × 2 and 4 ×
4 array structures shown good commitment to the effective
parameters. Even the negative values of each of the
effective parameters are found on the X and Ku bands at
8.14 and 14.01GHz with a bandwidth of more than 1.20 and
1.32GHz respectively. It certainly represents the dual band
double negative characteristic of the proposed compact
design. Thus, these structures are valid for the application of
dual bands and satellite communication. These can also be a
promising choice for double negativity. This modified
Theta shaped structure can be an auspicious alternative to
new metamaterials, especially in utilizations where
metamaterials are the only requirement.

4. Comparative Analyses of the configurations
In this paper, total observation is made on S-parameter,
effective permittivity, effective permeability, and refractive
index. All the results have shown unique, but not
contradictory information throughout the methodology.
Based on the comparison of 1 × 2, 2 × 2, 4 × 4 arrays and 1
× 2, 2 × 2, 4 × 4 unit structure, it is found that the
metamaterial shows double negativity at X and Ku-bands. It
has covered 8.13 to 9.31GHz (bandwidth of 1.18GHz) and
13.88 to 15.22 (bandwidth of 1.34 GHz) in basic unit
structure. Among these set of results, 8.14 and 14.01GHz is
the two frequencies where the double negative character of
all sorts of configurations is found. Table 5 shows the
covered area and relative bandwidths by the refractive index
of different configurations for double negative
characteristic.
From the Table 5, it is evident that all the configurations
show similar double negative characteristic of the respective
frequency range. But more stability is found among basic
unit cell, 1 × 2, 2 × 2 and 4 × 4 array with higher
bandwidths. Besides 1 × 2, 2 × 2 and 4 × 4 unit cell
structures shown fluctuating results with less bandwidth
with respect to other configurations.
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Abstract
In this article, a defected ground structure (DGS) is
introduced to design a broad band-stop filter to adjust the
resonating characteristics by varying the dimension of the
structure. The proposed antenna is embedded into a 50Ω
microstrip framework. FR-4 (Lossy) is used as a substrate to
design the proposed broad band-stop filter which has a
succinct structure. The attainment of the antenna is explored
both integrally and experimentally.
Here CSRR is
introduced in the ground layer. It has been monitored that
the level of rejection of the filter in stop band region keeps
on going with the introduction of CSRR. This filter is
advisable for X-band applications especially on 5.9 to
11.3GHz. It has also been observed by Nicolson-Ross-Weir
approach that at the filtering frequency. The effective
electromagnetic parameters retrieved from the simulation of
the S-parameters imply that metamaterial antenna shows
negative refraction bands. This indicates that the proposed
antenna has a behaviour to justify the obligation as a Left
Handed medium.
Keywords
Band-stop filter, Defected ground plane,
Left handed medium

1. Introduction
After getting the commercial authorization from Federal
Communication Commission (FCC) in February 2002,
Ultra-wideband (UWB) applications had become very
popular at home and abroad [1]. But this UWB system has
to go through probable interferences for WiMax, WLAN
and RFID. Thus the use of RF components that operate in
multiple bands has become really important to handle this
complexity. A lot of researches have been made on the
development of filter technology. The context of
applications of these filters are included in. In today’s world,
one of the most essential parameters is confinement among
channels in a particular bandwidth. In spite of avoiding
possible interferences in a system, Band-stop filter (BSF) is
one of the competent arrangements to notify this problem by
combining them to the system. In progression, a lot of

researches have been done to flourish different kinds of BSF
[2].
From last few years, transmission lines have been used with
patterned ground structures like spaces, gaps and slots, show
interesting characteristics inclusive of band-stop and slow
wave phenomena[3-5]. These specially arranged structures
are commonly known as slotted ground structure or defected
ground structure (DGS) [5]. Park et al. in 1991 proposed this
DGS for its improvement quality on filter behaviours and
reduction of filter size [6]. Moreover, this DGS has good
command over the performance enhancement of stop-band
filters, suppression of good harmonics and distinguished
periodic system [7]. DGS quenches the response of the
effective inductance and capacitance of a microstrip line
only by changing the size and shape of it. As a result, the
execution of the filter and its circuit can be enhanced. The
performance of the filter turned to a different level when
matematerials were introduced.
Metamaterials are the special type of materials that are
usually not available in nature. They are actually engineered
materials, they need embedding periodic unit cell for their
formation to create naturally unavailable electromagnetic
properties. Moreover, these materials have the power to
control the electromagnetic wave beams to show their
unorthodox characteristics. These unusual features of the
metamaterials totally depend on the geometry of the atomic
construction. It has been started from the year 1968,
Veselago et al observed unique properties of materials
having negative permittivity (ε) and permeability (μ). But it
was not appreciated until 2000 when Smith et al. fortunately
validated a new unreal with these unconventional properties
(both permittivity and permeability were negative) is called
left-handed metamaterial. In case of negativity, it has been
categorized as Single-negative (either permittivity is
negative or permeability is negative), Double-negative (both
permittivity and permeability are negative). There is also a
term called near-zero refractive index metamaterial (NZRI)
where the permittivity and permeability of a material
become approximately to zero of a particular range of
frequency. Having these captivating electromagnetic

phenomena, necessary applications, like SAR reduction [8],
super lenses, antenna design [9], filters [10-11], invisibility
cloaking
[12],
electromagnetic
absorber,
and
electromagnetic band gaps etc can be employed by
metamaterials.
Resonant type metamaterials are actually used in filter
applications. A variety of sub wavelength resonators are
used, such as split ring resonators (SRRs), complimentary
split ring resonators (CSRRs), double Slit split-rings
resonators (DS-SRRs), double Slit complementary splitrings resonators (DS-CSRRs) [13]etc.
In this paper, a fusion in made by complimentary split ring
resonator (CSRR) in the ground plane as defected ground
system so that the structure can mostly work in X-band
region as broad band-stop band filter.

(a)

(b)

2. Depiction and configuration
Fig. 1 shows the proposed band-stop filter. The resonating
frequency confides on the physical aspects of the structure.
The concentration of the structure can be realized depending
on the specifications derived from the equivalent circuit Fig.
1 (c) proposed by Woo et al. [14]. On the hand, the cut off
frequency of this type of filter can be accustomed by
maintaining suitable values of the elements of the filter.
However, to understand the expected values of lumped filter
elements, it is essential to determine the aspects of these
transmission lines. The proposed filter is contrived and
constructed on a composite material named as glassreinforced epoxy laminate or FR-4 substrate. This substrate
having a height of 1.60 mm and a relative dielectric constant
(εr) of 4.4 and loss tangent tan δ=0.02. Defected Ground
Structure (DGS) has a direct connection with photonic band
gap (PBG). It can be extracted directly from PBG and can be
realized when this defected structure is depicted on the
ground. This defectiveness in the ground plane interrupts the
shield current. This may cause the increment of effective
capacitance and inductance in the transmission line [3].
CSRRs are used as DGS under the modified microstrip line.
Even resonant frequency can be controlled if the microstrip
line and the DGS are modified. This DGS has an influence
in implementing compact capacitive coupling to the line is
called microstrip DGS. The cut off frequency of the filter
depends on the overall slot size. This cut off frequency can
be adjusted by varying the slot size. It is essential to reduce
the inductance of the strip line if the resonant frequency
needs to be shifted up instead of back, or widening the strip
line may help to reduce the inductance of the filter. Table 1
shows the parameters of the filter. Commercially
available Finite Integration Technique (FIT)-based on
Computer Simulation Technology (CST) Microwave Studio
software was used to simulate the proposed filter.

(c)
Fig. 1: Geometry of the proposed broad band-stop filter
(a) front view; (b) back view and (c) equivalent ckt
model of the band stop resonator.
Table 1: Parameters of the unit cell
Parameters
L
L1
L2
L3

L4

W

Dimensions(mm)

40

6.5

6

10.5

27

24

Parameters

W1

W2

a

b

c

g

Dimensions(mm)

15

8

1

1

0.5

0.5

(a)

(b)

Figure 2: Prototype of the Band stop filter (a) Front
view and (b) Back view
3. Results and Discussions
The filter is designed on FR-4 (substrate) with an area of
24×40 mm2. A parametric study is made on the dimension of
the filter to justify the insertion loss. CSRR in the ground
plane is used and the results are compared with the
convention one. There are plenty of ways to find out the
effective parameters of a unit cell like Nicolson-Ross-Weir
(NRW) method, direct retrieval method of refractive index
(DRI) etc. This paper highlights the electromagnetic
properties using the real values of ε, μ, and η using S11 and
S21.

2

Fig. 3 shows the parametric study of the filter and a decision
is made on return/ insertion loss characteristics. The
simulation is made on 5 to 15 GHz that provides a
justification of its unorthodox pattern. In the microstrip line,
the width places the main role to adjust the inductive effect.
Decrease in inductance shifts the resonant to higher
frequencies.

Front view with
wide patch

Front view with
narrow patch

Fig. 3 (a) exhibits the return loss of the structure with
various shapes of the microstrip line. Keeping the ground
unchanged, the microstrip line has been made three different
structures. The microstrip line with modification shows less
fluctuating response than the other two. But with the use of
DGS, the return loss reaches near zero line or less than 10dB line in the frequency range of 5.9 to 11.3 GHz. The
application of CSRR has made the band gap in this
frequency range.
Fig. 3 (b) exhibits the insertion loss of the configuration with
the same three different microstrip lines. Firstly, the loss is
observed by applying normal ground and lately, DGS is
applied. The modified microstrip line shows better band gap
than the other two, so DGS is applied on the ground of the
modified microstrip. The insertion loss curves crosses the 10dB line at 5.3GHz and comes back to zero line at
11.3GHz. The influence of CSRR in the ground plane makes
the insertion loss wider.

Front view with
modified patch

Fig. 4 shows the flat response of return and insertion losses
at about 5.9 to 11.9 GHz. Comparatively a wider stop-band
has acquired. Moreover, the proposed structure shows
broader and deeper band coverage than traditional stop-band
filters [15-16]. There is a bit divergence between simulated
and measured values. This difference is predominantly due
to few parameters like fabrication, dielectric constant and
thickness of the substrate, large simulation frequencies and
the effect of SMA [17-18]. It is better to check the
manufacturing and the measurement process to get a good
deal of return loss characteristics for the structure. However,
soldering accuracy of the SMA, quality of the substrate and
no rusting in the structure need to be considered.

Front view with
wide patch

Ground without
modification

(a)

Fig. 4: Simulated and measured return/insertion loss for
the proposed band stop filter
3.1. Analysis of Effective parameters
The series of gaps effect the structure for its negative
effective permeability. Combining these CSRRs and gaps
create a narrow band gap continuously permeability and
permittivity emerged close to the resonant frequency [10].

(b)
Fig. 3 Simulated return/ insertion loss characteristics for
different structures (a) return loss & (b) insertion loss
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To differentiate the effective permittivity (εr) and
permeability (µ r) with S11 and S21, the Nicolson-Ross-Weir
(NRW) method is applied.

12.75GHz and 13.80 to 15GHz. At lower frequencies, the
current flow matches with the applied field. But in case of
higher frequencies, it is not possible for the current to make
a go of it with the applied field when the permeability
becomes negative. In the gap, there is a charge produced of a
CSRR is regulated to a fluctuating magnetic field. At low
frequency, the current remains in phase with the applied
field, but it fails to remain in phase in higher frequencies and
as a result, negative permeability produces.
In Fig. 5(c), real and imaginary parts of η are plotted as a
function of frequency. The curve shows negativity at 5.05 to
6.00GHz, 6.11 to 6.38GHz, 7 to 7.52GHz, 7.82 to 8.11GHz,
8.93 to 9.54GHz, 10.25 to 10.73GHz, 11.23 to 12.14GHz,
13.73 to 14.22GHz and 14.74 to 15 GHz. Table 2 shows the
frequency range of refractive indices with effective
parameters of the filter at different frequency bands. The
refractive index shows negativity when the permittivity and
permeability both become negative. Here η shows certain
negativity at different bands of frequencies. Hence, the
designed filter has significant portions where all the three
effective parameters becomes negative. Therefore, this
band-stop filter can be claimed as double-negative
metamaterial as it has negative peaks at 5.51, 7.29, 7.97,
9.05, 11.37 and 13.93GHz in all the three effective
parameters which is shown in Table 2 with bandwidths.

(1)

(2)
The effective refractive index (ηr) can also be
calculated from

and

[2]:
(3)

(a)
Table 2: Parameters of the unit cell
Effective
parameters
Permittivity
(ε)

Frequency Range(GHz)

Covered
Bands

5.49 to 5.81, 6.12 to 6.44, 7025
to 8.01, 8.97 to 10.97, 11.17 to
12.02 & 12.86 to 14.08GHz.

C, X &
Ku

Permeability
(μ)

5 to 6.11, 6.56 to 7.31, 7.97 to
8.29, 8.84 to 9.44, 11.34 to
11.47, 12.34 to 12.75 & 13.80
to 15GHz.

C, X &
Ku

Refractive
Index (η)

5.05 to 6.00, 6.11 to 6.38, 7 to
7.52, 7.82 to 8.11, 8.93 to 9.54,
10.25 to 10.73, 11.23 to 12.14,
13.73 to 14.22GHz & 14.74 to
15 GHz.

C, X &
Ku

(b)

4. Conclusions
This paper presents the framework of the broad band stop
filter using modified microstrip line and defected ground
structure. Implementation of CSRR in the ground plane
creates a constant and flat impedance bandwidth of almost
5.4GHz (5.9 to 11.3 GHz). To justify the performance of
the proposed filter an analogy is conferred on transmission
coefficient, relative permeability, permittivity and refractive
index. The effective parameters of the filter cover C, X, and
Ku-band independently with double negative phenomena at
C, X and Ku-band. Due to its auspicious design, doublenegative characteristics and the proposed structure has
potential to be used as Broad band stop filter

(c)
Fig. 5 (a) Effective permittivity (ε) vs frequency; (b)
effective permeability (μ) vs frequency; (c) refractive
index (η) vs frequency
Fig.5 (a) shows negative permittivity at resonating points. It
shows negativity at 5.49 to 5.81GHz, 6.12 to 6.44GHz, 7025
to 8.01GHz, 8.97 to 10.97GHz, 11.17 to 12.02GHz and
12.86 to 14.08GHz. Fig.5 (b) shows the negative
permeability at 5 to 6.11GHz, 6.56 to 7.31GHz, 7.97 to
8.29GHz, 8.84 to 9.44GHz, 11.34 to 11.47GHz, 12.34 to
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characteristics using triple novel defected structures for
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Abstract
A miniaturized dual band antenna is presented for using
GPS L1/GS communication systems. This antenna structure
consists of a radiating patch with four mender line resonant
elements, and a modiﬁed ground plane, which provides a
dual band covering from 1.55 GHz to 1.64 GHz frequency.
The inductances and capacitances developed due to the
ground plane and patterned radiating patch leads to the
behavior of the metamaterial. The proposed antenna
designed on Rogers’s 4350B material substrate with
dimension of 25.4 mm × 25.4 mm× 0.70 mm. The proposed
antenna shows good omni directional radiation pattern,
considerable gain level, and reasonable S11 for using in the
GPS L1/GS communication systems.
This is the layout specification and template definition for a
paper to be submitted to META Conference.

1. Introduction
Owing to the rapid growth of wireless communication
technology, miniature antenna plays a significant role for
small size multifunctional devices. In recent days, all
communication devices need to be small in size, compact,
lightweight, in short should be portable. Moreover, portable
devices obligatory to operate dual frequency band
applications to use in different areas or countries[1].
Recently, demand of satellite based portable communication
devices are increasing noticeably, especially vehicle
tracking, mobile communication portable satellite station,
weather forecasting etc. A considerable number of patch
antenna have been developed targeting better performance
for multiple frequency band applications due to lower
performance of wired antennas. A low profile, compact,
Antenna size reduction with multiband operation capability
is still interesting topic for communication engineering
researchers. A considerable research effort is given to
antenna miniaturization to integrate with small form factor
multi frequency devices without compromising the overall
performance. There are several techniques have extensively
studied by many researchers, such as using reactive
impedance substrate [1], artificial magnetic conductor [2],
EBG substrate [3], Metamaterials [4-7], Multilayer dielectric
substrates [8], etc. Use of ceramic material substrate is one

of the effective techniques for antenna miniaturization. Due
to higher dielectric constant of the ceramic material
substrate, the overall size of antenna can be reduced
significantly without compromising the overall performance
[9]. Many antenna technology researchers have
comprehensively examined the use of ceramic material
substrate for miniature antenna design in their article. A
miniature antenna was designed using thick truncated
textured Ceramic Substrate with the dimension of 14
mm×13.6 mm at 1.88 GHz resonant frequency and obtained
3.5 MHz of bandwidth [10]. A 25 mm×10 mm ×4 mm
multiband dielectric resonator antenna designed for multistandard mobile handheld devices [11]. A miniaturized
patch antenna designed with 25.4 mm × 25.4 mm × 6.35 mm
dimension using low temperature co-fired-ceramic (LTCC)
substrates [12]. On the other hand, Metamaterial-inspired
electrically small antennas were proposed in [13] and further
developments in the corresponding electric monopole-based
electrically small antenna designs have been obtained and
confirmed experimentally. Although there is no bulk
metamaterial involved in the performance enhancements of
these antennas, their radiating elements represent a single
unit cell of a metamaterial structure, which leads to the
metamaterial-inspired terminology [14, 15]. However, in
terms of antenna size reduction or bandwidth enhancement
there are still needs to put more research effort for
miniaturization with better performance to meet the ever
increasing demand for dual band applications.
In this article, a compact (25.4 mm × 25.4 mm×0.762 mm)
electrically small, low profile dual band antenna is presented.
Multifunctional compact planar versions are introduced by
appropriately four meander line elements. These antenna can
be used for dual band [GPS L1 and Global star (GS)] linear
polarization application. The performance characteristics of
the proposed dual band antenna is investigated by Finite
Element Method based 3D electromagnetic simulator
ANSYS Ansoft High Frequency Structure Simulator (HFSS).

2. Antenna Design
Due to the popularity of satellite positioning and
communications, a highly compact, multifunctional antenna
that can communicate with satellites to accommodate both
voice and data exchanges, while providing GPS

functionality, is of great interest for portable communication
device applications. For this perspective, a dual-band GPS
L1 (1575.42 MHz) and Global Star (GS, 1610–1621 MHz)
electrically small, planar antenna was designed and
developed. The proposed dual band antennas geometric
layout is presented in Figure 1 (a) top and (b) bottom which
is printed on an Rogers 4350B dielectric substrate material
with thickness 0.70 mm, dielectric constant 3.66, loss tangent
0.004 and 0.017 copper thickness. The basic architecture of
the proposed dual band antenna consists of the radiating
patch, a partial ground plane and a coaxial feed-line. The
proposed dual band antenna is ported to a 50 Ω SMA
connector for signal transmission. To achieve dual band
characteristics, the radiating patch consists of some slotted
structure with four meander line structure where M1 and M3
meander line elements are responsible for lower band 1.575
(GPS L1 1.575) and M2 and M4 elements is responsible for
GS band (1.615 GHz). This can be clearly understand from
the surface current distribution of the radiating patch shown
in Figure 2 where M1 and M3 are more exciting for the
lower band and M2 and M4 are exciting for upper band. The
ground plane of the proposed antenna is consists of two near
field parasitic elements which is act as single driven elements
in the other side of the substrate. By exciting top and bottom
driven elements through coaxial fed, both dipoles are the
same except for the gaps between the capacitive loads, i.e.,
the capacitances formed by the gaps between the ends of the
arrows. Because of the differences in the resulting
capacitances, two independent resonant frequencies were
obtained. However, to avoid any unnecessary structural
overlaps and to keep the parasitic elements in a one-layer
layout, the meander lines were introduced on their legs to
increase the overall inductance while allowing a decrease in
the requisite capacitances provided by their gaps and still
maintaining the desired operating frequency. The choices of
the dimensions of the elements were varied according to the
usual principles, e.g., thinner traces and longer meander-line
segments produce more inductance, and smaller gaps
produce more capacitance. A square copper elements also
introduced in the center of the radiating patch for widening
the total bandwidth. Their final values were optimized with
HFSS by studying multiple design iterations and their
behaviors. The dimensions of the proposed antenna structure
are then optimized using the HFSS simulation software. The
final dimensions are: L=25.4 mm, W=25.4 mm, L1= 2.86
mm, L2=2.86 mm, L3=4.57 mm, L4=4.18mm, L5= 1.18
mm, L6=5.23 mm, W1=2.5 mm, R1=8.1 mm.
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M4

L4

L1
M2
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(b)
Figure 1: The configuration of the proposed antenna (a) top
view (b) bottom view
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1000

500

0

(a)
(b)
Figure 2: Surface current distribution of the proposed
antenna (a) 1.575 GHz, (b) 1.615 GHz
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3. Results and Discussions
Fig. 3 shows the simulated reflection coefficient of the
proposed dual band antenna. It can be observed from the
figure that the proposed antenna achieve -10dB S11
(Reflection coefficient) bandwidth from 1.55 GHz to 1.65
GHz which is totally cover the GPS L1 band (1.575 GHz)
and GS band (1.615 GHz). The simulated gains and
radiation efficiency of the proposed antenna against
frequency are shown in Fig. 4. And Fig. 5. At GPS L1
frequency, the corresponding peak gain and radiation
efficiencies were 1.44 dB and 92 % respectively. On the
other hand, at the GS frequency, the peak gain and radiation
efficiencies values were 1.45 dB and 93% respectively. Fig. 6
illustrates the far-field radiation pattern of the proposed
antenna at 1.575 GHz and 1.615 GHz, including the xz plane
(H-plane) and yz planes (E-plane). It can be seen that
omnidirectional radiation pattern can be observed on xz plane
and nearly omnidirectional radiation pattern on the yz plane
can be observed over the whole operating frequency bands
Figure 7 illustrates the 3D radiation pattern of the proposed
antenna of the GPS and GS band frequency. The maximum
directivity values were 1.72 dB at GPS L1 band and 1.73dB
at GS band, respectively.

Figure 5: Radiation efficiency of the proposed antenna.

(a)

Figure 3: Simulated reflection coefficient of the proposed
antenna.

(b)
XZ Plane
YZ Plane
Figure 6: Radiation pattern of the proposed antenna, (a)
1.575 GHz, (b) 1.62 GHz

Figure 4: Peak gain of the proposed antenna.
(a)
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Figure 7: 3D Radiation pattern of the proposed antenna, (a)
1.575 GHz, (b) 1.62 GHz

[8]

4. Conclusions

[9]

An Omni-directional antenna with dual band characteristic
for used in GPS and GS system has been proposed. The
designed antenna consists of a radiating patch with four
meander line parasitic elements and two Egyptian axe like
dipoles to create required dual band frequency. The design
antenna faces the -10dB reflection coefficient requirement
from 1.55 GHz to 1.64 GHz. The overall antenna dimension
is 0.133λ × 0.133λ × 0.004λ at 1.575 GHz. From the
simulated results, it can be shown that the proposed antenna
exhibits the dual band characteristic for the GPS L1 and GS
band frequency. Reflection coefficient, Gain, radiation
pattern and radiation efficiency, directivity of the proposed
antenna are analyzed and optimized by using finite element
method based 3D-fullwave electromagnetic simulator HFSS.
The proposed antenna can be a competitive solution for the
current needs to be adopted with small multi technology
wireless devices compare to other available dual band
antennas.
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Abstract
In the last decade, various works have demonstrated that a
class of artificial material called metamaterials (MTM) can
synthesize μ-negative (MNG) media capable of evanescentwave focusing which largely enhances the magnetic
coupling between coils, which is the basic mechanism of
Inductive Power Transmission (IPT) systems. In the present
work, MTM-enhanced coupling in IPT systems is examined
through analytical and numerical results, which are
validated by experimental data. Adopting a transmissionline based approach to describe the general MTM-enhanced
IPT system, it is evidenced that MNG MTMs can be
interpreted as a negative impedance from a circuital point of
view.

1. Introduction
The exploitation of evanescent waves in the near field for
power transfer purpose has gained a lot of interest recently.
In order to prevent radiation, the drivers are high-Q
electrically small antennas (ESA). Most of their energy
remains stored in the surrounding near field and power
transfer occurs primarily via induction. Nonetheless, such
inductive power transmission is efficient only for distances
smaller than the diameter of the antennas being also quite
sensible to misalignment. Electromagnetic MTM slabs
presenting effective negative permeability can be used as
near-field lenses to improve the overall efficiency of such
inductive power transmission systems by enhancing the
inductive coupling between the antennas. It has been called
MTM-enhanced coupling [1] [2].
This paper describes a transmission-line based approach of
the interaction between a MNG MTM and a magnetic link.
By introducing the concept of virtual magnetic transmission
line (VMTL) to describe the magnetic circuit and by
calculating an equivalent virtual impedance to represent the
MTM slab, the gain mechanism of those lenses can be
regarded as a non-Foster impedance matching. Foster’s
reactance theorem states that any lossless passive one-port
network has a reactance (or susceptance) derivative that
increases with frequency [3]. According to [4], non-Foster
circuits can provide negative resistance, negative inductance
and negative capacitance (meaning that their slope varies

decreases with frequency). As it will be further shown, a
passive MNG MTM behaves as a band-limited negative
impedance described by a negative resistor in series with a
negative inductor. The negative inductance implies on
reduction of the amount of net energy stored in the magnetic
circuit while the negative resistance implies on potential
gain across the MTM.
This work is organized as follows: In section 2, a
generalized theory of transmission lines is presented in
order to include a magnetic coupled system. In section 3, an
equivalent virtual impedance for the proposed MTM slab is
obtained. In section 4, it is demonstrated by means of
analytic calculations and numerical results that a magnetic
link can be satisfactorily described as virtual transmission
line and that the gain introduced by the MTM is due to
improvements in the impedance matching between the
drivers. The results are supported by experimental evidence.

2. Generalized theory of transmission lines
2.1. Physical and virtual transmission lines
Most of the classical literature on transmission line (TL)
concentrates exclusively on electric transmission lines
(ELTL) or the guidance of electromagnetic energy using two
or multiple electric conductors (two-wire TL, coaxial cable,
stripline and so on). Only recently, more general concepts of
TLs have been proposed. According to [5], a time-varying
magnetic flux can guide EM fields as electric currents in
conventional TLs. In [6], it is proposed a generalization for
TL theory by introducing the concept of virtual TLs.
Since electric and magnetic fluxes have the same
dimension of electric and magnetic charges, respectively, a
time-varying flux acts as a sort of “virtual current” driving
the fields.
It can be easily shown that a time-varying flux is a
current:
(1)
According to the Collins Dictionary [7], the word virtual
means “so nearly true that for most purposes it can be
regarded as true”, “having the essence or effect but not the
appearance or form of” or “being such practically or in

effect, although not in actual fact or name”. Thus, as fluxes
produce virtually the same effect as physical charges
concerning guidance, the phenomena of electric and
magnetic induction can be effectively described through TL
equations by taking the displacement currents as virtual
currents, the fluxes as virtual charges and the reluctance to
the flux of the medium as virtual impedances.
Hence, physical TLs are defined as the ones where EM
fields are guided by means of conduction currents, and
virtual TLs, as the ones where EM fields are guided by
means of displacement currents.
2.2. Propagation equations
transmission lines

for

virtual

Making the simplifying hypothesis that the magnetic flux
is mostly confined in a magnetic circuit of fixed transversal
section, the virtual TLs can be said to obey propagation
equations in terms of potential and current similar to the
ones followed by classical ELTLs:
(4)
(5)
where
,
,
,
,
,
and
denote the series
impedance, the shunt admittance and the magnetic
reluctance, the electrical conductance, the magnetic
conductance, the inductance and the capacitance per unit
length, respectively.
Its characteristic impedance
is given by:

magnetic

The virtual magnetic transmission line (VMGTL) is defined
as a magnetic circuit formed between two insulated drivers
(no physical charge is flowing from one driver to the other)
coupled by an intervening quasistatic magnetic field. The
transmitting driver is the magneto-motive force (MMF)
source generating the time-varying magnetic flux (magnetic
displacement current) that links the terminals. The receiving
driver is the transducer connected to the load that “converts”
the virtual magnetic charges (the magnetic flux) to physical
ones (see Fig. 1).

(6)

The term

can be said to be a virtual admittance

because it neither stores nor dissipate any real power. Like
the radiation resistance of an antenna, which is also a virtual
impedance [9], it has no relationship with the thermal
equilibrium of the circuit that is generating the flux.
The complex propagation constant , the load reflection
coefficient and the input impedance
are given by:
(7)

Figure 1: Schematic
transmission line.

of

a

virtual

magnetic

(8)

The total MMF of the virtual line is a real magnetic
potential
because fluxes going in opposite directions
possess inverted magnetic potentials. Consequently, there
must be a uniform magnetic field stored between them:

(9)
where
is the load impedance.
The magnetic potential and the virtual current can be
identified and converted into the physical electric potential
and the physical electric current
in the terminals
through:

(2)
As it is shown in Fig. 2, power flow in a VMGTL is the
product of this magnetic field stored between the fluxes and
the electric field generated by the time-varying flux in the
form of electric-field circulation [8]:

(10)
(11)

(3)

(12)
(13)
Note that the magnetic and electric potentials and
currents are dimensionally inverted.
Since VMGTLs support the transverse electromagnetic
(TEM) mode [5], propagation is described by a one-

Figure 2: The transversal magnetic field component
is responsible for power flow, not the magnetic field
parallel to the flux.

2

dimensional Helmholtz equation [10]. Its generic solution is
given by:
(14)
(15)
2.3. Propagation equations for
transmission lines in free space

virtual

magnetic

If there is no ferromagnetic material channeling the flux
from the source to the load, the propagation equations of the
virtual line must be adapted to compensate the flux leakage.
Supposing that the reflection coefficient Γ must increase
inversely with the coupling between the terminals of the TL:

Figure 3: Estimation of the real (solid) and imaginary
part (dash) of .

(16)

As it can be seen in Fig. 3,
the resonance frequency (

(17)
where

becomes negative around
):
(20)

is the magnetic coupling coefficient:
(18)

The equivalent inductance of the MTM can be
determined from its effective parameters:

3. Equivalent virtual impedance for a μ-negative
metamaterial

(21)
Then, the MTM equivalent virtual impedance is given

Table 1: The constitutive parameters
of the MTM slab

by:
(22)

Cell number
Periodicity

49
2.3 cm

The proposed MTM to synthesize a MNG slab is the same
model exploited in [1]. Its main characteristics are presented
in Table 1.
The Lorentz model can be used to estimate the relative
permeability
of the MTM [11]:
(19)
where F is the coupling coefficient between adjacent cells of
the lattice and ξ is the damping ratio of the system.

Figure 4: MTM equivalent impedance
function of frequency.

as a

Since the slope of
does not increases
monotonically with the frequency, it can be said to possess a
band-limited non-Foster behavior. As it is shown in FIG, the
MTM is perceived as negative resistance and a negative
reactance around the resonance (
). At the range
of sub-resonance frequencies, it is completely invisible to
the virtual line (
). And at the over-resonance one,
it is seen as a positive reactance (
).

3

As a negative resistance it acts in the sense of enhancing
(restoring) the magnetic current (and consequently the
magnetic flux) of the virtual line:
(23)
As a negative reactance, it becomes equivalent to a
negative inductor and converts the stored energy in the
magnetic field into the complementary electric one,
reducing the total reactance of the circuit and enhancing the
electric potential. On the other hand, as a positive reactance
the MTM becomes equivalent to an inductor and stores
energy in the surrounding magnetic field. The energy stored
by the MTM from higher frequency modes is the energy it
uses to amplify the resonance mode.

Figure 6: Magnitude of
plane XZ

at the resonance at the

4. Application
The proposed free-space VMGTL consists of two
magnetically coupled loop antennas of radius
made of copper wire with diameter
assisted by
the MTM described in section 3. The loops operate far from
self-resonance. It is assumed that the electrical resistance of
wires, the capacitance and the radiation resistance of the
antennas as well as the internal resistance of the source are
all negligible. The secondary driver is connected to a load
. The drivers are separated by a distance
. The amplitude of the tension source is
. The source loop is assumed to have a small
internal resistance
.
The analytical results are a direct application of the TL
model for coupled systems presented in section 2. The
numerical results were achieved by the FDTD method on
Agilent EMPro and CST studio. The experimental data were
obtained using a Vector Network Analyzer.

Figure 5: Magnitude of
plane XZ

Figure 7: Analytical (solid) and numerical (circle)
results for the magnitude of

with the MTM slab

out of the resonance at the
Figure 8: Analytical (solid) and numerical (circle)
results for the gain with the MTM slab inside of
the magnetic link
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with the

5. Discussion and conclusion
As it is shown in Fig. 5 and Fig. 6, there is a component
of the magnetic field inside the link because of the magnetic
potential difference
between the incoming and the
ongoing fluxes trespassing the drivers. It can be clearly seen
that the distribution of
(thus, the distribution of ) is
quite improved along the line when the MTM is activated,
making the system to behave more similarly to a confined
VMGTL with improved transmission. The improvement of
the potential distribution along the magnetic link is
equivalent to improve the impedance matching of the virtual
line as shown in Fig 7.
Table 2: Comparison between the
predicted gains and the experimental one
Gain
Analytical

10 dB

Simulated

15 dB

Experimental

9 dB

As it can be seen in Table 2, the analytical and
experimental results for the MTM gain at the resonance
present a greater agreement than the one predicted by the
numerical simulation, despite the fact that the curve
behavior obtained by simulation is more similar to the one
obtained with experiment (see Fig. 8 and Fig. 9). The
discrepancy between the analytical and experimental curves
comes from the simplifying hypotheses concerning the
magnetic flux distribution employed by the model.
Finally, one important aspect of the considered system
must be pointed out: the relative position of the MTM to the
source does not interfere significantly with the gain, which
reinforces that such magnetic link has a TL-like behavior.
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Abstract
A new double U-Π shape design, simulation, fabrication
and experimental verification of unit cell structure based on
a simple configuration was operated in microwave spectra.
The proposed structure resonators have magnetic and
electric resonances that demonstrate metamaterials
properties at different resonance frequency. The finitedifference time-domain (FDTD) based commercially
available CST electromagnetic simulator was adopted to
investigate the design scattering parameters, effective
medium parameters and absorption analysis. The design
structure exhibited the resonance frequency within the Lband, C-band, X-band, and Ku-band of the microwave
regime. The characteristics and absorption were analyzed
using the angular rotation of the structure and different
dielectric substrate material. An N5227A vector network
analyzer was used for the measurements. The measurement
results of the printed prototype were in a better covenant
with the simulation results. As a result, the proposed
structure enables innumerable application areas such as
mobile phones, long-distance radio communications,
satellite communications, radar, and space communications.
Keywords: Absorption; Compact; Effective medium ratio;
Metamaterials; Multi-band; Planar;

1. Introduction
Metamaterials have attracted noteworthy attention in the
past decade due to a number of attractive phenomena not
found in nature, such as sub-wavelength focusing, negative
refraction, surface wave manipulation, extraordinary
transmission, invisible cloaking, super-resolution imaging
etc. Negative refractive index metamaterials are engineered
materials with negative permittivity (ε less than 0) and
permeability (µ less than 0) simultaneously, which have
exotic properties in terms of well-known phenomena like
Snell’s law, and Doppler effect etc. [1]. Due to the
interesting properties, the scientific community has been
concerned to the metamaterials for strange characteristics

and extensive applications in energy harvesting, invisibility
clocks [2, 3], filtering, electromagnetic absorber [4] and
perfect lenses [5], SAR reduction [6]. A 10×10 mm2 square
split “Z-shape” metamaterials showed Negative refractive
index properties at different azimuthal angles, whereas the
maximum effective medium ratio (EMR) was 9.1 by
Faruque et al. in [7]. A 5×5 mm2 “Ring-shape” metamaterial
was designed by Yang et al. for cloaking effects of
frequency range 8-13 GHz. Moreover, the EMR of metaatom was 6 [8]. Hossain et al. recommended a design
structure of 12×12 mm2 “double C-shape” metamaterial for
multi-band operation and reported EMR was 7.44 with
negative refractive index from 11.304 to 13.796 GHz [9].
Zhou et al. suggested a “double Z-shape” double negative
metamaterial unit cell constructed using coplanar magnetic
and electric resonators which obtained an EMR of 4.80 as
well as, dimension was 8.5×8.5 mm2 [10]. Islam et al.
recommended a metamaterial unit cell structure with 30×30
mm2 dimensions and “H-shape” that was applicable
microwave regime. The negative refractive indices of the
structure were at 0.5 GHz and 0.3 GHz, whereas the EMR
was 3.65 [11]. A left-handed “F-shape” metamaterial was
designed by Rizwan et al. with 2.3 GHz bandwidth of
negative refractive index for K- and Ka-band [12]. Zhou et
al. reported a 15×15 mm2 “S-shape” chiral metamaterial for
X- and Ku- band. On the contrary, the EMR of the
metamaterial was very small that was less than 4 [13].
However, above authors analyzed Negative refractive index
characteristics and compactness but absorption properties
did not analyze of their metamaterial. A triple-band
metamaterial absorber can be utilized in bolometers,
explosives detection and spectroscopic imaging, etc. [14].
Islam et al. [15] proposed multi-band split S-shaped
metamaterial structure for absorption analysis, whereas
authors obtained maximum 55% absorption. In addition, a
paper was proposed by Islam et al. whereas different
substrate materials were analyzed for S-band only.
Compactness and absorption were not shown in that paper
[16]. In this paper, the planar double U-Π shape based
metamaterial exhibits, multi resonance at L-, C-, X-, and
Ku-bands with different metamaterials properties for

instance, ε-negative, μ-negative and negative refractive
index. An absorption, effective medium ratio, and effective
medium parameters have been changed by altering the
rotation of unit cell and different substrate materials.
Moreover, the size of the proposed planar unit cell is
10.5×11 mm2, which is smaller than the stated metamaterials
unit cells in [7, 8, 9, 10, 11, 13] with the terms of EMR.
Metamaterial can operate in the sub-wavelength spectra,
whether the EMR of the material is greater than 4.
Furthermore, the design structure provides high absorption
value 99% at 3.79 GHz, 99% at 11.78 GHz, and 96% at
12.24 GHz for RO3010, RT5880 and FR4 substrate
materials respectively. It is observed that the absorption of
the proposed design is better than the suggested
metamaterials unit cells in [17, 18, 19]. To determine the
scattering parameters, for example, the reflection coefficient
(S11) and transmission coefficient (S21), the CST
electromagnetic simulator 2015 was used. The effective
medium parameter, for instance, effective permittivity,
permeability and refractive index were also retrieved using
well-established Nicolson-Ross-Weir method.

environment. To allow the incident electromagnetic wave
travelling over the prototype that was positioned between
the two waveguide in the identical plane, similar to the
simulation geometry. In addition, the scattering parameters
have been measured by the PNA network analyzer (N5227)
where the frequency range of the device is 10 MHz-67 GHz.

(a)

2. Design, Numerical simulation, and
Measurement
The suggested design consists of two U shape and one Π
shape resonators with single split square resonator which
was employed to attain unconventional characteristics of
metamaterials that were usually not found in nature. The
proposed metamaterial structure and structural parameters
are shown in Fig. 1(a). The substrate material is low cost
FR4 lossy material. All elements of the resonators are made
of copper with conductivity of 5.8×10 7 S/m and the
thickness of copper resonators are 0.035 mm that is printed
on a substrate with standard relative permittivity ɛ= 4.3 as
well as loss tangent δ = 0.025. The parameters of the
structure are Lc=10 mm, Wc=10.6 mm, W 1=0.4 mm,
W2=0.65 mm, W3=0.7 mm, W4=0.6 mm, W5=0.7 mm,
W6=0.9 mm, L1=6.7 mm, g=0.3 mm, s=0.4 mm.
In this paper, the finite-difference time-domain method
based CST simulator is implemented to examine this design
structure. The electric field and magnetic field have been
polarized along the x-axis and the y-axis, respectively,
whereas z-axis has been utilized for electromagnetic wave
travelling. The boundary conditions of perfect magnetic
conductor (PEC) and the perfect electric conductor (PMC)
are utilized along the x-axis and y-axis, individually, and
two waveguide ports are placed on the positive and negative
z-axis. In addition, the periodic boundary conditions with
the wave guide port are used in the simulation. The
schematic diagram of the proposed design is illustrated in
Fig. 1(a). To determine the transmission coefficient and the
reflection coefficient in simulation a frequency domain
solver is employed. The frequency range 1-15 GHz was
used to simulate and measure the design structure.
A fabricated prototype is shown in Fig. 1 (b). The prototype
comprises 4×4 arrays of the unit-cell of copper materials and
the size of the prototype are 44×42 mm2. The measurement
has been performed with two waveguide in the free-space

(b)
Figure 1: (a) The proposed metamaterial structure,
(b) The fabricated array of structure.

Furthermore, a calibration kit (Agilent N4694-60001) was
utilized to calibrate the network analyzer. That is why, the
measurements were completed precisely. The NicolsonRose-Weir (NRW) method was utilized to determine the
medium parameters like effective permeability (µ) and
permittivity (ε) from simulated scattering parameters such as
transmission coefficient (S21) and reflection coefficient (S11).
The direct refractive index method was applied to calculate
the effective refractive index (n) from the simulated
complex S-parameters. The absorption of the design
structure was determined using the following equation, A(ω)
= 1–R(ω)–T(ω), where T(ω), R(ω), and A(ω) are the
transmittance, reflectance and absorption, respectively.
Absorption depends on the scattering parameters, for
instance, |S21|2 = T(ω), and |S11|2 = R(ω). However, from the
absorption equation, it can be seen that minimizing the
scattering parameters which can maximize the absorption
of the metamaterials.
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the relative negative refractive index 3.324-5.186 GHz,
6.068-6.726 GHz, 7.636-13.614 GHz, 14.048-15 GHz, and
2.372-3.114 GHz, 4.57-5.382 GHz, 5.564-5.606 GHz,
6.824-8.952 GHz, 11.038-11.388 GHz, 14.146-15 GHz for
00 and for 900 angular rotation of the design structure.

3. Results and Discussions
In this paper, scattering parameters, effective medium
parameters, effective medium ratio and absorption of design
structure with angular rotation and different type of substrate
materials were analyzed..
3.1. Analysis of design structure with angular rotation
The numerical and experimental result of planar double U-Π
shape compact metamaterial has been presented. The
numerical and measured reflection coefficient (S11), and
transmission coefficient (S21) of the design structure has
been demonstrated in Fig. 2. It shows the cover band of the
resonance frequencies that designates L-, C-, X-, and Kubands applications.

(a)

Figure 2: Numerical and measured S-parameters of
design structure.
From Fig. 2, the numerical and experimental results are
showing good agreement with each other. The measured
results have shown the same band comparing with numerical
results in Fig. 2. On the contrary, the scattering parameters
of measured results have been marginally shifted towards
the lower frequency and increase small amount of the
magnitude comparing with simulation results. The small
amount difference has been occurred for the several
fabrication tolerance and open-space measurement
procedure. Fig. 3 (a) exhibits the values of the relative
negative permittivity 1.658-2.148 GHz, 3.464-5.676 GHz,
5.844-7.37 GHz, 8.84-9.218 GHz, 10.394-11.766 GHz,
12.494-13.012 GHz, and 14.538-14.86 GHz for 00 angular
rotation. In contrast, 2.512-3.828 GHz, 4.402-6.124 GHz,
6.572-9.456 GHz, 7.622-15 GHz for 900 angular rotation of
design structure of metamaterial. The electric and magnetic
dipole moment can keep route with the applied
electromagnetic field at lower frequency. On the other hand,
the dipole moment cannot content with the applied field. As
a consequence, the fluctuation of scattering parameters have
been occurred at higher frequencies. Fig. 3 (b) displays the
values of the relative negative permeability 7.93-14.958
GHz and 7.622-15 GHz for 00 and 900 angular rotation of
design structure, respectively. The negative properties of the
permittivity and permeability has been altered a small
amount as a result of the polarization effect on the interior
construction of metamaterial structures. Fig. 3 (c) describes

(b)

(c)
Figure 3: (a) Permittivity (b) permeability and (c) refractive index
values of the angular rotation of 00 and 900 of the design structure.

The curves of the effective refractive index become negative
when the curves of the permittivity and permeability are
negative, simultaneously. The design structure of material
has shown metamaterial properties ε-negative at 1.82 GHz,
ε-negative at 5.42 GHz, μ-negative at 9.37 GHz, and
negative refractive index at 12.24 GHz that have designated
L-, C-, X-, and Ku-bands in the microwave region.
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numerical analysis as well as practical implementation, 1.6
mm thick FR4 substrate with permittivity 4.3 and loss
tangent 0.025 as well as thermal conductivity 0.3 W/K/m
has been utilized. The thickness, electric permittivity,
thermal conductivity, loss tangent of rogers RO3010
substrate material are 1.6 mm, 10.2, 0.66 W/K/m and
0.0022. Moreover, the rogers RT5880 substrate material
comprises thickness= 1.6 mm, electric permittivity= 2.2,
thermal conductivity = 0.2 W/K/m, and loss tangent=0.0009.
Three different types of substrate material have been used to
observe the metamaterial characteristics, EMR, and
absorption in microwave spectra.
Figure 4: Absorption values of the angular rotation of 00
and 900 of the design structure.

It is observed from Fig. 4 that the absorption value of
design structure are 49% at 1.82 GHz, 73% at 5.42 GHz,
47% at 9.37 GHz, and 96% at 12.24 GHz, respectively for
00 angular rotation. On the other hand, the values of the
absorption are 95% at 3.42 GHz, 60% at 5.86 GHz, 86% at
11.11 GHz, and 30% at 14.43 GHz, respectively for 90 0
angular rotation of the structure. The absorption value is
high while the transmittance value is near zero. However,
the reflectance value is less in that point. The angular
rotation of the design structure along the propagation
direction of electromagnetic wave has changed the
resonance frequencies and absorption values due to alter the
material properties.

Figure 5: Transmission coefficient of the design
structure for different substrate material

Fig. 5 states the transmission coefficient value in dB for
different substrate materials like FR4, rogers RO3010, and
rogers RT5880. The transmission dip, number of resonance
frequency and value of the resonance frequency of the
structure have been changed due to different electric
properties of the material. In this frequency range, rogers
RT5880 has shown the maximum dip. On the other hand,
the minimum dip has been obtained by FR4 substrate
material. However, rogers RO3010 has displayed the lowest
fundamental resonance frequency which has increased the
EMR of the structure.

Table 1 describes the overall properties of the structure like
EMR,
resonance
frequencies
and
metamaterial
classification, and absorption for 00 and 900 angular
rotation. The design structure shows the higher EMR at 0 0
angular rotation compares to 900 angular rotation. In
addition, the absorption value, 96% at resonance frequency,
12.24 GHz for 00 angular rotation compares to 900 angular
rotation of the proposed structure.
Table 1: The values of effective medium parameters, metamaterials
properties, and absorption at different resonance frequencies
for 00 and 900 angular rotation of proposed structure.
Rotation EMR Resonance Metamate- Absorption
angle(θ)
frequencies
rials
(%)
properties
1.82
ENG
49
5.42
ENG
73
0
0
14.99
9.37
MNG
47
12.24
NRI
96
3.42
ENG
95
5.86
ENG
60
0
90
7.97
11.11
MNG
86
14.43
NRI
30

(a)

3.2. Analysis of design structure with different substrate
materials

Fig. 6 (a) displays the ranges of the relative negative
permittivity 1.658-2.148 GHz,3.464-5.676 GHz,5.844-7.37
GHz, 8.84-9.218 GHz, 10.394-11.766 GHz, 12.494-13.012
GHz, and 14.538-14.86 GHz; for FR4 substrate in the
proposed design. Moreover, 1.154-1.532 GHz, 2.456-3.996

Three types of substrate materials, for example, FR-4(lossy),
rogers RO3010(lossy) and rogers RT5880(lossy) have been
used as a substrate material in the design structure. In
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GHz, 4.094-5.746 GHz, 6.208-6.656 GHz, 7.496-8.448
GHz, 8.728-9.624 GHz, and 10.198-10.898 GHz for rogers
RO3010 substrate. Furthermore, 2.12-2.694 GHz, 4.3047.006 GHz, 7.412-8.588 GHz, 11.01-11.542 GHz, and
12.452-14.44 GHz for rogers RT5880 substrate of design
structure of metamaterial.

on the materials properties of the structures.The design
structure of material has a metamaterial property like single
negative, double negative that are shown in Table 3.

Figure 7: Absorption values of the FR4, rogers RO3010,
and rogers RT5880 substrate materials of the design
structure.

(b)

It is seen from Fig. 7 that the absorption value of design
structure are 49% at 1.82 GHz, 73% at 5.42 GHz, 47% at
9.37 GHz, and 96% at 12.24 GHz, respectively for FR4
substrate material. Moreover, the values of the absorption
are 22% at 1.25 GHz, 99% at 3.79 GHz, 89% at 4.84 GHz,
35% at 6.45 GHz, 6% at 8.45 GHz, and 50% at 9.90 GHz,
correspondingly for rogers R03010 substrate material.
Furthermore, absorption values are 63% at 2.33 GHz, 50%
at 6.26 GHz, 15% at 8.97 GHz, and 99% at 11.78 GHz,
individually for rogers RT5880 substrate material. The
absorption value is high while the reflectance value is low.
The high absorption value is 99% at 3.79 GHz for rogers
R03010 and 99% at 11.78 GHz for rogers RT5880 substrate
material. Due to different material properties, the absorption
rate has been different at different frequencies.

(c)
Figure 6: (a) Permittivity (b) permeability and (c) refractive index
values of the angular rotation of 00 and 900 of the design structure.

The electric and magnetic dipole moment can keep route
with the applied electromagnetic field at lower frequency.
On the other hand, the dipole moment cannot content with
the applied field at higher frequencies. As a result, the
fluctuation of effective parameters like permittivity has been
occurred more at higher frequencies. Fig. 6 (b) shows the
range of the relative negative permeability 7.93-14.958
GHz, 7.468-14.314 GHz, and 7.398-14.608 GHz for FR4,
rogers RO3010, and rogers RT5880 substrate materials,
correspondingly. Fig. 6 (c) designates the relative negative
refractive index 3.324-5.186 GHz, 6.068-6.726 GHz, 7.63613.614 GHz, 14.048-15 GHz; 1.07-1.21 GHz, 2.036-3.744
GHz, 4.122-4.808 GHz, 6.306-6.418 GHz, 6.88-6.978 GHz,
7.076-7.496 GHz, 8.112-9.428 GHz, 9.89-12.13 GHz,
12.172-12.998 GHz, 13.278-13.46 GHz, 13.67-13.964 GHz;
1.868-2.316 GHz, 3.408-6.25 GHz, 6.292-6.824 GHz,
7.132-8.434 GHz, 8.966-11.514 GHz, 11.78-13.628 GHz,
14.286-14.804 GHz for FR4, rogers RO3010, and rogers
RT5880 substrate materials, individually. The negative
properties of the permittivity, permeability, and refractive
index has altered a bit accordingly of the polarization effect

Table 2: The values of effective medium parameters, metamaterials
properties, and absorption at different resonance frequencies for
FR4, rogers RO3010, and rogers RT5880 substrate materials of
proposed structure.
Substrate EMR Resonance Metamate- Absorption
type
frequencies
rials
(%)
properties
1.82
ENG
49
5.42
ENG
73
FR4
14.99
7.02
ENG
17
9.37
MNG
47
12.24
NRI
96
1.25
ENG
22
3.79
ENG
99
4.84
ENG
89
R03010
21.82
6.45
ENG
35
8.45
MNG
6
9.90
NRI
50
2.33
ENG
63
6.26
ENG
50
RT5880
11.71
8.97
MNG
15
11.78
NRI
99

5

Table 2 designates the overall properties of the structure for
instance, EMR, resonance frequencies and metamaterial
characteristics, and absorption of different substrate
material. The design structure displays the high EMR
(21.82) for rogers RO3010 substrate material compares to
FR4 and RT5880 substrate material. Additionally, the high
absorption value, 99% at resonance frequency, 3.79 GHz for
rogers RO3010 compares to FR4 substrate of the proposed
structure. It is seen from Table 2, rogers RO3010 substrate
material is suitable, in terms of high absorption value and
compactness of the design structure.

[8] S. Yang, P. Liu, M. Yang, Q. Wang, J. Song, and L.
Dong, From flexible and stretchable meta-atom to
metamaterial: A wearable microwave meta-skin with
tunable frequency selective and cloaking effects, Sci.
Rep., 6: 21921, 2016.
[9] M. R. I. Faruque, M. J. Hossain, S. S. Islam, M. F. B.
Jamlos, and M. T. Islam, Design and analysis of a new
double C-shaped miniaturized metamaterial for
multiband applications, Appl. Phys. A., 123: 310, 2017.
[10] H. Zhou, C. Wang, and H. Peng, A novel doubleincidence and multi-band left-handed metamaterials
composed of double Z-shaped structure, J. Mater. Sci.
Mater., 27: 2534-2544, 2016.
[11] S. S. Islam, M. R. I. Faruque, and M. T. Islam, The
design and analysis of a novel split-H-shaped
metamaterial for multi-band microwave applications,
Materials, 7: 4994-5011, 2014.
[12] M. Rizwan, H.-B. Jin, F. Rehman, Z.-L. Hou, J.-B. Li,
F. Butt, et al., Dual-band tunable negative refractive
index metamaterial with F-Shape structure, Open Phys.,
12: 578-581, 2014.
[13] Z. Zhou and H. Yang, Triple-band asymmetric
transmission of linear polarization with deformed Sshape bilayer chiral metamaterial, Appl. Phys. A, 119:
115-119, 2015.
[14] X. Shen, T. J. Cui, J. Zhao, H. F. Ma, W. X. Jiang, and
H. Li, Polarization-independent wide-angle triple-band
metamaterial absorber, Opt. Express, 19: 9401-9407,
2011.
[15] S. S. Islam, I. Faruque, M. Rashed, and M. T. Islam,
Design and absorption analysis of a new multiband
split-S-shaped metamaterial, Sci. Eng. Compos. Mater.,
24: 139-148, 2017.
[16] S. S. Islam, M. A. Rahman, M. R. I. Faruque, and M. T.
Islam, Design and analysis with different substrate
materials of a new metamaterial for satellite
applications, Sci. Eng. Compos. Mater.,2016.
[17] H.-M. Lee and H. Lee, A metamaterial based
microwave absorber composed of coplanar electricfield-coupled resonator and wire array, Prog.
Electromagn. Res. C, 34: 111-121, 2013.
[18] M. Bakir, M. Karaaslan, F. Dincer, O. Akgol, and C.
Sabah, Electromagnetic energy harvesting and density
sensor application based on perfect metamaterial
absorber, Int. J. Mod. Phys. B, 30: 1650133, 2016.
[19] M. Bağmancı, M. Karaaslan, E. Ünal, O. Akgol, F.
Karadağ, and C. Sabah, Broad-band polarizationindependent metamaterial absorber for solar energy
harvesting applications, Physica E, 90: 1-6, 2017.

4. Conclusions
A new design of double U-Π shape compact metamaterial
structure was suggested for multi-band, for instance, L-, C-,
X-, and Ku-band applications in this paper. This design
structure based on rogers RO3010 substrate exhibited 99%
absorption with high EMR (21.82) at 3.79 GHz. The CST
electromagnetic simulator was utilized to determine the
absorption, EMR and metamaterials characteristics. The
suggested metamaterials are appropriate for amateur radio,
GPS, GSM, radar and satellite communications, longdistance radio telecommunications, space communication
and radar terrestrial broadband. A comparative analysis also
carried out on the basis of the angular rotation of the unit
cell and different substrate material. The open-space
measurement method was applied to validate the results of
the prototype of the structure. Therefore, the metamaterial
structure was compact in size, high absorption and follows
better EMR which were more suitable in microwave
spectra.
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Abstract
In this manuscript, a new modified hexagonal unit cell
structure with wideband negative refractive index
metamaterial structure was worked in microwave regime.
The proposed structure was designed of two symmetrical
metallic patterns printed on the both sides of an FR4
dielectric substrate. The finite-difference time-domain
(FDTD) based commercially available CST microwave
studio was adopted to investigate scattering parameters of
the design. The design structure was analyzed by two
orientations with respect to the incident plane wave. For
normal wave incidence, the suggested structure displays
wideband negative refractive index (3.18 GHz) and (0.9
GHz) with a higher effective medium ratio (17.26) that was
indicated small electrical size of the structure, whereas for
parallel wave incidence, wideband negative refractive index
(2.45 GHz), (1.22 GHz) and (1.93 GHz) bandwidth with a
higher effective medium ratio (28.01) was obtained. The
negative refractive index was verified by simulation and
measurement for quad-band applications. Furthermore, the
effective medium ratio (λ/a) of the proposed wideband
negative refractive index metamaterial was considerably
improved compared to previous suggested multi-band
metamaterials.
Keywords: Double-incident, Effective medium ratio,
Metamaterial, Quad-band, Negative refractive index,
Wideband;

1. Introduction
The composite materials that are called metamaterials,
designed to exhibit exotic electromagnetic phenomena not
available by natural materials, offer many fascinating ways
of handling light and have been intensively examined. The
artificial periodic structures comprised of sub-wavelength
constituent elements that build the structure perform as an
effective medium with negative values of permittivity (ε <
0) and permeability (µ < 0) at the frequencies of interest.
The properties of such media were already studied by
Veselago over 45 years ago [1]. Negative refractive index
materials, i.e., Negative Index Metamaterials (NIMs) are

artificial metanmaterials with effective negative permittivity
and permeability simultaneously, which have unusual
properties in terms of familiar phenomena like Snell’s law,
Cherenkov radiation, and Doppler effect etc. [1, 2]. Because
of these unusual properties of the metamaterials, it can be
used many vigorous applications such as antenna design [3],
electromagnetic absorption reduction [4], invisibility
cloaking [5], absorber design [6], etc. Until now, very few of
NIMs designed and tested to perceive an effective negative
refractive index materials. On the other hand, most of such
NIMs is perceived by the overlapping of effective negative
electric permittivity and effective negative magnetic
permeability of the materials that are responsible of a
metallic wire and engineered magnetic resonator,
respectively [7]. The negative electric permittivity perceived
by plasma behavior of metallic wire has foremost
disadvantages, such as the problem in scheming a NIMs
with improved effective medium ratio, for example, the
operating wavelength to unit cell size and the subject of
strong spatial dispersion [8]. In addition, the refractive
negative index has been perceived by artificial S-type
resonators and Ω-shaped man-made structure [9, 10].
However, mentioned NIMs have a significant shortcoming
for the innovative practical applications due to the single
band operation. In addition, in terms of the direction of
applied electromagnetic (EM) waves, there are three types of
EM incidence are possible, such as parallel, normal and
double incidence. The earlier metamaterials are established
on the classical incident planar electromagnetic (EM) waves
which is parallel to the substrate, like ELC–HSLR pair
structure [11], nonlinear metamaterials [12] as well as
MTSRR-wire pair structure [13]. The second Metamaterials
are also established on the incident planar EM waves that
are normal to the substrate, for instance, multiple SSRR pair
structure [14] and double C-shaped structures [15]. In case
of the third one, the negative refractive index is parallel to
both. However, very few researchers are focusing on this
way to perceive the metamaterils. On the contrary, very little
research has been achieved it. Zhou et al. and Zhu et al. [16,
17] who exhibit multi-bands NIMs founded on double Zshape pair structure and multiple dendritic cells. It has been
displayed the negative refractive index multi-bands for

perpendicular
and
parallel
incidences.
Recently,
metamaterials for multiband application with negative
refractive index and miniaturized sizes are an encouraging
research field and a few researchers are focused on such
metamaterials. “Π-shape” metamaterial suggested by Islam
et al. [18] that was applicable for electromagnetic invisibility
cloaking operation in X-band and achieved near zero
refractive index of 2 GHz wideband. The effective medium
ratio was 3.58 whereas the structure size of the “Π-shape”
was 10×10 mm. “Double Z-shape” metamaterials that
comprised the electric and magnetic resonators suggested by
Zhou et al. in 2015 [16] This structure was built by metal
strips of two orthogonal z-shape that exhibited different
resonance peak such as 7.3 GHz, 8.1 GHz, and 9.4 GHz,
respectively. However, this structure was shown EMR of
4.83 and 4.97 due to the parallel and normal incidence of
EM wave. Cumali Sabah recommended a design structure of
triangular shape with metal strip for dual-band operation and
reported EMR was 7.35 with NIMs properties [19].

implementation, 1.6 mm thick FR4 substrate with
permittivity 4.3 and loss tangent 0.025 as well as
permeability 1 has been utilized. All elements of the
modified hexagonal resonators are made of copper with
electric conductivity of 5.8×107 S/m, thermal conductivity
401 W/K/m, Rho of 8930 kg/m3, Diffusivity 0.000115141
m2/s, Young’s modulus of 120 KN/mm2 and the thickness of
copper resonators, 35 µm. The elements of all the artificial
structure are captured inside a cubic lattice of dimension
10×9.6 mm2. The design structures are considered the
incidence of uniform plane wave propagating along zdirection for normal incident as well as the y-direction for
parallel incident. The parameters of the structure are L=9.8
mm, W=9.8 mm, W1=0.7 mm, W2=0.8 mm, W3=0.8 mm,
g=0.4.
W

w3

w1

L
w2

In this paper, a new double-incidence miniaturized quadband NIM with an improved EMR has been introduced. The
design structure of metamaterials covers L-, S-, C-, and Xbands with resonance frequencies 1.64 GHz at -18.23 dB,
3.67 GHz at -29.98 dB, 7.90 GHz at -12.55 dB, and 9.41
GHz at -31.94 dB, respectively. The negative refractive
indices of the proposed structure are 3.36-3.52 GHz (0.16
GHz bandwidth), 5.34-5.52 GHz (0.18 GHz bandwidth),
5.63-8.69 GHz (3.06 GHz bandwidth), 9.71-10.55 GHz
(0.84 GHz bandwidth), and 11.84-13.90 GHz (2.06 GHz
bandwidth) for the normal incidence. Moreover, the
bandwidths of negative refractive indix due to the parallel
incidence of an electromagnetic wave are 1.91-7.33 GHz
(5.42 GHz bandwidth), and 12.56-14.30 GHz (1.74 GHz
bandwidth). In addition, the dimension of the proposed unit
cell is smaller than the reported metamaterials unit cells in
[11,12, 13, 14, 16, 19] in respect of EMR. The NIMs
characteristics of the suggested structure were tested by
numerically and experimentally. The NIM structure is
suitable for multi-band applications, for instance, GPS,
mobile phones, weather radar, surface ship radar, longdistance radio telecommunications, satellite communications
and, space communications from the normal incidence and
parallel incidence with the same dimension as well as same
structure.

g

(a)

(b)

Figure 1: The proposed engineered structure
(a) front side and (b) perspective with both side.

To observe the double incidence operation of the structure,
primarily, the z-axis EM plane wave propagation was
performed, and then the y-axis EM plane wave propagation
was implemented. The schematic diagram of the proposed
engineered structure is illustrated in Fig. 1. To determine the
transmission coefficient and the reflection coefficient in
simulation a frequency domain solver is utilized and 1001
frequency samples were reserved.

(a)

2. Methodology

(b)

Figure 2: The fabricated array of proposed engineered
structure (a) front side and (b) back side.

2.1. Physical geometry of metamaterials

A fabricated prototype is shown in Fig. 2. The fabricated
sample encloses 5 × 4 arrays of the structure of copper
materials and the dimension of the fabricated sample are 55
× 42.5 mm2. The measurement has been performed with two
waveguides in the free-space environment. Besides, the
scattering parameters have been measured by the PNA
network analyzer (N5227) where the frequency range of the
device is 10 MHz-67 GHz. Moreover, a calibration kit
(Agilent N4694-60001) was utilized to calibrate the network
analyzer. Furthermore, in case of calibration purposes,
measurement has been performed with and without of the

The proposed engineered NIM metamaterial structure has
composed the same design structure on the substrate of both
sides. The frontside and backside of a dielectric slab are a
planar modified hexagonal copper metal structure. A
combination of multiple hexagonal shaped split ring
resonators with meander line was employed to attain
unconventional characteristics of metamaterials that were
usually not found in nature. The numerical analysis has been
performed using commercially available CST microwave
studio. In numerical analysis as well as practical

2

GHz, 3.24-3.95 GHz, 6.44-8.02 GHz and 8.94-11.51 GHz,
that designates L-, S-, C, and X-bands applications.

prototype. That is why; the measurements have been
completed precisely.
2.2. Effective
Calculation

Scattering

and

medium

parameters

The Nicolson-Rose-Weir method was utilized to
retrieve the parameters of the material. The magnetic
permeability, μ= μ0μeff and the dielectric permittivity,
r

ε= ε0εeff, the impedance is defined as Z

Z0 ,

r

The S-parameters are represented as the addition and
subtraction terms as given in equations 1 and 2.
(1)
v1 S 21 S11 ,

(a)

(2)
v2 S 21 S11 ,
The transmission coefficient (S21) and reflection coefficient
(S11) are the scattering parameters of the metamaterials.
Metamaterials that have finite thickness, kreald≤ 1 and
complex

wave

number,

r r

K0
r r , to
c
obtain effective magnetic permeability (µ eff), dielectric
permittivity (εeff), and effective refractive index (neff) are
written as follows:
2c (1 v1 )
Effective permeability, eff
(3)
j d (1 v1 )
Effective permittivity,

Refractive index,

n eff

K

eff

2c
j d

2c
j d

(1 v 2 )
(1 v 2 )

( S 21 1) 2
( S 21 1)

2

(4)

S 211
S

2

1

2

(b)

(5)

Figure 3: (a) Magnitude (b) phase of simulated and
measured S-parameters of engineered structure.
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Where, d, c, and
are used as the thickness of the substrate, the
velocity of light and the angular frequency. The above equations
are utilized to determine the effective medium parameters.

From Fig. 3, the simulation and experimental results for
the magnitude and phase of the design structure are
showing good agreement with each other. The
corresponding magnitude and phases are plotted in Fig.
3(a) and 3(b). Matching occurs at 1.64 GHz, 3.67 GHz,
7.90 GHz, and 9.41 GHz. The value of reflection is
highest, whereas the value of transmission is nearly zero at
the resonance frequencies. The phase of the transmission
and reflection response has a jump at the same frequency
which carries a signature of existence the metamaterial’s
resonance. The experimental results have revealed the
same band comparing with simulation results in Fig. 3 (a)
and 3(b). On the other hand, the scattering parameters of
experimental results have been slightly lifted towards the
lower frequency and reduced small amount of magnitude
comparing with simulation results. The small amount of
difference has been occured for the several fabrication
tolerance and open-space measurement procedure. Fig. 4
exhibits the distributions of instantaneous surface current
and magnetic field of the resonant four peaks, for instance,
1.64 GHz, 3.67 GHz, 7.90 GHz and 9.41 GHz, where its
expose epsilon negative metamaterial, epsilon negative
metamaterial, double negative metamaterial and mu
negative metamaterial respectively. The flow of the
direction of the current on the frontal metallic slabs was

3. Results and Discussions
The values of the effective dielectric permittivity, effective
magnetic permeability and effective refractive index are
verified to characterize the proposed engineered materials.
Engineered structure with different type of EM wave
propagation, i.e., normal incidence and parallel incidence
have been analyzed in this paper.
3.1. Analysis of the Normal Incidents of EM wave
The electric and magnetic field have been polarized along
the x-axis and the y-axis, respectively, whereas z-axis has
been utilized for electromagnetic wave travelling for normal
incident. The PEC and PMC boundary conditions are
employed alongside the x-axis and y-axis, individually, and
two waveguide ports are placed on the positive and negative
z-axis. The numerical and experimental result of the
modified hexagonal engineered structure was offered. The
numerical and measured reflection coefficient (S11), and
transmission coefficient (S21) of the unit-cells were shown in
Fig. 3. It illustrates the mathematical values of the four
frequency ranges of resonance frequencies are 1.57-1.7

3

reversely paralleled to the back one. This current produces
a heavy charge gathering at the regions where the two
opposite flowing currents meet each other and form four
magnetic dipoles that show negative magnetic resonances
under normal incidence of electromagnetic wave. At 1.64
GHz, the distributions of magnetic field have concentrated
on the areas of split gap of middle ring and around the
middle ring. Hence, the first epsilon negative is subjected
by the magnetic resonance of the areas.

(normal incidence) of design structure of metamaterials are
shown in Fig. 5(b).

(a)

(b)

Figure 4: Instantaneous surface current and magnetic field
distribution for nermal incidence of EM wave.

Moreover, at 3.67 GHz, the magnetic field’s is concentrated
in the regions of the left-side, right-side and upper-side of
the substrate. Therefore, the second epsilon negative is
prevailed by the regions of the magnetic resonance.
Furthermore, at 7.90 GHz, the magnetic field’s is
concentrated in the regions of the left-side, right-side and
lower-side of the substrate. So, the double negative is
dominated by the magnetic resonance of the areas.
Additionally, at 9.41 GHz, the magnetic field’s is
concentrated in the regions of the left-side and right-side of
the substrate. Thus, the mu negative is conquered by the
regions of the magnetic resonance. Fig. 5(a) and 5(b)
demonstrate the retrieval effective permittivity, ε = ε / + iε//,
and effective permeability, μ = μ/ + iμ//, respectively. Fig.
5(a) shows the real values of the effective negative
permittivity, 1.59-1.72 GHz, 2.56-4.05 GHz, 4.60-7.92 GHz,
8.01-8.69 GHz, 12.17-12.56 GHz and 14.86-15.00 GHz for
the normal incidence of the EM along the design structure of
metamaterials. The real values of the effective negative
permeability, 6.21-6.39 GHz, 7.26-8.74 GHz, and 9.1014.43 GHz, for the propagation direction along the z-axis

(c)
Figure 5: (a) Permittivity (b) permeability (c) Refractive
index values of real and imaginary curves for normal
incidence of EM.

The negative properties of the permittivity and permeability
has altered by a tiny amount due to the polarization effect on
the internal construction of metamaterials structures.
Anisotropic materials comprise unequal lattice structure that
handles the applied electromagnetic field due to the
polarization of dipole moment inside materials. Hence, the
variety of design structure also alters the properties of the
effective permittivity and permeability of the metamaterials.
The effective refractive index, n = n/ + in//, are demonstrated
in Fig. 5(c). It can be seen that the magnitude of the real
values of the effective negative refractive index are in 3.363.52 GHz, 5.34-5.52 GHz, 5.63-8.69 GHz, 9.71-10.55 GHz
and 11.84-13.90 GHz of the design structure of
metamaterials. The curves of the effective refractive index

4

become negative when the curves of the permittivity and
permeability are negative, simultaneously. The design
structure of metamaterials has revealed double negative
properties at region of 6.21-6.39 GHz, 7.26-7.92 GHz, 8.018.69 GHz, and 12.17-12.56 GHz. It can be considered that
the losses are insignificant in those frequency ranges, which
designates four efficient pass band.

GHz, where its depict mu negative metamaterial, double
negative
metamaterial,
negative
refractive
index
metamaterial and mu negative metamaterial respectively.

3.2. Analysis of the Parallel Incidents of EM wave

(a)

Figure 7: Instantaneous surface current and magnetic
field distribution for nermal incidence of EM wave.
The flow of current on the facial metallic pieces is antiparalleled to the backward or following one, hence,
generating a heavy charge buildup at the areas. As a result,
four magnetic dipoles formed due to opposite current flow
that show negative magnetic resonances under the parallel
incidence of EM wave. At 1.01 GHz, the distributions of
magnetic field have concentrated on the areas of split gap of
inner and middle ring with the surroundings. Hence, the mu
negative is exposed by the regions of the magnetic
resonance. Moreover, at 3.47 GHz, the magnetic field’s is
concentrated in the regions of the upper-side and lower-side
of the slabs. Therefore, the dual negative is subjugated by
the regions of the magnetic resonance. Furthermore, at 6.17
GHz, the magnetic field’s is concentrated in the regions of
the left-side and right-side of the substrate. So, the negative
refractive index is prevailed by the regions of the magnetic
resonance Additionally, at 9.81 GHz, the magnetic field’s is
concentrated on the zones of the left-side, right-side, upperside and lower-side of the substrate. Thus, the mu negative
is prevailed by the regions of the magnetic resonance. Fig. 8
(a) represents the real and imaginary curves of retrieval
effective permittivity of the artificial material for the
propagation of planar EM wave along the x-axis means
parallel incidence. It can be seen that a large span of
frequencies, for instance,1.12 to 7.26 GHz and 13.03 to
13.78 GHz of negative amplitude have been attained in the
microwave spectra.

(b)
Figure 6: (a) Magnitude (b) phase of simulated
and measuredS-parameters of the structure.
For the parallel incidence, the incident condition was
fulfilled by applying PMC and PEC are applied along the yand z-direction, individually, and two waveguide ports are
placed on the positive and negative x-direction. The
amplitudes of the real and imaginary values of scattering
parameters are shown in Fig. 6(a). Fig. 6 depicts the
simulated and measured reflection coefficient (S11), and
transmission coefficient (S21) of the artificial material for the
direction of EM planar wave propagation along the x-axis..
Fig. 6 (a) demonstrates the values of the dip of the
resonances at 1.01 GHz, 3.47 GHz, 6.17 GHz, and 9.81
GHz frequencies, that designates L-, S-, C-, and X-bands
applications. The value of transmission is lowest, on the
contrary, the value of reflection is nearly zero at the
resonance frequencies. The phase of the transmission and
reflection follows same phenomena as described in Fig. 3.
The distributions of instantaneous surface current and
magnetic field of the resonant four peaks are shown in Fig.
7, for instance, 1.01 GHz, 3.47 GHz, 6.17 GHz and 9.81
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(c)

(a)

Figure 8: (a) Permittivity (b) permeability (c) Refractive
index values of real and imaginary curves for parallel
incidence of EM.

Hence, it is apparent that the artificial material exhibits
negative magnitude for both permittivity and permeability at
the frequency ranges of 2.39 to 2.53 GHz and 6.98 to 7.26
GHz in the microwave region. Generally, the properties of
permittivity and permeability are affected by the polarization
that are mentioned previous discussion. Therefore, the
refractive index curve of the material also affected by the
polarization like as permittivity and permeability. The real
and imaginary magnitude of the effective refractive index is
shown in Fig. 8 (c) for parallel incident of EM wave, where
peak resonances are perceived in the S-, C-, and Ku-band in
the microwave region. The bandwidths of the effective
refractive index are 1.91-7.33 GHz (5.42 GHz) and 12.5614.30 GHz (1.74 GHz) for parallel incident of EM wave that
indicates the wideband applications of the structure.

(b)
Likewise, from Fig. 8 (b), it has been perceived that few
negative peaks of the effective permeability are 0.95 to 1.01
GHz, 2.39 to 2.53 GHz, 6.98 to 8.71 GHz, and 8.92 to 14.39
GHz.

Table 1: Comparison of performance with other multi-band metamaterials.
Composition
Technique

MHSRRMHSRR
pair

Pair of
ELC–
HSLR

Incident
direction of
EM wave
Number of
frequency
bands
Applicable
regime
Effective
medium
ratio(λ/a)
Number of
resonance
frequency

Parallel
Normal

Parallel

5

Complexity
of the
structure
References
Published
year

Orthogonal
Z-shaped
metallic
strip pair
Parallel
Normal

Nonlinear
Metamaterial

Pair of
MTSRRwire

Pair of
multiple
SSRR

Pair of
TSRRwire

Parallel

Parallel

Normal

Parallel

3

2

3

1

2

3

4
Microwave

Microwave

2
Microwave

Microwave

Terahertz

Microwave

Microwave

28.02

19.23

4.83

6.97

15

7.06

7.35

4

4.97
3

3

2

5

4

Complex

3
Simple

Complex

Simple

Simple

Simple

11
2016

16
2015

12
2014

13
2013

14
2012

19
2011

17.26
5
4
Simple
This work

6

Table 1 reveals the comparisons of the incident direction of
EM wave, the number of frequency bands, applicable
regime, EMR, number of resonance frequency and
complexity of the structure of the proposed design. It is seen
that EMR of the proposed NIM structure is the uppermost
when compared to other suggested metamaterials. Proposed
structure has a quad-band, good selectivity, simple
construction, and decent characteristics with dual incidence.

magnetic resonators, Appl. Phys. Lett., 90:263504,
2007.
[9] H. Chen, L. Ran, J. Huangfu, X. Zhang, K. Chen, T. M.
Grzegorczyk, et al., Left-handed materials composed of
only S-shaped resonators, Phys. Rev. E, 70: 057605,
2004.
[10] J. Huangfu, L. Ran, H. Chen, X.-m. Zhang, K. Chen, T.
M. Grzegorczyk, et al., Experimental confirmation of
negative refractive index of a metamaterial composed of
Ω-like metallic patterns, Appl. Phys. Lett., 84: 15371539, 2004.
[11] A. Sarkhel, D. Mitra, and S. R. B. Chaudhuri, A
compact metamaterial with multi-band negative-index
characteristics, Phys. Rev. A, 122,:1-10, 2016.
[12] Y. Liu, X. Zhou, K. Song, S. Gu, Z. Liu, L. Guo, et al.,
Quasi-phase-matching of the dual-band nonlinear lefthanded metamaterial, Appl. Phys. Lett., 105: 201911,
2014.
[13] C. Sabah, Multiband metamaterials based on multiple
concentric open-ring resonators topology, IEEE J. Sel.
Top. Quantum Electron., 19: 8500808, 2013.
[14] H.-X. Xu, G.-M. Wang, Q. Liu, J.-F. Wang, and J.-Q.
Gong, A metamaterial with multi-band left handed
characteristic, Appl. Phys. A., 107: 261-268, 2012.
[15] M. R. I. Faruque, M. J. Hossain, S. S. Islam, M. F. B.
Jamlos, and M. T. Islam, Design and analysis of a new
double C-shaped miniaturized metamaterial for
multiband applications, Appl. Phys. A., 123: 310, 2017.
[16] H. Zhou, C. Wang, and H. Peng, A novel doubleincidence and multi-band left-handed metamaterials
composed of double Z-shaped structure, J. Mater. Sci.
Mater., 27: 2534-2544, 2016.
[17] W. Zhu and X. Zhao, Adjusting the resonant frequency
and loss of dendritic left-handed metamaterials with
fractal dimension, J. Appl. Phys., 106: 093511, 2009.
[18] S. S. Islam, M. R. I. Faruque, and M. T. Islam, A near
zero refractive index metamaterial for electromagnetic
invisibility cloaking operation, Materials, 8: 4790-4804,
2015.
[19] C. Sabah, Multiband planar metamaterials, Microwave
Opt. Technol. Lett., 53: 2255-2258, 2011.

4. Conclusions
A new design of miniaturized quad-band negative refractive
index operating under the normal and parallel incidence
proposed in this manuscript. The metamaterials properties
of the suggested structure tested in numerically and
experimentally. The FDTD based Computer Simulation
Technology was used for the numerical analyses and a
vector network analyzer (N5227A) was used for the
measurements. For an EM wave of normal incidence, the
structure revealed metamaterials properties with wideband
negative refractive index (3.18 GHz). In addition, for an
EM wave of parallel incidence, the structure has exhibited
metamaterials properties with wideband negative refractive
index (2.45 GHz). These differences occurred due to
changes in the boundary conditions. The proposed NIM
considerably improved EMR as compared to other multiband metamaterials. Furthermore, the proposed structure
was appropriate for mobile phones (GSM), microwave
communications, radar and satellite communications.
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Abstract
A tri-band fractal meta-surface absorber composed of
metallic branches of tree connected with a straight metal
strip has been presented in this paper for high absorption
application. The proposed tree-shape structure shows
resonance in C-, X-, and Ku-band and left handed
characteristics in 14.15 GHz. The dimension of the treeshaped meta-surface single unit cell structure is 9×9 mm2
and the effective medium ration is 5.50. In addition, the
designed absorber structure shows absorption above 84%,
whereas the absorber structure printed on epoxy resin fiber
substrate material. The FIT-based CST-MWS has been
utilized for the design, simulation, and analysis purpose.
Fabrication is also done for the experimental validation.

1. Introduction
Meta-surface absorbers, as a branch of metamaterials, with
the sub wavelength scale unit cell, currently provoke
extensive interests since the first experimental
demonstration. The necessity of having low-profile
absorbers in microwave frequency is growing rapidly, as a
result actuated the researcher toward the development of
metamaterial based absorbers. These metamaterial
absorbers are formed by the periodic extension of unit cell.
On receiving the incident wave, these unit cells get excited
due to simultaneous occurrence of electric and magnetic
resonances in their structure. High absorption can be
achieved by minimizing the reflectance and transmittance as
well as impedance must be well matched. Due to ultra-thin
dielectric layer thickness, high absorption, and simple
design procedure, meta-surface absorbers have been broad
applications in the fields of microwave, terahertz, infrared,
and optical frequencies.
Some metamaterial and
metamaterial based absorbers having absorptivity in a single
frequency band, dual frequency band, and triple frequency
band has been reported in this paper. In 2003 R. W.
Ziolkowski successfully developed a capacitor loaded strips
and split ring resonators metamaterial that displayed
negative permittivity and permeability both at the X-band
frequency [1]. After the successfully invention of
metamaterial the researcher was being motivated to develop
the metamaterial based absorber for high absorption, simple
design procedure, cost effective, miniature in size, etc. As a
result, first perfect metamaterial absorber was demonstrated

by Landy and his colleagues in 2008, which was a classic
sandwiched structure composed of a split ring resonator, a
dielectric substrate, and a metallic cut wire achieved its
peak absorption of 88% in 11.50 GHz [2]. An ultrawideband metamaterial absorber was presented above 90%
absorption and the wide bandwidth from 7.85 to 12.25 GHz
(X-band). The structure was designed by composed of two
concentric circular split rings imprinted on a metal backed
dielectric substrate [3]. In addition, a z-shaped left handed
metamaterial for wide band applications was presented,
which applicable for C- and X-band application and
miniature in size of 10×10 mm2 but there were no
absorption properties had been investigated [4]. Further, a
compact square split z-shape metamaterial was presented
with left handed features in 8.50 GHz, wide bandwidth of
5.67 GHz for S-, C-, X- and Ku-band application. Besides,
the presented meta-atom was investigated in 150, 300, 450,
600, 750 and 900 angular rotations in xy-plane [5]. A left
handed metamaterial consisted of a single-sided tree-shaped
fractal structure, features triple magnetic resonances and
one electric resonance apart from the lower metal plasma
response was introduced. Moreover, the resonance points
had a value of 2.2, 3.3 and 5.6 dB were clearly observed,
respectively in 7.98, 8.68 and 9.0 GHz [6]. An ultrathin and
miniaturized FPMA structure was investigated for RCS
reduction and the absorption was <90% from 3.17 to 3.22
GHz, whereas the size of the absorber was 0.1λ×0.1λ [7].
Moreover, a fractal shaped square absorber had been
proposed and exhibited absorption of 99.1% and 99.7%
respectively in 4.17 and 11.16 GHz [8]. Further, a
microwave metamaterial absorber was designed that
resonance at C-, X- and Ku-band with double negative
characteristics as well as the absorption peaks were
respectively, 82%, 67%, and 93% in 6.22, 8.76, and 13.05
GHz in [9]. A microwave metamaterial absorber composed
of delicate periodic patterned structures and a metallic
background plane was separated by a dielectric substrate
suggested by Wang and his colleagues. The designed
absorber shown absorption peaks were respectively in
28.21, 39.59, 52.78, and 58.63 GHz with the absorption of
99.47%, 99.94%, 99.05%, and 99.55% [10]. An absorber
consisted of closed-ring resonator with a metallic patch
inside it, and the resonator and the patch were diagonally
connected by a metallic arm, shown dual resonance in Cband and broadband absorption in X-band. The absorber

had the peak absorptivity of 95.7%, 99%, and 98.9% in
4.69, 5.19, and 7.15 GHz, for C-band and absorptivity of
99.81% and 99.77 % was obtained in 8.94 and 10.68 GHz
for X-band [11]. A wearable microwave metamaterial
absorbing for dual resonances in 9.0 and 9.80 GHz and two
absorptivity peaks <90%, composed of two square ring
resonators with different sizes, a backing ground plane, and
a flat substrate with a 1.0 mm thickness in 2016. However,
the proposed WMMA has a high absorptivity regardless of
the polarization angle of the EM waves and the deformation
effect [12]. In [13] Islam et al. proposed a new multi band
split S-shape metamaterial for absorption analyses that
shown resonance at S-, X- and Ku-bands in microwave
spectra. The absorption spectra for the proposed was 45%
achieved at S-band. Moreover, after reducing the coupling
capacitance in the z-axis absorption was reaching up to
55%, but in the y-axis absorption was extended up to 47%.
In [14] a symmetrical circular fractal metamaterial absorber
had been proposed for tri-band absorption for both TE and
TM polarisations and absorption of 98.7%, 99.4%, and
99.5% respectively in 2.29, 4.28, and 11.71 GHz [14]. A
broadband metamaterial absorbing in terahertz frequency
range that was made up by two circular split rings, a
dielectric substrate and a metallic ground to achieve
absorption from 0.85 to 1.926 THz with the absorptivity
beyond 90% at normal incidence and the bandwidth was
1.076 THz [15].

printed on a 1.60 mm thick epoxy resin fibre substrate
material (εr = 4.25 and tanδ = 0.02). However, ‘A’, ‘B’, and
‘t’ are respectively the FR-4 substrate material width, length
and height. Besides, ‘L1’, ‘W1’, and ‘d’ is the fractal shape
length, width and the width of copper metal.

In this paper, the proposed fractal meta-surface absorber
is completely new by the tree-shaped structure for high
absorption application. The designed structure is quite
different from the previously designed meta-surface
structure. Most of the famous structure was square-,
circular-, ring-, or alphabetical-letter shaped, but the
proposed fractal meat-surface structure is totally different
like a tree-shape structure with lots of branches. The unit
cell of the proposed meta-surface structure contains metallic
branch tree-shaped fractal metal printed on FR-4 material.
The dimension of the tree-shaped structure is 9×9 mm2 and
applicable for tri-band (C-, X-, and Ku-band) application.
The results of the simulated resonance peaks are in 6.20,
8.13, and 12.23 GHz, whereas the measured transmittances
resonance peaks are respectively, 6.06, 7.98, 11.94 GHz.
Moreover, the absorption peaks are above 73%, 64% and
84% respectively in 6.50, 8.73, and 14.40 GHz for the
designed absorber structure. Besides, the surface impedance
of these fractal structures is -2-48i. The paper is organized as
follows: in section 2, fractal meta-surface absorber design
procedure with specification is described, the methodology
and the retrieval of the effective permittivity, permeability
and refractive index are explained in section 3, in section 4
measurement procedure and the obtained results are
analysed and the paper is concluded by section 5.

(b)

(c)
Figure 1: (a) Schematic view where the geometric
dimensions are, A= 9.0 mm, B= 9.0 mm, L 1= 8.50 mm,
W1= 8.50 mm. The metal (copper) has a width (d) of 0.50
mm and thickness (h) of 0.035mm, (b) Fabricated single
unit cell structure, (c) Fabricated array structure of the
proposed fractal meta-surface absorber.

2. Fractal Meta-Surface Structural Design

3. Methodology and Retrieval of Parameters

The top view of the proposed fractal meta-surface structure
with optimized geometric dimensions is shown in figure
1(a-c). Each single unit cell of the proposed meta-surface
structure contains metallic branch tree-shaped fractal metal

The finite integration technique has been adopted for all
design, simulation, and numerical investigations. This is a
spatial discretization technique to solve electromagnetic

(a)

2

field problems numerically in the frequency domain.
Basically, in this approach Maxwell’s equations are applied
in integral form of a set of staggered grids. The utilization
of a stable dual orthogonal grid with a precise time
integration technique leads the computation process. The
technique covers full range of electromagnetic application
and a basis for commercially available computer simulation
technology microwave studio electromagnetic simulator.
Two boundary conditions are commonly used for the
computation of meta-surface parameters: periodic boundary
condition and perfect electromagnetic conductor boundary
condition. Periodic boundary conditions are usually applied
for simulating a part of the mass framework by modelling
its small part to the absence of proper surface. The perfect
electromagnetic conductor boundary condition is the
generalization of perfect electric conductor and perfect
magnetic conductor. For the simulation of the proposed
fractal meta-surface absorber EM-waves are propagating
along the z-axis, whereas the x- and y-axis are respectively
considered as a perfect electric conductor and perfect
magnetic conductor boundaries. The frequency domain
solver with tetrahedral mesh have been utilized for the
simulation and the impedance has been set to 50Ω.
However, the retrieving procedure of the effective medium
parameters is given as follows [16],
1
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The total inductance and capacitance describes the
resonance points of the proposed meta-surface structure. The
variation of any geometrical parameters corresponding to the
change of the total inductances and capacitances causes the
shift of the resonant frequencies. This analysis provides us a
quantitative prediction of residual resonant frequencies
whenever a magnetic or electric resonant frequency is given
and in turn affords a good guideline for individual control
over these resonances. The electromagnetic wave incident
on the absorber structure and the absorption can be
calculated from the following equation,

3

c(1 S21 S11 )
j fd (1 S21 S11 )
2cS11
( r j
)
d
cS
( r j 11 )
fd

7

where ‘d’ is the thickness of the substrate, ‘Zeff’ is the
normalize impedance, ‘ω’ is the angular frequency, ‘c’ is the
velocity of light, ‘S11’ is the reflection coefficient, and ‘S21’
is the transmission coefficient. In addition, the free-space
permeability of 4π×10−7 H/m and permittivity of 8.85×10−12
F/m From the developed equation 6 & 7, the calculated
transmittance resonance peaks is 6.18, whereas the
simulated and the measured transmittance resonance peaks
are respectively in 6.20 GHz and 6.06 GHz. Therefore, the
resonance frequency is calculated by,

2j

1 Re

( A B) ( L1 W1 )
ln
2( L1 d )
(t d )

r

2j

1 R12
2
1

0

Perfect absorption takes place when the effective impedance
of the absorber matches with the impedance of the free
space. This condition ensures the zero reflection and
transmission of the incident wave. Effective impedance is
strongly related with the effective permeability and
permittivity of the proposed absorber structure.
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In addition, the total inductance of the designed structure
can be calculated from the equation,
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Figure 2: Simulation set-up of the designed fractal metasurface absorber in the CST-MWS.

2

3

4. Experimental Measurement & Result Analysis
A 153×198-mm2 (17×22 unit cells) array structure has been
fabricated for measurement (shown in figure 1(c)). The
fabricated tree-shape fractal meta-surface is placed between
the horn antennas and the EM-waves are propagated along
z-directions to an incident on the fabricated structure,
similar to the simulation set-up (shown in figure 2).
Antennas are placed far enough from each other to provide
far-field conditions. Since the backward side of the structure
is covered by a metal, there will be no transmission.
Therefore, only the reflection measurements are carried out
to evaluate the absorption coefficient. To measure the
scattering and effective medium parameters, an Agilent
N5227A vector network analyser was connected to the
antennas. In addition, an Agilent N4694-60001 device was
used to calibrate the vector network analyser (VNAN5227A) to ensure accuracy of the network analyser in the
case of measurement. For the current distribution analysis,
the current is flowing inner direction from every branch of
the tree-shape structure. At the resonance points the
intensity of the current is the highest, whereas the stop
bands are created at the null point by the minimization of
the current by flowing opposite direction shown in figure
3(a,b). Besides, current loops behave to resemble several
independent magnetic dipoles whose dipole moments drill
through these loops and are anti-parallel to the external
magnetic field. The electric field distributing in the
substrate board of proposed fractal structure is plotted at
electric and magnetic resonance in figure 3(c-d). The
inductive net electric dipole moments yield when current
flows on the tree-shaped metal patterns and are anti-parallel
to the incident electric fields, providing the negative
permittivity. Although th gap is capable of providing a
capacitance, it is unable to excite the oscillation of current
and play the role of accumulating charges whose dipole
moments are anti-parallel to electric fields.

(c)
(d)
Figure 3: (a) Surface current distribution, (b) Current
density, (c) Electric field, (d) Magnetic field of the proposed
fractal meta-surface in 11.94 GHz.
Figure 4(a-b) depicts, the amplitude of the transmission
(S21) coefficient and the absorption peaks. In figure 4(a) the
simulated transmittance resonances are in 6.20, 8.13, and
12.23 GHz and the amplitude of those simulated peaks are
respectively, -15.19, -19.62, and -29.06 dB. Besides, the
measured transmittance resonances with the magnitude are
respectively, 6.06 GHz (magnitude of -17.10 dB), 7.98 GHz
(magnitude of -13.16 dB), 11.94 GHz (magnitude of -34.25
dB), and 15.01 GHz (magnitude of -28.40 dB). Here, the
measured and simulated transmittances are a little bit shift
due to the fabrication tolerance in figure 4(a). From figure
4(b) the absorption peaks of the proposed fractal metasurface absorber are more than 73%, 64% and 84%
respectively, in 6.50, 8.73, and 14.40 GHz in the case of
reflection (S11) coefficient resonance frequencies.

(a)

(a)

(b)
Figure 4: Amplitude of the proposed meta-surface: (a)
Reflection and Transmission coefficient, (b) Absorption.
(b)

4

The amplitude of the effective medium parameters
(permittivity, permeability, and refractive index) is shown in
figure 5(a-c). The effective permittivity exhibits the negative
peaks in 6.50 and 8.68 GHz and the values are respectively,
(-28.24-22.03i), and (-12.31-12.98i) in figure 5(a). In figure
5(b) the real value of negative permeability curves shows a
negative region from 9.38 to 16.0 GHz and the negative
refractive index of real magnitude from 4.0 to 7.90 GHz,
8.87 to 10.94 GHz, and 12.0 to 16.0 GHz in figure 5(c). If
the permittivity and permeability are simultaneously
negative, then refractive index is also negative. Moreover, in
14.15 GHz the proposed meta-surface absorber exhibits the
real value of the permittivity, permeability and refractive
index parameters are respectively -1.23, -3.95, and -3.43.
However, for the negative magnitude of effective medium
parameters in 14.15 GHz the meta-surface absorber structure
can be called as a left handed meta-surface. In addition, in
9.95 GHz the reactance impedance (or surface impedance) is
(-2-48i) shown in figure 5(d).

(d)
Figure 5: Amplitude of the proposed fractal meta-surface:
(a) Permittivity, (b) Permeability, (c) Refractive index, (d)
Reactance impedance.
Further analysis is done with the fractal shape by
propagating the electromagnetic waves through the absorber
in x-axis displayed in figure 6(a). The resonance of the
transmittance (S21) in 8.99 GHz (magnitude of -25.75 dB) is
presented in figure 6(b). The permittivity exhibits negative
real values from 5.89 to 6.61 GHz and 10.09 to 14.95 GHz
in figure 6(c). In addition, surface impedance for x-axis
wave propagation is also shown in figure 6(d), which is
almost similar highest negative peaks like the z-axis wave
propagation.

(a)

(a)

(b)
(b)

(c)

(c)
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(d)
Figure 6: Amplitude of the proposed fractal meta-surface
structure at x-direction wave propagation, (a) Scattering
parameters, (b) Permeability, (d) Reactance impedance.

5. Conclusion
A left handed meta-surface absorber inspired by treeshaped fractal structure with tri-band resonances have been
numerically and experimentally analysed in this paper. The
resonance of the proposed design is explained by current
distribution and field’s pattern. The meta-surface structure
is compact in size and the absorption in above the 84%. The
EM-wave pass through the proposed structure along z-axis.
In addition, the impact of the EM-wave on resonance if the
EM-wave propagation along x-axis is also investigated
here. However, it is obtained that the proposed structure has
wider absorption bandwidths as well as better absorption
levels in microwave frequency. Besides, for tri-band (C-, X, and Ku-band) resonance the proposed fractal meta-surface
is applicable for high absorption, detection, satellite
communication and sensing applications.
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Abstract
This article presents a two-dimensional four-component
composite, which consists of a periodic arrangement of
coated eccentric cylinders embedded in an elastic medium. The engineered composite can generate negative effective mass density due to local resonances. The multiple interaction of the local resonators is studied using a
pseudo-incident wave method with the composite subjected to inplane harmonic elastic waves. Then, the dynamic
behaviour of the metamaterial system is comprehensively
analyzed and the phenomenon of wave attenuation of the
systems is presented. This study can provide an initial step
of investigating periodic elastic metamaterial systems with
eccentric resonators.

1. Introduction
Metamaterials are generally classified as engineered materials exhibiting unique electromagnetic, optic or mechanical properties, such as negative refractive index, negative
effective mass, negative effective modulus, which are not
readily observed in nature and quite desirable for many
engineering applications. Unlike the traditional materials,
these unique properties of the metamaterials are not from
their chemical compositions, but from the delicately designed sub-wavelength structures.
The concept of metamaterials with negative properties
can be traced back to 1968 when the negative refractive index generated by the simultaneously negative permittivity
and negative permeability in the electromagnetic materials was theoretically proposed [1]. Subsequently, this novel concept was experimentally justified with delicately built
microstructure [2]. Then, the ideas of superlenses overcoming the diffraction limit [3], invisible cloak for electromagnetic waves [4], had been further proposed or demonstrated.
Inspired by the development of electromagnetic metamaterials, research community has placed considerable attention on the study of acoustic/elastic metamaterials [5, 6].
One of the most prominent properties of metamaterials with
negative effective mass and/or negative effective modulus is
their wave attenuation ability, especially in the low frequency ranges, which usually requires the conventional material
to have structures with a spatial period of similar size to
the wavelength of the incident wave. The engineered microstructures, as the essence of the acoustic/elastic meta-

materials, have intrigued intensive interests. Silicone rubber coated lead spheres have been periodically embedded
in epoxy matrix to form an elastic metamateiral system
with negative effective mass density, which experimentally showed the sound wave blocking ability by breaking the
Bragg limit [7]. The coated cylinders serve as the local
resonant inclusions. The relative motion between the local
resonant inclusions and the matrix will generate an effective mass density, which is different from the static mass
density based on the volume average of the the components
of the system. When the inclusions resonate, interesting interactions between the scattered waves from the resonators
and the incident wave occurs, inducing negative effective
property [8, 9, 10, 11]. Similar phenomenon has been observed with a fluid matrix [12]. Then, this kind of system
configuration has become a classic approach to obtain negative effective mass density with wave attenuation ability
[13]. To investigate the underlying mechanism of the acoustic/elastic metamaterials and develop a methodology
to predict band gaps, mass-spring models have been developed to proposed a new point of view on the elastodynamic
equation of the composite materials [14, 15, 16].
There have been a number of efforts in the development
of acoustic/elastic metamaterials with greater wave attenuation performance. Multilevel local resonators have been
considered to extend the widths of the band gaps to some
extent [17, 18]. Graded resonators also have been implemented to obtain flexible tailoring of the attenuation property over the desired frequency ranges [19]. Elliptical inclusions has been chosen to break the geometric symmetry
of the resonators and split the attenuation peaks into separate ones, widening band gaps [20]. The rotational motion
of the elliptical resonators can contribute to the band gaps
in the low frequency ranges, which is vital for wave attenuation application. However, the irregular shape makes the
analytical analysis impractical.
A two-dimensional elastic system with periodic eccentric local resonators embedded in the host matrix is proposed and analyzed in this study, based on a semi-analytical
method. To evaluate the dynamic behaviour the system
when subjected to inplane harmonic elastic waves, the single coated cylinder solution is firstly developed as the
building block and then the solutions of the system with
multiple interaction between cylinders are formed by using
pseudo-incident wave technique [21]. With the wave field

2.1. The single representative cell

calculated, the effective mass density of the system, which
can turn negative under specific frequencies, has been determined based on the boundary effective medium theory
[22]. The effective mass density is mainly dominated by the
translational motion and the rotational motion of the coated cylinders [23, 24]. The effect of the rotational motion
is substantial, especially in the low frequency range. The
dynamic behaviour of the system has been studied and the
wave attenuation phenomenon of the metamateria system
has been illustrated at the frequencies with negative effective mass.

2.1.1. Analysis of the rigid eccentric cylinder
From the geometrical features shown in Fig.1, the following
relations can be readily obtained as
M12 =

4r1 (ρ1 − ρ2 ) sin (θ2 /2)
,
(2)
3 [θ2 (ρ1 − ρ2 ) + 2πρ2 ]
where M12 is the mass of the cylinder and rG is defined
as the distance between the centroid O and center of mass
G of the cylinder. The moment of inertia of the cylinder
around its centroid O is
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Consider a two-dimensional four-component composite
material model consisting of a collection of hard cylinders embedded in an elastic matrix with soft coating. In the
composite model presented, the basic building block of the
representative cell is shown schematically in Fig.1, where
the matrix medium is labelled as 4, the coating medium is
labelled as 3, and the two mediums of hard cylinders are
labelled as 1 and 2 with density ρ1 and ρ2 respectively. The
inner and outer radii of the coating layer are denoted as r1
and r2 respectively, as illustrated in Fig.1(a). The sector
with central angle θ2 is filled with medium 1. The angle between the angular bisector of θ2 and the horizontal direction
is defined as θ1 . The length of the square cell is L.

0

IG = IO − M12 rG 2 .

u(1,2)
|r=r1 = uO,x cos θ + uO,y sin θ,
r
(1,2)
uθ |r=r1

r1

aG,y = −ω 2 uO,y − ω 2 θ̄rG cos θ1 + ω 2 θ̄2 rG sin θ1 . (8)

It can be easily observed from equations (7) and (8) that
the rotational motions of the eccentric resonators make the
system nonlinear. The motion of the rigid cylinders can be
determined by the displacements of its center of centroid,
uO,x and uO,y , and its rotational angle θ̄.
2.1.2. Analysis of the coating
In the coating, the general form of the equation of motion
without body force can be written as

O uOO,x,x
θ

r2

L

(λ3 + 2µ3 ) ∇ (∇ · ⃗u) − µ3 ∇ × ∇ × ⃗u + ρ3 ω 2 ⃗u = 0, (9)

u0

(a)

(6)

aG,x = −ω 2 uO,x + ω 2 θ̄rG sin θ1 + ω 2 θ̄2 rG cos θ1 , (7)

uO,y
x

= −uO,x sin θ + uO,y cos θ + r1 θ̄.

(5)

The acceleration components of the centre of mass G are in
the form of

4

2O

(4)

For any point in the outer boundary of the rigid cylinder, its
displacements in polar coordinate can be expressed as

y

θ2
θ1

θ1 +θ2 /2

Based on the parallel axis theorem, the moment of inertia
of the cylinder around the centre of mass G will be

In this study, mediums 1 and 2 possess high stiffness to
make the cylinders rigid compared to the soft coatings and
have different densities to realize eccentric resonators, generating unique and interesting phenomena. As illustrated in
Fig.1(b), when subjected to an incident longitudinal wave
with displacement amplitude u0 , translational and rotational motions of the coated cylinders will be induced. uO,x
and uO,y represent the displacements of the centroid, O, in
x and y directions respectively. The rotational angle of the
cylinder is denoted as θ̄ in Fig.1(b).

1

(1)

rG =

2. Formulation of the problem

3

1
1
θ2 ρ1 r12 + (2π − θ2 ) ρ2 r12 ,
2
2

where ρ3 is the density of medium 3, λ3 and µ3 are the
Lamé constants of medium 3. The displacement components in equation (9) are coupled. In order to avoid highorder partial differential equations, displacement potentials
are introduced to express the components of the displacement vector with satisfying uncoupled wave equations. For
medium 3, the displacement potentials can be expressed as
*
+
+∞
)
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n
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einθ , (10)
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(b)

Figure 1: (a) The configuration of the representative cell,
(b) the loading and its corresponding response.

For this two-dimensional metamaterial system, its harmonic response is mostly controlled by the properties of the
representative cell.
2
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2.1.4. Analysis of the boundary conditions
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There are two interfaces in the unit cell. For the interface
between the rigid cylinder and elastic coating, the displacement continuity yields
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(31)
where the angular acceleration of the rigid cylinder, α, is
given by
α = −ω 2 θ̄.
(32)

(18)

The displacement and stress continuity formula also can be
applied to the interface between the elastic coating and the
matrix. Then, the following relations can be obtained as

The displacement potentials in the matrix will be
2
Hn(1) (KL4 r) Bn(1) einθ ,

(27)

From Newton’s second law of motion, the equations of motion of the rigid cylinder can be obtained as

Subjected to an incident harmonic wave, scattered wave
will be generated due to the interface between the matrix
and the coating. Then, the wave field in the matrix can be
considered as the superposition of the incident wave field
and the scattered wave field as
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2.1.3. Analysis of the matrix
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Then, the total stresses of σrr and σrθ in the matrix have
the form of
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Then, the motion in the soft coating is completely controlled by the material parameters of medium 3 and the coefficient An .

φ4 (r, θ) =

(22)

sc
uθ = uin
θ + uθ .

Then, the displacement components of the particles in the
medium 3 can be expressed in term of the displacement potentials illustrated in equations (10) and (11), as

uθ =

ρ4
.
µ4

The displacements and stresses of the scattered field in the
sc
sc
sc
matrix, usc
r , uθ , σrr and σrθ , can be obtained by following the same procedures in the previous section. From the
discussion above, the total displacements in the matrix will
be
in
sc
u(4)
(23)
r = ur + ur ,

(1)

where Jn (·) and Hn (·) are the nth order Bessel function
and Hankel function of the first kind, respectively. The coefficient An can be determined by the boundary conditions
in the interfaces. The longitudinal wave number KL3 and
shear wave number KT 3 are given by
,
ρ3
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where Hn (·) is the nth order Hankel function of the first
kind and Bn are the undetermined coefficients. The corresponding longitudinal and shear wave number, KL4 and
KT 4 are
,
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To reduce the complexity of the expression of the incident
wave win |r=r2 in local polar coordinate system, an integration method with limited number of collocation points
3

along the outer interface has been used [25], which can be
written as
% 2π
P % θj+1
)
win |r=r2 e−inθ dθ ≈
fj (θ) e−inθ dθ,
0

j=1

collocation points to the coefficients An , Bn and the motion
parameters of the cylinder in matrix [C]. From the discussion above, the wave field of the composite system with a
single cell can be readily calculated.

θj

2.2. Interaction of multiple cells

(37)
where P is the number of the collocation points, fj (θ) is
the linear interpolation function of win |r=r2 between the
angular coordinates θj and θj+1 . These angular coordinates
for uniformly distributed collocation points are
θj =

2π (j − 1)
2πj
, θj+1 =
.
P
P

For multiple resonators included in the system, pseudoincident wave method can be introduced to study the dynamic interaction [21]. Then, every coated cylinder in the
system can be regarded as a single inhomogeneity subjected to a pseudo incident wave, which consists of the original
incident wave and the unknown scattered wave from other
cylinders, as shown in Fig.2. Consider N interacting coated
cylinders and the pseudo incident wave of the ith cylinder,
wips , can be expressed as

(38)

The collocation point density, δ, has been defined as
δ=

λi P
,
2πr2

(39)

where λi = λL4 , the longitudinal wave length in medium 4 for longitudinal incident wave or λi = λT 4 , the
transverse wave length in medium 4 for transverse incident
wave. Then, with the coefficient vectors defined as
1
2T
(2)
(3)
(2)
(3)
(4)
{A} = A(1)
,
A
A
...
A
A
A
−S
−S
−S
S
S
S
(40)
1
2T
(1)
(2)
(1)
(2)
{B} = B−S
,
(41)
B−S ... BS
BS
5
6T
{C} = uO,x uO,y θ̄ ,
(42)
5
6T
{D} = A B C ,
(43)

(47)

with win being the original incident wave and wksc being
the displacement due to the scattered wave from k th inhomogeneity. Then, the relation between different inhomogeneities can be established, based on the continuity conditions along the interfaces.
wisc
ps

wi

1
2
3
4

(44)

with S being the highest order of the series expansion in
equations (10), (11), (19) and (20). [Q] is the known transformation matrix and [W ] is comprised of the displacements and stresses due to the incident wave at the collocation points along the interface. After that, the wave field
of the system will be readily solved.
This approach, however, can only apply to linear system. It should be mentioned that the rotational motions of
the resonators make the system nonlinear, which can be observed from equations (7) and (8). To build a set of linear equations as described in equation (44), θ̄2 has been replaced
with β θ̄ to linearize the composite system and then the acceleration components of the mass centre of the cylinder
can be rewritten as
aG,x = −ω 2 uO,x + rG ω 2 θ̄ (sin θ1 + β cos θ1 ) ,

wksc ,

k=1,k̸=i

those coefficients can be calculated as

{D} = [Q] [W ] ,

N
)

wips = win +

O
i

Figure 2: Wave interaction between the matrix and the coating of the ith cell.
Based on the analytical solutions of a single inhomogeneity and the pseudo incident wave method, a set of linear equations for the expansion coefficients can be obtained
as
: ;
: ;
⎡
⎤
− Q̄ 1 [M ]12 · · · − :Q̄;1 [M ]1N
: [I]
; 1
⎢ − Q̄ [M ]21
[I]2
· · · − Q̄ 2 [M ]2N ⎥
2
⎢
⎥
⎢
⎥
..
..
..
..
⎣
⎦
.
.
.
.
: ;
: ;
− Q̄ N [M ]N 1 − Q̄ N [M ]N 2 · · ·
[I]N
⎡ 5 6(1) ⎤ ⎡ : ; : ; ⎤
D̄
Q̄ W̄
⎢ 5 6(2) ⎥ ⎢ :Q̄;1 :W̄ ;1 ⎥
⎢
⎥ ⎢
D̄
2
2 ⎥
⎥=⎢
•⎢
⎥,
..
..
⎢
⎥ ⎣
⎦
.
⎣
⎦
.
:
;
:
;
5 6(N )
Q̄
W̄
D̄
N
N
(48)
where matrices [M ]kj relate to the effects of the j th inho5
6
mogeneity on the k th , matrices D̄(k) are the vector composed of the expansion coefficients of the scattered wave

(45)

aG,y = −ω 2 uO,y + rG ω 2 θ̄ (− cos θ1 + β sin θ1 ) . (46)

The initial value of parameter β is set as 0 and then calculate the steady-state rotational angle θ̄, which replaces β to
calculate the next value of θ̄ until the difference between θ̄
and β is within a specific threshold value.
For the single cell problem, matrix [Q] provides direct
transformation from the values of the incident wave at the
4

from: the; k th inhomogeneity given by equation (43), matrices W̄ k represent the displacements and stresses at the
collocation points at the interface of the k:th ;inhomogeneity
due to the original incident wave, matrix Q̄ k stand for the
known transformation matrix from the solution of the single
k th inhomogeneity, matrices [I]k are the identity matrices
with a dimension of (2S + 1).
Then, the expansion coefficients
5 6and kinetic parameters
of the rigid cylinders in vectors D̄ can be determined by
solving equation (48), from which the displacement and the
stress of the wave field in the matrix and in the soft coating
can be readily calculated.

Due to the symmetry of the system, the effective mass
density can be obtained as
ρe = −

Consider the in-plane problem of the metamaterial system,
consisting of 45 distributed eccentric coated cylinders with
5 rows and 9 columns, which are subjected to a harmonic
longitudinal wave with excitation frequency ω. The longitudinal incident wave can be generally expressed in the
polar coordinates as
(49)

iKL4 r cos (θ−θ0 )
uin
,
θ = −u0 sin (θ − θ0 )e

(50)

(51)

where a is the length of the element, ρe is the effective mass
density, ue,x is the effective displacement of the cell in the
x direction and it can be expressed as
?%
@
% a/2
a/2
1
ue,x =
ux dy|x=a/2 +
ux dy|x=−a/2 ,
2a
−a/2
−a/2
(52)
with the centre of the element as the origin of the coordinate
system used. Similarly, Fe,x , the effective force applied to
the element in the x direction, can be expressed in the form
of
⎧ % a/2
⎫
% a/2
⎪
⎪
⎪
σxx dy|x=a/2 −
σxx dy|x=−a/2 ⎪
⎪
⎪
⎨
⎬
−a/2
−a/2
Fe,x =
.
%
%
a/2
a/2
⎪
⎪
⎪
⎪
⎪
⎪
⎩+
⎭
σxy dx|
−
σyx dx|

3. Results and discussion

iKL4 r cos (θ−θ0 )
uin
,
r = u0 cos (θ − θ0 )e

Fe,x
,
ω 2 a2 ue,x

y=a/2

−a/2

y=−a/2

−a/2

(53)

3.2. Dynamic behaviour of the metamaterial system
The frequency-dependent mass density is a vital property of
elastic metamaterials. The effective mass density of the system designed in the low frequency range has been illustrated in Fig.3. For comparison, the corresponding composite
system with uniform resonators have been introduced with
the same cylinder density and other parameters.

with u0 being the displacement amplitude of the incident
wave field and the incident wave propagation angle θ0 = 0.
For the geometric parameters shown in Fig.1, r1 = 5 ×
10−3 m, r2 = 7.5 × 10−3 m, L = 2.1 × 10−2 m and
θ2 = π/3. The angles θ1 of the coated cylinders are in the
form of mπ/20 with m as random integers. The materials
used are listed in Table 1.
Table 1: Material Parameters.
1
2
3
4

Material
Gold
Aluminium
Silicone rubber
Epoxy

Density (Kg/m3 )
19500
2700
1300
1180

λ (Pa)
1.62E11
5.87E10
6.00E5
4.43E9

µ (Pa)
2.70E10
2.60E10
4.00E4
1.59E9

In the multiple scattering computation, the highest order
of the series expansion in the displacement potentials discussed, S, is set as 30. Also, the collocation point density δ
is selected as 1000 for high accuracy.
3.1. Effective mass density
In this study, a square area with 9 cells in the centre of the
system has been considered as the targeted element. From
the boundary effective medium theory [22], the surface motion of this element, responding to the stimulations exerted
by the outside waves, can be calculated in the form of effective displacements, forces on its boundaries. Then, the
relation between the net force applied to the element and the
average acceleration can be built to calculate the effective
mass density.

Figure 3: The effective mass density of the system with
eccentric resonators and uniform resonators.
It can be easily observed from Fig.3 that there are four
resonances in the low frequency range for the eccentric
model. The resonances considered can be regarded as oscillations, in which the rigid cylinders serves as the heavy
mass and the silicone rubber provides the soft spring. The
5

first one is the rotational resonance of the rigid eccentric
cylinder, occurring at a very low frequency. The frequency
range with negative mass density is relatively narrow. The
second one is the translational resonance of the cylinder in
the θ1 direction and its corresponding natural frequency coincides with that of the uniform model as expected. For the
third resonance, the translational direction of the cylinder is
perpendicular to that of the second resonance. The fourth
one is the resonance inside of the rubber coating with relatively small translation of the cylinders. It is more about
the properties of the coating and the corresponding overall
dynamic response of the eccentric model is almost the same
with that of the uniform model. In other words, when rG
turns positive from 0, the uniform model will change into
the eccentric model. The first resonance mode of the uniform model is split into three modes, as illustrated in Fig.3.
The total width of the frequency ranges with negative mass
density for the eccentric model is almost equal to that of the
uniform model. However, the eccentric model can realize
negative mass density at lower frequencies, which is crucial
for the related applications.
It should be mentioned that the geometric parameters shown in Fig.1 and the material properties of the components listed in Table 1 can place a substantial influence
on the overall dynamic response of the elastic metamaterial
system.
For elastic metamaterials with negative mass density,
one of their most prominent abilities should come to wave
attenuation. The normalized wave displacement amplitudes
(u/u0 ) of the metamaterial systems have been illustrated
in Fig.4, 5, 6 and 7 for the four frequencies from the first
four band gaps of the system respectively. For better observation, the displacement inside of the rigid cylinders and
elastic coating are not plotted.

values in the middle part. After that, these values begin to
increase due to the boundary effect. The normalized displacement amplitudes in the transverse direction are much
smaller than those in the longitudinal direction, following a
similar changing trend. It should be mentioned that more
eccentric resonators can be added to this metamaterial system to further enhance its wave attenuation ability and wave
can not propagate through at the frequencies with negative
mass density.

(a)

(b)

Figure 5: For f = 509.30 Hz, (a) the normalized amplitude of the displacement component in the longitudinal direction, (b) the normalized amplitude of the displacement
component in the transverse direction.

(a)

(b)

Figure 6: For f = 578.53 Hz, (a) the normalized amplitude of the displacement component in the longitudinal direction, (b) the normalized amplitude of the displacement
component in the transverse direction.
(a)

(b)

Figure 4: For f = 290.46 Hz, (a) the normalized amplitude of the displacement component in the longitudinal direction, (b) the normalized amplitude of the displacement
component in the transverse direction.
It can be directly observed that the wave displacement
amplitudes attenuate substantially inside of the metamaterial system. To better evaluate the vibration isolation ability
of the system, the normalized displacement amplitudes has
been plotted in Fig.8 along the line, which is located in the
middle of second and third rows. Fig.8 clearly shows that
the normalized displacement amplitudes in the longitudinal
direction decrease along the line and reach their minimum

(a)

(b)

Figure 7: For f = 1236.63 Hz, (a) the normalized amplitude of the displacement component in the longitudinal
direction, (b) the normalized amplitude of the displacement
component in the transverse direction.
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Photonic crystals

An experimental study of self-guided unidirectional
waveguides by a chain of gyro-magnetic rods
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Abstract-We experimentally studied the tunability of an unidirectional waveguides of magnetic photonic
crystals(MPCs) which is a straight-line chain with gyro-magnetic rods. By changing the constitution parameters,
we could achieve tunable one way transmission (OWT) characteristics. We studied the influence of normalized
radius R and lattice constant a on band width and center frequency of OWT band.
Magnetic photonic crystals (MPCs) have been the focus in recent years for their amazing
characteristics[1-3]. Recently a new type of one way waveguide has been proposed which is just a chain of
gyro-magnetic rods, this flexible one way waveguide could be arbitrarily bended or curved[4].We theoretically
and experimentally investigated the tunability of OWT in this MPCs chain under different constitution
parameters in this paper.
First we calculated the band structures of this chain MPCs through multiple-scattering method (MSM)[5],
the calculating results of band structure is shown in Figure 1. The chain sample is placed in the parallel-plate
waveguide surrounded by absorbers. We specially designed the megnets to fully magnetize the sample. The
MPCs chain is stimulated by a probe located at the end of the chain edge and the transmitted signal is detected at
another end by Agilent vector network analyzer.
The OWT is originated from (magnetic surface plasmon MSP). The measured results are shown in Figure 2
and Figure 3, the measured results are in good accordance with the band results. Both results showed that we
could tune the bandwidth and center frequency by modifying the configuration parameters, the larger
normalized radius R of the ferrite rods(R=r/a, r is the real radius of ferrite rod) , the wider OWT band, and the
higher center frequency. And if we fix the normalized radius, both width and center frequency of the OWT band
will decrease with increasing lattice constant. The study illustrates this flexible structure could be widely applied
such as tunable isolaters or tunable filters.

Figure 1: Scheme of MPC chain, and its MSP frequency
range with different normalized radius under same
magnetic field. (a) MPC chain with r/a=0.16, (b) MPC
chain with r/a=0.22, (c) MPC chain with r/a=0.28

Figure 2: Transmission characteristics of MPC chain with
different

normalized

radius.

Red

line

is

forward

transmission, black line is backward transmission.(a)
R=0.18, (b) R=0.22, (c) R=0.25, (d) R=0.27.

Figure 3: Transmission characteristics of MPC chain with
different lattice constant. Red line is forward transmission,
black line is backward transmission. (a) a=4mm, (b)
a=6mm.
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Abstract-Interface states in photonic crystals usually require defects or surface/interface decorations
that are susceptible to imperfections. We show here that one can achieve robust interface states through
the control of geometrical phase such that interface states can be guaranteed in even or odd, or in all
photonic bandgaps of 1D photonic crystals. We verify experimentally the designed interface states in 1D
multilayered photonic crystals fabricated by electron beam vapor deposition. We also obtain the
geometrical phases by measuring the reflection phases at the bandgaps of the PCs and achieve good
agreement with the theory. Our approach could provide a platform for the design of using interface states
in photonic crystals for nonlinear optic, sensing, and lasing applications
The existence of interface modes localized at the boundary that separates two materials depend on very
much on the details of the system. In principle, one can determine the existence of such interface modes by
an explicit calculation or by performing an experiment. However, there are some special cases in which one
can predict the existence of interface modes by knowing the properties of the bulk materials. For ideal case
there are beautiful mathematical relations that assure the existence of interface modes for periodic media
(photonic crystals) if the bulk carries some topological properties that can be labelled by some quantized
quantities. A nice example is the geometric Zak phase in 1D crystals [1], which is known to be quantized if the
system has inversion symmetry, and which can be used to predict the existence of interface modes [2]. As
Zak phases are defined as the integral of "Berry connections" of the bulk bands, one might think that the
experimental determination of such a quantity is very difficult. Here, we demonstrate that we can measure the
Zak phase of a bulk band simply through the measurement of reflection phases in the band gaps using a thick
gap Fabry Perot (FP) interference technique[3], and the measured Zak phases can indeed be used to predict the
existence or absence of interface modes. Our results imply we can control the existence of interface modes by
controlling the geometric phases of the bulk bands[4]. In our experiment, we can control the interface states’
existence in 1st , 2nd or both the band gaps through the designed Zak phase. The results are summarized in
below figures. Quantized Zak phases are robust against perturbations, such as fabrication imperfections,
enabling the control of the interface states which may find practical applications.

Top Fig. 1: SEM and schematic pictures for 1D photonic crystals.
Bottom Fig. 2: Top and middle rows are reflection spectra (blue and green curves are for samples in FP and bare PC
configuration, respectively) and reflection phases (black circles) for the PCs in top Fig. 1 as labeled. The black curves are
numerical results for reflection phases calculated using slightly adjusted thicknesses as obtained from the SEM images in
top Fig. 1 to account for small difference in layer thickness at the measured areas.
PCs. The last row is reflectance (in green) of the combined PCs.
respectively.

The colored regions are bandgaps of the

Odd and even columns correspond to bandgaps 1 and 2,

The thick black vertical lines indicate the experimental interface states for the combined PCs.

The black

curves are calculated reflectance of the combined PCs.
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Abstract-We present an alternative numerical method for calculating dispersive photonic band
structures (DPBS). This method can be implemented considering experimental data or an approximate
mathematical model for the dielectric constant and for others types of lattices and cross sections.
Out-of-plane propagation is considered for a honey-comb photonic crystal given the high interest in
graphene like structures.
Using the plane wave method [1], we implement a numerical method for calculating dispersive
electromagnetic out-of-plane modes in two-dimensional Photonic Crystals (PCs). The eigenvalues matrix
equation (1) is found and solved numerically by using an iteration algorithm to obtain the eigenfrequencies for
both, in-plane (stationary) and out-of-plane (propagating) dispersive electromagnetic modes. This method allows
us to consider experimental values or a mathematical model for the dielectric constant. Dispersive photonic
bands structures (DPBSs) are obtained for a honey-comb array of cylinders of elliptical (circular) cross section.
In-plane (out-of-plane) band structure considers perpendicular (oblique) propagation according to the
homogeneous axis of the system. Out-of-plane studies have been made [2-4], however, neither of them considers
dispersive media. In-plane dispersive PBS was compared with that presented in reference [5] in order to validate
this method.
The eigenvalues matrix equation for the out-of-plane modes is,
−1
2

∑ ⎡⎣ε (ω )

m ', n '

m − m ',n − n '

r
r
r 2
ω2 r r
r
r
r
⎤ ⎡ km,n × vm ',n ' hm ',n ' − km,n × wm ',n ' km ',n ' em ',n ' ⎤ = 2 vm,n km,n em,n + wm,n hm,n
⎦ ⎣⎢
⎦⎥ c

(

)

(

)

(

)

(1)

Where [ɛ2-1(ω)]m-m’,n-n’ are the coefficients of the multiplicative inverse of the dispersive dielectric constant,
the vectors vm,n and wm,n are two orthogonal polarizations to the propagation wave vector, and
km,n=kx,m,ni+ky,m,nj+γk is the wave vector which contains the Bloch vector, the reciprocal lattice vectors and the
oblique propagation component γ.
In Fig. 1 the PBSs of a square lattice of Alumina (Al2O3) rods of circular cross section in vacuum are shown.
The dispersive and non-dispersive PBSs correspond to the black and blue lines, respectively. The middle of the
first band gap is ν =3.58 THz or λ=83.74 µm. The second band gap shifted towards lower frequencies.
Dispersive out-of-plane PBSs of a honey-comb PC are in process of being calculated.
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Fig. 1 In-plane photonic band structures of a square lattice of Alumina (Al2O3) rods of circular
cross section in vacuum. Filling fraction is 0.1256. Dispersive [ɛ=ɛ(ω)] (black lines) against
non-dispersive [n=3.1256 or ɛ=9.77] (blue lines) bands are presented. The period of the 2DPC is
31.3819μm. Both PBSs present practically the same band gap between 2.99 and 4.17THz. Inset
shows the experimental values of the refraction index (n) of the Alumina as a function of the
wavelength (λ) taken from ref. [6] used in this calculation.
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Abstract-We fabricated biocompatible polymeric films doped with surface-modified Carbon-dots
(C-dots) by drop-casting and introduced periodic nanostructures, i.e., photonic crystals on the
surface of the C-dots/polymer films using a nanoimprint lithography. The nanostructured polymeric
films doped with the C-dots showed strong enhancement of photoluminescence (PL) efficiencies at
the specific spectral region depending on the periodicity of the nanostructured films. These
nanostructured C-dots/polymer films can be new biocompatible fluorescent sources and photonic
devices.
Fluorescent C-dots have been attractive from high water solubility, chemical stability, facile modification,
low photo-bleaching, and excellent biocompatibility. However, the lack of understanding of PL origins in C-dots
hinders various photonic applications of C-dots, although much progress is achieved in the synthesis of C-dots
[1,2]. Here, to obtain surface-modified C-dots with enhanced PL efficiency, we employed a simple and low-cost
microwave synthesis route based on citric acid and urea. For various C-dots synthesized under different urea
ratios, physical and chemical properties of C-dots were investigated by using the transmission electron
microscope (TEM) and the X-ray photoelectron spectroscopy (XPS) systems. The TEM images showed that
C-dots were spherical nanoparticles with a size distribution of 2 - 20 nm in diameter and the average lattice
spacing of C-dots was 0.23 nm. In the XPS spectra, we found that the surface amino group of the C-dots
increased with increasing the urea ratio. These surface-modified C-dots samples with high density of surface
amino groups exhibit high PL efficiencies.
Next, biocompatible polymeric films doped with the surface-modified C-dots were fabricated by
drop-casting and one- and two-dimensional periodic nanostructures (photonic crystals) were introduced on the
surface of the C-dots/polymer films using a nanoimprint lithography. The nanostructured polymeric films doped
with the C-dots showed strong enhancement of PL efficiencies at the specific spectral region depending on the
periodicity of the nanostructured films. These nanostructured C-dots/polymer films can be new biocompatible
fluorescent sources and photonic devices.
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Abstract-We investigated optical characteristics of cholesteric liquid crystals (CLCs) on
periodically-nanostructured perfluoropolymer films. Here, CLCs with periodic helical structures are
chiral photonic crystals and nanostructured perfluoropolymer films are used as alignment layers to
control orientations of cholesteric helices. The CLCs on the nanostructured films showed not
specular but diffusive reflections at the specific spectral region. This nanostructured
perfluoropolymer film can provide new possibility to engineer optical characteristics of the CLCs.
CLCs with periodic helical structures of rodlike molecules are chiral photonic crystals that exhibit photonic
band gaps (PBGs) for circularly polarized lights with same handedness as CLC helices. In the CLC, the spectral
position of the PBG is equal to an optical pitch of the CLC, related to the distance over which the director of
molecules undergoes one full turn. Particularly, the CLC systems engineered to obtain broader widths of PBGs
or multiple PBGs in the wide spectral region have been studied in various CLC multilayered films and
polymer-based composite materials [1].
An amorphous perfluoropolymer poly[perfluoro(4-viny;ox-l-butene)](PPFVB), used in this study, has been
used for antireflective coatings due to its low refractive index of 1.34 and high transmittance over a wide spectral
region. Also, the PPFVB film has been investigated as a vertical alignment layer because of its strongly
hydrophobic surface with low polarity and low polarizability [2].
In this study, we control molecular orientations of cholesteric helices by introducing a nanostructured
PPFVB film as an alignment layer and investigate their optical characteristics such as reflectance, spectral
position, width, and incident angle dependences of the PBGs. The nanostructured PPFVB films with various
periodicities from 300 nm to 800 nm were fabricated by a nanoimprint lithography and characterized by
measurements of atomic force microscope image and transmission spectra. The CLCs on the nanostructured
PPFVB films showed not specular but diffusive reflections at the PBG region and this behavior did not depend
on the periodicity of nanostructured PPFVB films. The present system with diffusive reflections can extend
practical applications of CLCs to new photonic devices.
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Abstract- We report our recent results on development of ultrasensitive optical bio- and gassensors based on a properly designed Photonic Crystal supporting the propagation of bounded
Electromagnetic Surface Waves along the Photonic Crystal – medium to be studied interface. In
particular, extremely narrow magnetoplasmonic resonances have been observed, and kinetics of
interactions of certain antibodies with the surfaces of intact living bacteria is measured.
Earlier, we have reported our first results on design and development of ultrasensitive optical bio- and gassensor based on a properly designed Photonic Crystal (PC) supporting the propagation of bounded
Electromagnetic Surface Waves (ESW) along the PC – medium to be studied interface. These results include
ultrasensitive hydrogen detection exploiting surface plasmons propagated along thin (8 nm-thick) Pd layers,
launch of surface plasmon in blue (405 nm) and UV spectral ranges along thin gold films and their use for
ultrasensitive nitrogen dioxide detection, as well as first experiments with metal-free and label-free optical
biosensor. Here we would like to present our newest results in these directions.
A specially designed PC has been constructed and then used to support the surface plasmon propagation
along thin ferromagnetic cobalt layer, which enabled to combine our approach with the magnetoplasmonics.
Unprecedently narrow (equal to 0.020 thus corresponding to the surface plasmon propagation length exceeding
0.1 mm) for the field magnetoplasmonic resonance (Transversal Magnetooptical Kerr Effect) with 11%
magnitude has been recorded [1]. Note, that for bare cobalt layers, without a specially designed PC, here this
would be simply meaningless to speak about surface plasmons (similarly to the aforementioned Pd layers and
blue plasmons on gold), because the propagation length is just of the order of the wavelength for all these cases.
In other experiments, the dielectric layer of ferromagnetic bismuth-substituted iron garnet Bi2,1Dy0,9Fe3,9Ga1,1O12
coated by thin gold layer has been used in a similar fashion, and excellent magnetooptical parameters were again
demonstrated [2].
For biosensing, we used “bare” (no metal coating) PC – external medium (water) interface, specially treated
to chemisorb protein layers, for the study of kinetics of the interprotein interactions. Besides quite large sensitivity,
0.2 pg/mm2, this approach has additional advantages due to the possibility to excite simultaneously s- and
p-polarized surface electromagnetic waves having very different penetration depths into an external medium. This
enables to segregate surface and volume effects, thus drastically increasing both the sensitivity and reliability of
the data obtained.
Another advantage of our approach is the appearing possibility also to study interactions involving rather
thick (of the order of one micron) objects such as bacteria, viruses, and certain cell organells – option unattainable

for usual surface plasmon resonance-based detectors due to the short penetration depth of such plasmons. We have
finished the development of a chitosan-based protocol of PC chip functionalization for bacterial attachment and
performed experiments on antibody binding to living bacteria measured in real time by the PC ESW-based
biosensor, see Fig. 1. Data analysis reveals specific binding and gives the value of the dissociation constant for
monoclonal antibodies IgG2b against bacterial lypo-polysaccharides equal to KD = 6.2 3.4 nM [3, 4]. To our
knowledge, this is a first demonstration of antibody binding kinetics to living bacteria by an optical biosensor.
Already the first obtained data revealed essential difference with the kinetic data on isolated bacterial membrane.
For the latter, the binding constant KD of monoclonal antibodies WN1 222-5 to isolated LPS membranes E.coli
R-core types ranged from 10-8 to 10-5 M, that is essentially larger than measured by us for the whole intact living
cells, were reported. We believe that this discrepancy may be caused primarily by different accessibility of the
binding sites within the pool of membrane LPS molecules for possible intermolecular interactions, and that this
circumstance should be taken into account analyzing the results of studies on isolated bacterial membranes, what is
very important e.g. for the assessment of drag efficiency.

Fig. 1. Left: Schematic of the biosensor. Right: AFM image of (mono)layer of E. coli bacteria used as a generic
“immobilized receptor layer” in the sensor during the kinetics measurements.
These results pave the way for further sensor and other applications of Photonic Crystal - supported surface
waves, and the corresponding perspectives will be discussed.
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Abstract-We describe a class of passive optical devices based on chirped photonic crystals that
have structural properties are gradually varied along one direction, and are capable to localize and
enhance local intensity of the incident light. We have addressed the challenge of realizing 3D
chirped photonic crystals by using Direct Laser Write lithography, and report properties of the
fabricated prototype structures for infrared spectral range.
In typical optical detectors, a thin p-n junction or other photosensitive layer is embedded in the bulk of
absorbing material, and absorptive losses occurring outside the photosensitive region limit sensitivity of the
detector (Fig. 1(a), top schematic). The unwanted losses can be reduced by building an optically transparent
artificial structure capable to concentrate optical field near the detector, thus boosting its absorption rate and
electronic response. Chirped photonic crystals (ChPhC) whose parameters (lattice period or dielectric filling
ratio) are smoothly varied along one direction, can be used as field concentrators. At a certain depth inside the
ChPhC, where incident waves encounter local photonic band gap (PBG), light propagation becomes slowed
down and reversed, leading to field localization and intensity enhancement (Fig. 1(a) bottom schematic and Fig.
1(b)). This principle [1] can be useful for sensitivity enhancement of optical detectors, and was previously
experimentally confirmed at microwave frequencies, where fabrication of 3D ChPhCs can be accomplished by
simple mechanical machining and assembly, since large ChPhC lattice periods on the order of centimeters are
required at these frequencies. However, realization of 3D ChPhCs for optical frequencies presents a significant
fabrication challenge, since ChPhC period must be reduced to micrometer and even sub-micrometer range, and
therefore has not been attempted before. One of the few 3D structuring techniques capable of high spatial
resolution is Direct Laser Write (DLW) lithography [2], which is based on optical exposure of photoresist by a
tightly focused beam of an ultrashort laser. Exposure due to non-linear two-photon absorption is induced
selectively at the beam focus, while size of the exposed region can be reduced to less than 100 nm by controlling
the exposure level. Thus, complex 3D patterns can be drawn by 3D focus scan. Previously, uniform photonic
crystals were successfully fabricated using DLW [2]. Figure 1(c) shows Scanning Electron Microscopy (SEM)
images of 3D ChPhC samples fabricated in this study. The samples are based on a 3D woodpile architecture,
which is modified by introducing a spatial chirp along the woodpile stacking direction by gradually varying the

corresponding lattice period. Two SEM images shown on the left and right of Fig. 3(c) show spatially uniform
(non-chirped) and chirped samples, respectively. In the latter image, gradual decrease of vertical lattice period
from 0.58µm (at the top) towards 0.38µm (at the bottom) can be seen, while non-chirped sample has the same
lattice period of 0.58µm throughout its thickness. Figure 1(d) compares experimental infra-red (IR) reflectance
spectra of spatially uniform and chirped photonic crystals measured along the woodpile stacking direction. As
can be seen, both structures exhibit reflectance peaks due to PBG. Spectral broadening and lower peak
reflectance in the ChPhC sample can be attributed to the presence of spatial chirp. According to numerical
simulations, field intensity enhancement by about five times can be expected in the ChPhC sample. DLW
technique in principle allows one to embed thin, transparent detectors into the structures, and thus may enable
relatively easy implementation efficient light detection schemes in optical detectors. Factors leading to field
enhancement at various wavelengths, and practical possibilities to tune the PBG frequency towards
telecommunications spectral range will be discussed.
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Figure 1. (a) Schematic explanation of field decay in uniform absorbing materials and field concentration
in ChPhCs, (b) variation of local PBG frequency with position, (c) SEM images of fabricated uniform and 3D
ChPhC woodpile photonic crystals, and (d) comparison between IR reflectance spectra in these samples.
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Abstract-We suggest a photonic crystal cavity which confines the photons in low index material
for telecommunication wavelength. The photonic crystal consists of periodic Si/SiO /Si rods. In
this cavity, the vertical losses can be reduced by low index slot mode and the horizontal losses can
be reduced by photonic bandgap of square lattice photonic crystal slab. For telecommunication
wavelength, we can get the highest quality factor 11200 by moving nearest neighborhoods of center
defect on suggested photonic crystal structure.
A Si, material used for many electronic devices, has a limit due to its indirect bandgap. Because of its
indirect bandgap, we need to another material for example GaAs, as an emitter. However, it is very difficult way
to combine Si based electric devices and optical devices that have different lattice structure. We suggest a
photonic crystal with low index materials by using slot mode. The vertical loss of cavity can be reduced by low
index slot mode and the horizontal loss of cavity can be reduced by photonic band gap of square lattice photonic
crystal slab. We used finite-difference time-domain(FDTD) and plane wave expansion(PWE) method to
simulation.
In this research, we suggested high quality photonic crystal cavity with low index materials by using slot
mode. The photonic crystal has 500 nm lattice constant and 125 nm radius for each cylinder. Each cylinder has a
height of 1000 nm, and 10 nm of the center is composed of SiO and the rest is composed of Si. (Fig. 1. (a))
The reduced radius defect was positioned at center of entire slab structure for inducing fundamental mode. (Fig.
1. (b))

Figure 1: (a) Single cylinder structure. H is height of cylinder. t is thickness of SiO

slot. (b) Entire photonic crystal

structure in air.

For finding proper height of slab, we carried out the FDTD simulation that calculate effective index of Si

plane with height from 200 nm – 1500 nm at 1550 nm wavelength. When the height of plane is higher than 1000
nm of the effective index is saturated to bulk Si (3.47). Thus, we insert SiO slot to Si plane with height of 1000
nm. The effective index of combined with Si and SiO plane was decreasing while increases thickness of SiO
slot. For example, when slot thickness is 10 nm, the effective index of combined plane is about 3.30.
Therefore, the 1000 nm Si cylinder with 10 nm SiO slot can generate a photonic bandgap. photonic crystal
slab has wide bandgap when height of structure approximately 2 - 2.5 times of lattice constant [1]. Therefore, we
choose lattice constant of 500 nm when each cylinder has 1000 nm height and the 500 nm lattice constant. Fig. 2.
(a) is the photonic band diagram of proposed structure (Fig. 1. (b)) calculated by PWE.
The photonic bandgap was appeared in 1170 - 1690 nm (1620 – 1114 THz) area. The target wavelength
(1550 nm) is in the photonic bandgap. Using FDTD simulation, we found the cavity mode appeared in given the
defect at center of structure. When the center defect radius is 90 nm and nearest neighborhoods are moved to 70
nm defect toward, we could get the highest Q factor 11200 for 1530 nm wavelength. (Fig. 2. (b))

Figure 2: (a) Photonic band structure, cylinder radius = 125 nm, lattice constant = 500 nm. (b) Mode profile of 1530 nm
cavity mode, defect radius = 90 nm, nearest neighborhood shift = 70 nm.

We suggested a photonic crystal with low index materials by using slot mode for telecommunication
wavelength. We had checked the effective index is approximately 3.3 for height 1000 nm Si cylinder that has 10
nm thickness SiO slot. We confirmed that our structure can has enough photonic bandgap when it has square
lattice photonic crystal structure. For 500 nm lattice and radius of each cylinder is 125 nm, telecommunication
wavelength (1550 nm) was in the photonic bandgap. As a result, when the center defect radius is 90 nm and
nearest neighborhoods are moved to 70 nm defect toward, we could get the highest Q factor 11200 for 1530 nm
wavelength.
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Abstract-We theoretically examine the photonic band structures of an array of
quasi-one-dimensional systems where a flat band can exist. Since the interactions in the photonic
lattice are not restricted to the nearest neighbor interactions, the flat bands are perturbed by
coupling to the dispersive bands, resulting in the avoid crossing nature. The perturbation-induced
delocalization is analyzed based on understanding of the life time of localized modes.
Recently, the interest in the flat bands has been remarkably increased in various fields such as condensed
matter, optical physics[1-2]. As theoretically predicted by the tight-binding approaches in the condensed matter
context, the existence of the flat band is represented by the compact localized states via quantum destructive
interferences[2-3], indicating the macroscopic degeneracy. On the other hand, the flat-band formation has been
successfully confirmed by realizing the compact localization of light in symmetric cavities of the photonic
systems[1,4-5]. While the flat-band modes in either quasi-one-dimensional or two-dimensional photonic lattices
have been clearly demonstrated, research on flat bands in an array of quasi-one-dimensional lattices has been
unexplored yet because of the existence of unwanted interactions such as next-nearest neighbors coupling, which
are simply dismissed in the tight-binding approach. It has been reported that, in bi-layer two-dimensional Lieb
lattice, the inter-layer coupling results in the splitting of the flat bands, maintaining their flatness over the
in-plane momentum space[6]. In the same context, it is no wonder that the same phenomenon occurs in the case
of quasi-one-dimensional lattices: flat bands are still found along the one-dimensional line in the momentum
space.
In this work, we consider the more realistic but complicated systems in flat-band photonic lattices, where all
possible interactions are taken into account, and examine how the existence of the perturbed flat bands is
reflected in optical response spectra and light propagation through the systems. In an array of the
quasi-one-dimensional lattices, the one-dimensional flat bands can be still observed whereas two-dimensional
flat bands cannot be found. Interestingly, the one-dimensional flat bands exist along both Brillouin zone
boundaries, Γ → X and Γ → Y, at different frequencies (see Fig.1). Anisotropic optical response, obviously, is
observed with respect to the propagating direction of the incident waves, and directional dependence of the
transmission spectra is also found. Furthermore, it is shown that the presence of perturbations give rise to the
delocalization of the flat-band modes, and such delocalization nature is investigated by examining the life time
of the perturbed flat-band modes.
By exploring the properties of the perturbed flat band by means of optical response, our results allow for
more in-depth understanding of the localization of light in flat-band photonic lattice, which can be easily found

in realistic systems. Anisotropic and directional optical transmission/reflection spectra might be of interest for
future optical applications in terms of metamaterials.

Figure 1. (a) Band structures of the photonic lattices in a given frequency range where perturbed flat bands
are found at different frequencies (marked by shaded lines). Insets: Field intensity for the given frequency
(~0.244) which corresponds to the perturbed flat band, displaying the strong localization at the symmetric
cavities A and B. Unit cell for the photonic band calculation is also shown, where each dielectric cavities labeled
by A, B, and C. (b) and (c) Field intensity distributions over finite photonic lattices with a pulsed excitation at A
and C sites.
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Abstract-We have theoretically studied the probability of spontaneous emission rate of the emitter
placed in a one-dimensional disordered photonic crystal. It is demonstrated that at high levels of
disorder photonic band gap (PBG) is narrowed, and the probability of emission in the center of
PBG becomes significantly different from zero, and in the PBG may occur localized states for
which the spontaneous emission is significantly enhanced.
Disordered photonic crystals attract interest with the aim of the possibility of light localization [1] in such
structures, in analogy with electron localization [2], known as Anderson localization. The aim of this work is to
study the influence of disorder on the PBG [3] and the related problem of wave localization in disordered optical
media.
We study the probability of spontaneous emission by using S-quantization formalism [4]. We have shown
that for a dipole emitter placed in a disordered photonic crystal, the spontaneous emission rate can be enhanced
if the frequency corresponds to the optical eigenmode of the structure, and suppression of spontaneous emission
can be observed in the case of bandgap, or when the position of the emitter corresponds to a node in the profile
of the electric field of the eigenmode. We study the influence of variation of disorder parameter. Particularly, we
have demonstrated that at high levels of disorder edge states penetrate into the photonic band gap (PBG), PBG is
narrowed, and the probability of emission in the center of PBG becomes significantly different from zero. In
addition, in the PBG may occur localized states for which the spontaneous emission can be significantly
enhanced.
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AbstractSlow light photonic crystal (PhC) waveguides tightly compress propagating light and increase
interaction times, yet their practical application is largely limited to moderate group indices (ng
<100). This limitation persists because nearly all research has focused on a single lattice type: the
triangular lattice. Here, we present kagome lattice waveguides with an intrinsically high group
index for slow light away from the band edge. We experimentally observe ng >150 and reduced
propogation losses compared to traditional PhC waveguides.
Two dimensional photonic crystals have been extensively studied because of their ability to tightly confine
light to wavelength order dimensions to form high Q cavities and slow light waveguides [1-3], which are of
significant interest for applications in interconnects, sensing and strong light-matter interaction [3]. However, the
vast majority of 2D photonic crystal work has focused on only a single crystal structure: the triangular lattice.
While this geometry has a demonstrated versatility and been used to develop many different devices, it is not
ideal for all applications. For instance, waveguides made in the triangular lattice exhibit slow light near the
band-edge, where propagation losses are much higher. Even when heavily optimized, the group index (n_g) in
such structures is generally limited to ~100 [4].
Rather than further optimizing such waveguides, we investigated whether the crystal lattice itself could be
changed to improve slow light in such structures. The kagome lattice consists of a super lattice of missing holes
on top of the triangular lattice (Fig. 1a) and supports multiple photonic bandgaps (Fig. 1b). Intuitively, the
kagome lattice can be considered to resemble a tight-binding model, compared to the triangular lattice, which is
better approximated by a “free photon” (or free electron for electronic crystals) approximation. This leads to
larger photonic band gaps and flatter bands in the kagome lattice [5, 6].
A variety of waveguides can be formed by line defects in the kagome crystal lattice, some of which show
some cavity-like behaviour in their propagation modes (Fig. 2a). The propagating mode (Fig. 2b) shows clear
cavity-like field behaviour, producing slow light (ng > 150, see Fig. 2c) after only rudimentary dispersion
engineering. It is important to note that this slow light section of the dispersion curve is away from the
band-edge (light blue dispersion curve in Fig. 1b). Furthermore through use of more sophisticated dispersion
engineering of these kagome waveguides, we have observed group indices exceeding 300,000 in numerical
simulations.

a)

b)

Fig 1: a) Schematic of a bulk kagome lattice. b) Band gaps in dispersion curve of a kagome lattice PhC,
with slowlight waveguide modes introduced by a line defect.
We demonstrate that the kagome lattice supports slow light waveguide modes with higher group indices
compared to the traditional triangular lattice photonic crystal, even before dispersion engineering. We also
consider how the propagation losses in the slow light region are reduced by it being away from the band-edge.
We believe that kagome lattice PhCs could thus find practical application for small-footprint, slow light systems
as well as providing a medium for fundemental research on slow and stopped light.
a)

b)

c)

Fig 2: a) Scanning electron microscope image of a kagome lattice waveguide and b) field profile in slow
light region, showing cavity-like behaviour of the propagation mode. d) Theoretical group index curve of the
mode shown in c).
REFERENCES
1. Akahane, Y. and Noda, S. “High-Q photonic nanocavity in a two-dimensional photonic crystal,” Nature, Vol.
425, 944–947, 2003.
2. Baba, T, “Slow light in photonic crystals,” Nat. Photon, Vol. 2, 465–473, 2008.
3. Krauss, T. F., “Why do we need slow light?,” Nat. Photon., Vol. 2, 448–450, 2008.
4. Schulz, S. A. O’Faolain, L. Beggs, D. M., White T. P., Melloni, A. and Krauss, T. F., “Dispersion
engineered slow light in photonic crystals: a comparison,” J. Optics Vol. 12, No. 10, 104004 (2010).
5. Garcia-Adeva, J. A., “Band gap atlas of photonic crystals having the symmetry of the kagome and
pyrochlore lattices,” New J. Phys. Vol. 8, No. 86 (2006).
6. Zong, Y., Xia, S., Tang, L., Daohong, S., Hu, Y., Pei, Y., Su, J., Li, Y., and Chen Z., “Observation of
localized flat-band states in Kagome photonic lattices,” Opt. Express Vol 24, 8877-8885 (2016).

An Investigation of Surface Plasmon Effects on Metallic
Photonic Crystals in H Polarization
K. L. Low1* , M. Z. Mat Jafri2, and Sohail A. Khan2
1

KDU Penang University College, Penang Malaysia
2
Universiti Sains Malaysia, Penang Malaysia
* corresponding author: kheelam.low@kdupg.edu.my

Abstract - The surface plasmon effect in metallic photonic crystals has been investigated. The
band structure graph is the only graph that can be used to explain the characteristics of photonic
crystals. In this work the band structure graph has been used to describe these characteristics,
which include the surface plasmon effect of photonic crystals. Recently, band structure graphs for
frequency-dependent materials have been analyzed by several researchers. The surface plasmon
effect has been found for these materials. This article reports the effect of surface plasmons when
the relative permittivity is changed from band structure graphs. The numerical results show the
magnetic field distribution of waves on the photonic crystals added for each frequency.

1. Introduction
Photonic crystals have been extensively developed since the prediction and investigation of
Yablonovitch and John[1], [2]. This active research has been extended to metallic photonic
crystals, and more characteristics of photonic crystals are expected to be discovered compared
with the conventional dielectric-dielectric photonic crystals [3]–[23]. It is well known that
electromagnetic waves with frequencies lower than the plasma frequency of metals cannot
propagate through a bulk metal. But it is possible for electromagnetic waves to be guided below
the plasma frequency and attributed to the surface plasmon effect if an array of dielectric
components is embedded in the bulk metals [24].
Kuzmiak et al. studied the dispersion relation of photonic crystals containing metallic
components in two dimensions (2D) using the plane wave expansion method and the Drude
model

10-12

. Low et al. continued their calculation by studying metallic photonic crystals using

the modified plane wave expansion method with the Drude model with different dielectric rods
in the E polarization mode [24]–[26]. Several characteristics were observed in the dispersion
relation graphs, such as flat bands occurring at some of the frequencies, a group velocity
anomaly in the band edges, and an effective plasma frequency in the E polarization mode. The H

polarization mode has also been extensively studied by several scientists [8], [10], [11]. Kuzmiak
et al. [10], [11] calculated band structure graphs for frequency-dependent materials in a vacuum
background using the plane wave expansion method. They also included the damping frequency
of the metallic component in his calculation. But unfortunately their calculation was limited to
only air or vacuum backgrounds. Their calculation was generalized by Low et al.[27]. Then, Low
et al. [24], [26] continued the development of the band structure equation for photonic crystals in
metals. The surface plasmon effect was detected in the band structure graphs in this investigation.
In this paper, a plane wave expansion method for metallic photonic crystals with different
dielectric rods in H polarization mode is used. Although some results have been published [8],
[11], [14], [28], [29], they have not included any extensive discussion of the surface plasmon
effect when relative permittivity is changed. The surface plasmon effect is very obvious in the
band structure graphs at first glance [24]. So, in this paper, we investigated the surface plasmon
effect when the relative permittivity of rods is changed in the metallic photonic crystals. Because
the band structure graph presents only the energy change in the metallic photonic crystals, we
needed a commercial package to verify whether the surface plasmon effect exists in the metallic
photonic crystals. The occurrence of magnetic field distributions at each flat band has been
investigated by using COMSOL Multiphysics software.

2. Photonic Band Structure Graph of Metallic Photonic Crystals with Dielectric Rods
We sketch the cross section view of the photonic crystals in Figure 1.

ε (ω )

εo

Figure 1 Illustration of the metallic photonic crystals arrangement (square lattice).

The band structure graph has been derived for H polarization for metallic photonic crystals with
dielectric rods in Equation (1):
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where µ = ω c , ε 0 is the relative permittivity, k is the wave vector, G is the reciprocal lattice,
J1 is the first Bessel function, R is the radius of the rods, ω p is the plasma frequency of the
metals, c is the speed of light, and ω is the eigenfrequency. Equation (1) represents a generalized
eigenvalue problem. A linearization technique is used. An equation in the following form is
obtained:

t

t

t

µ2J − µK + L = 0

(2)

t
t t
where the elements J , K , and L of NG × NG matrices are given as

t
J = εo

(3)

⎡⎛
⎤
c2
2⎞
⎢⎜⎜ ε o + ε o 2 k + G ⎟⎟ A(k | G )
⎥
t ⎢⎝
ωp
⎥
⎠
K =⎢
⎥
2
J1 (| G − G ' | R )
⎢ + (1 − ε ) c
A(k | G ') ⎥
(k + G )g(k + G ')2 f
o
2 ∑
⎢
⎥
G
G
R
ω
|
'
|
−
'
G
p
⎣
⎦

(4)

t c2
L= 2

(5)

ωp

∑ (k + G)g(k + G ')2 f
G'

J1 (| G − G ' | R )
A( k | G ')
|G −G'| R

Equation (2) is a second-order eigenvalue problem, which can be represented by the following
matrix form:
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t

The complete solution of Equation (6) is obtained by solving the eigenvalues of M using the
diagonalization of this non-Hermitian matrix.
3. Result and Discussion
In this article, four examples of different materials with the same filling fraction f = 0.5 are used
as

cylindrical

rods

in

a

copper

medium.

The

plasma

frequency

of

copper

is

ω p = 1914 × 1012 THz . The band structure graphs are plotted along M (π / a, π / a) - Γ(0, 0) X (π / a,0) in the first irreducible Brillouin zone. The magnetic field distribution graphs are
plotted at k = 0 with their respective frequencies. The dimensions of photonic crystals are in
micrometers.
From the theory, there should be no wave activities inside the metallic structure below
the plasmonic frequency. But from the previous investigation [24], wave activities below the
plasmonic frequency are detected. This is because the photonic crystals structure exhibits a very
special characteristic, which is the surface plasmon effect. The band structure graph of copper
photonic crystals with air rods is plotted in Figure 2(a). The band structure graph has a lot of flat
bands. To confirm the effect of surface plasmons, COMSOL Multiphysics software was used to
investigate the magnetic field distribution of the photonic crystals at k = 0 at each frequency.
Figure 2(b) shows the magnetic field distribution when frequency at 1280 THz ( ωa 2π c = 0.86) .
Obviously, there is a surface plasmon effect at this frequency and we find that some of the wave
is inside the air rods. Then, the frequency being used in the magnetic field distribution graph is
lowered to 537 THz ( ωa 2π c = 0.28 ) and the result is shown in Figure 2(c). The wave is only on
the surface of the air rods, which is the surface plasmon, and no wave is inside the rods. Then the
frequency is further lowered to 185 THz ( ωa 2π c = 0.098 ) and the magnetic field distribution
graph of this frequency is shown in Figure 2(d). There is a complete wave localized (peak to
valley wave) across the air rods. The frequency range shows that the wave is near the surface of
the rods. This agrees very well with the band structure graph. Flat bands in all the mentioned
frequency points in the band structure graph are evidence of the surface plasmon effect [30]. But

the flat bands vanished when ωa 2π c ≥ 1 . This corresponds to the fundamental metallic
characteristic where the wave is able to propagate in a metal when the frequency is larger than
the plasmon frequency. The magnetic field distribution graph of photonic crystals at

ωa 2π c = 1.2 (2255 THz) is plotted in Figure 2(e). The wave is propagating randomly across the
air rods. So, it is obvious that the wave is distributed around the rods at frequencies below

ωa 2π c = 1.2 . All the waves below this frequency are surface plasmon waves. This is described
very well in the band structure graph.

(e)
(e)

(b)

(c)
(a)
(c)

(d)

Figure 2 (a) Band structure graph of air rods with filling fraction f = 0.5 in copper medium in
H polarization mode. Magnetic field distribution at frequency (b) 1280 THz (c) 537 THz (d) 185
THz (e) 2255 THz.
Equation (1) is utilized to plot the band structure graph of a Teflon ( ε o = 2 ) rod in the copper
medium as shown in Figure 3(a). The band structure graph is very similar to the band structure
graph of Figure 2(a). It has several flat bands below the normalized frequency, ωa 2π c = 0.8
and the frequency is lower than the frequency of the previous structure. A band gap appearing in
the frequency range 0.8 ≤ ωa 2π c ≤ 1 shows that this structure is a typical photonic crystal
structure. Further, the magnetic field distribution at frequencies 1279 THz, 728 THz, and 138
THz are shown in Figures 3(b), 2(c), and 2(d) respectively. In Figure 3(b), the wave is localized
in the Teflon rods and found on the surface of the rods. Figure 3(c) shows the same characteristic
with longer wavelength. Then, Figure 3(d) shows that a complete wave is localized in the Teflon
rods.

(b)

(c)
(a)

(d)
Figure 3 (a) Band structure graph of Teflon rods with filling fraction f = 0.5 in copper medium
in H polarization mode. Magnetic field distribution at frequencies (b) 1279 THz, (c) 728 THz,
and (d) 138 THz.
Then the dielectric constant of rods was increased to ε o = 4.9 which is FR-4. FR-4 is insulator
which is very common in electronic industry. The band structure graph is plotted in Figure 4(a).
It is obvious that the flat bands are fewer; they are situated below the normalized frequency

ωa 2π c = 0.6 . The magnetic field distributions of the flat bands at ωa 2π c = 0.34 (646 THz)
and ωa 2π c = 0.075 (142 THz) are plotted in Figures 4(c) and 3(d) respectively. In Figure 4(c),
the wave is not only localized on the surface of the FR-4 rods but also inside the FR-4 rods. The

wave is in a regular waveform. In Figure 4(d), the waveform is different from the waveform of
air and Teflon rods. In the air and Teflon rods, there is a complete wave propagating across the
rods. But in the FR-4 rods, the waveform is separated into two complete waves, localized around
the surface of the rods. The phenomenon appearing in Figure 2(e) is found in Figure 4(b). The
wave is propagating irregularly. But the frequency of Figure 4(b) is lower than the frequency in
Figure 2(e). This shows that the wave is propagating in the FR-4 rods at the lower frequency.

(b)

(a)

(c)
(d)(c)

Figure 4 (a) Band structure graph of FR-4 rods with filling fraction f = 0.5 in copper medium in
H polarization mode. Magnetic field distribution at frequencies (b) 1491 THz, (c) 646 THz, and
(d) 142 THz.
The dielectric constant of the rods was further increased to 12.96 in the case of gallium arsenide
(GaAs). The band structure graph is plotted in Figure 5(a). The flat bands are less frequent
compared to the three materials investigated earlier. This means that the effect of surface

plasmons is reduced. The magnetic field distribution of ωa 2π c = 0.093 (176 THz) is shown in
Figure 5(d). The waves are localized near the surface of the GaAs rods. But when the frequency
is increased to ωa 2π c = 0.39 (743 THz), the waves are propagating out from the center of the
GaAs rods. The magnetic field distribution graph is shown in Figure 5(c). It no longer shows a
surface plasmon effect. Then, the frequency was further increased to ωa 2π c = 0.80 (1499 THz);
the waves are propagating randomly inside the GaAs rods.

(b)

(a)

(c)

(d)
Figure 5 Band structure graph for GaAs rods with filling fraction f = 0.5 in copper medium in
H polarization. Magnetic field distribution at frequencies (b) 1499 THz, (c) 743 THz, and (d)
176THz

3.1 Effect of Relative Permittivity on Photonic Cystals in Metals
The surface plasmon effect is reduced from vacuum to GaAs. The flat bands that represent the
surface plasmon effect are less frequent when the relative permittivity of rods is increased. So,
when a high relative permittivity material is coupled with the metals, the surface plasmon effect
is not obvious. The structure will act as an ordinary photonic crystal, free of flat bands, while the
relative permittivity of rods is increased. From the magnetic field distribution figure, the waves
are localized inside the dielectric rods, especially for frequencies lower than the plasma
frequency for all materials. The motion of the solid state plasma, whose characteristic is the
plasma frequency in metals, is confined to the interior of the dielectric rods. So, the characteristic
that an electromagnetic wave cannot penetrate metals can be overcome by insertion of an array
of dielectric rods in metals.
4. Conclusion
We have plotted the band structure graphs of several materials rods in a copper medium in the H
polarization mode using equations derived from the literature. When the relative permittivity of
the rods is increased, the effect of the surface plasmons is reduced. The characteristics of wave
propagation in the structure have been investigated using magnetic field distribution plots from
COMSOL Multiphysics software. Both of the plots agree very well with each other. The surface
plasmon effect is detected for all the materials investigated. The surface plasmon effect is
reduced when the dielectric constant of the dielectric rods is increased. We also found that when
the dielectric constant of the rods is high, the wave is prone to propagate inside the metallic
medium. This phenomenon is found in different types of rods. Our method of calculation can be
extended to find the band gap structure of defect modes and wave guide modes of photonic
crystals made of metallic slabs.
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Abstract
The energy efficiency of optical interconnects can address
the full performance of chip-scale photonic platforms.
However, conventional optical compression designs had
fundamentally limited such a device incompatible with the
ultra-compact scale integration. Here, we designed a passive
all-optical amplifier in a free-space waveguide by using the
cavity-field interaction from a 2D photonic crystal (PhC)
nanocavity pair. By introducing the controllable nanocavity
parameters for a particular resonance frequency, an optical
amplification was achieved by the strong oscillation within
interfering field radiations from nanocavities. The obtained
results had accomplished an occurrence of an amplified
light intensity by 2.65% of 4.7 dB optical gain at the
wavelength of 1550 nm. This embedded design may form
the basis of self-pumping structures in an ultra-compact
scale for the future photonic chip integration.

1. Introduction
The energy and cost efficiency of chip-scale light sources
have drawn a strong attention to the optical network link
devices on their sufficient power consumption which can be
enhanced by the optical amplifier [1]. The functionalities of
such a device can provide compensating attenuation, and
coupling losses of optical interconnect for the multiphotonic chips integration [2]. Conventional approach is
performed by the semiconductor optical amplifiers (SOAs)
in order to conducts potential applications such as the
spectrum narrowing for a single-frequency lasing [3], roomtemperature slow light [4–5], high-bandwidth intra-band
effects on pulse generation devices [6], controlling ultrafast
quantum coherent Rabi oscillations [7] and self-induced
transparency [8], and high energy femtosecond laser pulses
generation [9]. However, these regimes require an electric
current pumping for the optical amplification which faces
the challenge to place onto all-optical chip-scale platforms.
The light-matter interaction on 2D photonic crystal
(PhC) nanocavities have been attracted to on-chip designs
due to their capabilities on the high-quality factor (Q) cavity
mode volume, strongly field enhancement with free-space
mode excitation in the nanostructure [10–11]. The photonic

integration designs based on their structure can demonstrate
the novelty theoretical ideas of nanolasers and lab-on-chip
devices [12]. In particular, the 2D high-Q PhC nanocavity
has been used to manipulate the strong waveguide-cavity
coupling, in which produces the emitting photon from a
nanocavity [13]. Leaked modes of a nanocavity coupled
with the line defect on 2D PhC had been performed in both
theoretical and experimental regimes [14] and gained the
widely potentials for PhC-based devices and applications.
However, one capability of their designs is to enabling the
optical linewidth compression [15].
In this research, we have proposed the all-optical
amplifier generation in a free space region of 2D photonic
crystal waveguide (PCW) which can be embedded in onchip photonic platforms. The system comprises of the two
identical nanocavities formed by rod-type 2D PhC with
side-shell layers of a lower dielectric rods material, locating
across a three splitter 2D PCWs. Consequently, the radiated
fields from high confined light in cavities would combine
with the incoming light pulses. This phenomenon leads to
the narrower spectral pulses with an amplification detection
at the between of these two cavities. The simulation results
had confirmed an occurrence of strong field intensity in free
space for low-power light injection which depends on
dielectric rods parameters of nanocavities.

2. Structure Design
The represented passive optical amplifier design is based on
a rod-type 2D PhC nanocavity pair and embedded within a
PCW. Because of their compact scale and self-amplification
processes in free space, it can take advantage of needed no
physical medium which serves as neutral amplifier between
different compartments on photonics platforms for links
with any on-chip optical interconnects. However, without
an external, injection this structure had faced a challenge to
changes the physical properties of an incident light in free
space. The only existing nanocavities on PCWs had become
an important character due to their abilities of the optically
coupled with high-Q mode volume and the strong radiation
fields from a cavity [16]. Thus, the light-cavity interaction
had been considered for only a strong oscillation of
localised frequency which matches to incident pulses, result
to cavity linewidth narrowing generation [17].
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Figure 1: Schematic of an optical amplifier design (top
view) which embedded in a three splitter 2D PCW onto a
silicon substrate. The central free space area, positioning
between nanocavities, represented as an amplification region.
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Figure 2: The wavelength dependent refractive index of
Ta2O5 in a range from 450 nm to 1800 nm.

The design had been performed on a rod-type 2D PhC
structure of indium phosphide (InP) on a silicon substrate as
depicted in Fig.1. Its 220 nm of radius with the radius-lattice
constant ratio (r/a) at 0.2973 was defined for light at a
wavelength of 1550 nm for the perfect propagation within
PCWs. Symmetrical nanocavities contain the larger InP rods
which had been varied their radius from 241 nm to 246 nm,
enabling them to realise the interaction between cavities
mode and optical amplification. In order to enhance a strong
confinement within nanocavities, the 230 nm of tantalum
pentoxide (Ta2O5) rods have been served as a shell layer of
nanocavities, improving the coupling and storage intensity.
By performing a highly confined light in 2D PhC, the optical
confinement inside nanocavities can be provided by the
side-coupling of light in upper and lower waveguides of Ybranch. These branches would allow some fraction of light
is conventionally coupling into both nanocavities, in which
it generates the optical resonance of localised frequency.
The narrow spectral pulse with amplification detection
would be observed at a central position between two cavities
due to the interference field formed by the cavity emission
and directional light from an input port.
In addition to light amplification, the cavity-light field
projection for this design has been considered based on three
potential features of light-matter interaction. The embedded
nanocavities structure can be adapted to the new approach of
dynamics coherent controllable light with light for alloptical platforms which allow manipulation of intensity,
propagation direction, and polarisation of light [18]. The
cavity radiation propagates toward to the central position
between two cavities due to an opposite direction of wave
vectors as two identical high-Q nanocavities are precisely
aligned to each other and support the symmetric leaked
mode excitation [19]. Also, the symmetrically interfere with
two cavity emission provides the stationary light field due to
2D PhC features [20], and light carries a nonzero transverse
mode in the central area has corresponded to the two-wave
interference framework [21]. Finally, the optical momentum
exchange of the interfering pulse formed by an incident light

and a stationary light field for the light-to-light interaction
can be achieved due to unstructured paraxial beams
intensify the momentum of light along an incidence
propagation direction as they carry both angular and spin
momentum [22]. Also, the length of middle PCW branch
and interfering region formed by nanocavities radiation had
unexpectedly been created in a proper position for pulses
compression by phase matching of localised frequency
between incidence light and field interference, offers the
optical amplification phenomena [23] at the central position
of PCW, considering energy and momentum conservation.
Importantly, the refractive index and radius of dielectric
rods for shell layer have become a key factor in order to
achieve the strong confinement in a free space nanocavity
and emission decay fraction. The significant lower refractive
index of cladding or shell layer than cavity rods would
support the localised optical trapping enhancement and field
emission into a central branch of PCW. However, the results
of highly different in refractive index of dielectric rods
between shell layer and cavity showed that the PCW-cavity
coupling efficiency is decreased. The highly low refractive
index value of dielectric rods in shell layer, compared to the
cavity, causes the most fraction of an incoming light only
passes through cavity shell without coupling into the cavity.
Also, dielectric rods in shell layer act as the light blockage if
the refractive index is equivalent or higher than its dielectric
rods of nanocavities. As the results, Ta2O5 has been selected
as the defect rods for shell layer based on high dielectric
constant and low absorption material. However, selfamplification phenomenon in this work requires a broadband
spectral linewidth of an incidence light, in which initiates
the pulse compression. The refractive index wavelength
dependence of Ta2O5 as illustrated in Fig.2 can be calculated
in a function of Cauchy formula [24] as,

n ( l ) = 2.065721 +

2

0.01683 × 106 0.001686 × 1012
+
l 2 (nm 2 )
l 4 (nm 4 )

(1)

where l is a broadband wavelength in the range from 450
nm to 1800 nm. Although Ta2O5 rods (n ~ 2.0728 at the
wavelength of 1550 nm) shell can improve the capability of
light confinement within PhC nanocavities, reaching only
fundamental cavity mode resonance has been determined by
the cavity size geometry, dielectric rods radius (rcavity), and
their material of InP (n = 3.1). The correspondence between
light-matter interaction of single cavity mode and field
radiation of homogeneous structure will experience with the
effective cavity mode volume which is defined by [25],

Veff =

∫ ε ( r ) E (r)

2

d3r

ε ( r max ) max E ( r max )

2

previous context, the amplification wavelength in a central
region between PhC cavities was controlled by its geometry
breadth which results to the different manifestation of
optical gain as illustrated in Fig. 3. Based on wavelength of
1550 nm operation, the 242 nm rcavity of both nanocavities
resulted to the maximum optical gain of 6.15 dB at 1548 nm
(see green line in Fig. 3) with the Full-Width at HalfMaximum (FWHM) or bandwidth of 42 GHz. However, we
also interested the downward amplification capability with
rcavity from 243 nm to 245 nm yielded two equivalent results
of the negatively skewed curve of 4.63 dB at 1549.9 nm
(red line) with bandwidth of 264 GHz, and the 4.70 dB
optical gain at 1550 nm (blue line) with 249 GHz FWHM.
Reasonably, we had addressed that this proposed alloptical device has been designed as the neutral compartment
for on-chip devices junction. Based on a linear system, the
compared intensity of input and output was considered by
single-wavelength of 1550 nm, also wavelength shifts were
neglected from this investigation. Consequently, even
through nanocavities with 242 nm radius of rcavity gave rise
to the light amplitude 4.12 times higher than incident power,
it provided the blue shift of optical gain and resulted to
dramatically drop the output intensity. As the results, the
nanocavities formed by 243 nm rod radius had been selected
in order to achieve the optical amplifier within a stable
system. On the other hand, a blue line in Fig. 3 showed the
gain of cavities system matched to incident pulses in both
localised frequency and linewidth, offers the frequency and
phase matching between the incoming power and light-field
interference which gained the ability to amplified optical
signals in a free-space 2D PCW.
Moreover, there are no mathematical approaches of
electromagnetic field propagation description in the rod-type
2D PhC structure. However, the notion of light amplification
occurred by the light-field interference phenomenon had
been manipulated by the strong confinement of 2D PhC
nanocavities. To evaluate the low power consumption
capability of the device within a compact scale, the ratios of

(2)

where l is the wavelength of light in a free-space. rmax is
defined as the position of the maximum electric field
intensity E2, the related dielectric constant ɛ and refractive
index n. In fact, a nanocavity is based on dielectric rods
surrounded by air which leads to the strong resonant at the
centre of slot cavity. Therefore, the terms ɛ in eq.2 can be
reduced to the dielectric constant of air, leaving an
approximation value of maximum electric field position for
modes resonance in a cavity.

3. Simulation Results
The optical amplification in a free-space waveguide based
on a light-field interaction of leaked field interference from
a nanocavity pair has been observed in the x-y plane. The
finite difference time domain (FDTD) method provided by
Freeware 32-bit OptiFDTD was used for light behaviour
investigation in the proposed structure which their results
were compared with Lumerical simulations software. Each
of PhC cavity with identical rods dimension was defined as
the emitter which light amplification efficiency satisfies the
optical gain. According to the light-matter interaction in the
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Figure 4: TE simulation at a wavelength of 1550 nm for
light propagation in the proposed structure, displaying the
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Figure 3: Optical gain of each dielectric rod radius of
nanocavities, illustrating light amplification capabilities
based on the field interference provided by symmetrically
aligned two PhC cavities the difference radial dielectric rods.
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Figure 6: Modes analysis provided by Lumerical MODE
solutions. (a) TE wave pattern of the nanocavities emission.
(b) Light-field interaction between the leaked field cavity
and incoming light pulses. It shows the total field direct
toward to the output port. (c) Directional pulse along the
propagation direction (x-axis) are combined, offers the
enhanced optical power level due to the phase matching.

Figure 5: Mode propagation of the total electric field at
a wavelength of 1550 nm. (a) Conventional light coupling
from upper and lower free-space PCW, offers the strong
confinement within the 2D PhC nanocavities. (b) The
spatially structured light-field is generated by the cavities
leaked mode interference. (c) The incoming light pulses are
trapped with the local field, in which results to increase the
amplitude of output intensity.
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between cavities, the incoming pulses that pass through this
region are trapped by the localised field-linewidth due to
light-field interaction. This phenomenon diminishes the
optical power of wavelengths beyond a local field in order
to intensify the incident power, based on energy and
momentum conservation. As the results, the calculated
transmission power for the linear optical system was
increased by approximately 2.65% of the input power. This
proposed design may be taken advantage of the neutral
system of optical self-amplifier, in which it can be applied
for all-optical photonic chips integration platforms.
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Figure 7: Simulation result of a normalised waveform
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Abstract- We show, theoretically and experimentally, that photonic crystals with spatial filtering
functionality, inside of a microchip laser cavity, can substantially improve spatial characteristics of
the emission of microchip laser. The angular divergence of the emitted beam is reduced, and the
radiation brightness is increased.

Microchip lasers (and generally most micro-size lasers, like diode lasers or VCELS) being extremely
compact and efficient sources of coherent radiation, suffer from one drawback: the low spatial quality of the
emitted beam. Only at low power emission regimes (close from the generation threshold) the microchip lasers
can emit the beams and pulses of a reasonable spatial quality. Every attempt to increase the emission power, by
increasing the pumping power, or by increasing the pumping area, leads to the deterioration of the spatial quality
of the beams, equivalently to large angular divergence, and results to the lower brightness of the emitted
radiation.
We proposed that the use of intracavity photonic crystals with spatial filtering functionality, can
substantially improve the spatial quality of the emitted beam. Photonic crystals were recently shown to provide
the spatial filtering [1]. Both the 1D spatial filtering, as well as axisymmetric 2D spatial filtering, see the left part
of Fig.1, were experimentally demonstrated. Positioning of such photonic crystal spatial filters inside the cavity
of microchip lasers enables to decrease the divergence of the radiation at high power regimes, and to increase the
brightness of emitted radiation, see the right side of Fig.1. Presently we demonstrated an enhancement of
brightness of emitted radiation approximately 3 times due to the intracavity photonic crystal spatial filtering, or,
equivalently, we achieved a single-transverse-mode emission of approximately 3 times higher emission powers.
The reported results [2] are presently limited by fabrication restrictions and imperfections of photonic crystal
spatial filters, but potentially can be improved with advance of fabrication technologies.
The experimental measurements are justified by the numerical simulations of mean-field models of
microchip lasers.
In summary, we demonstrate a new kind of micro-lasers, the Photonic Crystal Microchip Laser, with
substantially improved radiation characteristics due to the intracavity photonic crystal spatial filtering.

Fig.1 Left: single pass transmission characteristics of photonic prystal spatial filters, in 1D (a,b,c)- and of 2D
axisymmetric (d,e,f) configuration. The spatial filters are positioned inside the resonator of microchip lasers (g).
Right: whereas the beam divergence increases at increasing pumping power (first column from top to bottom,
the far field distributions), the beam remains well collimated in the presence of intracavity Photonic Crystal
(second column from top to bottom). Quantitative characteristics: (a) the beam divergence remains substantially
lower (b), the generated power increases nearly so much as at the absence of the filtering (b), the brightness of
emitted radiation substantially increases (c).
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Acoustic metamaterials
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Abstract-We present an elastic metamaterial for flexural waves with both negative density and
elastic modulus. Nanoscale L-shaped holes are periodically drilled through a Au/Al/Au
sandwich-structure plate of micrometer thickness. The structure is shown to have a double-negative
frequency band at ~500 GHz for flexural waves by means of finite-element simulations. We
calculate the dispersion relation, effective density and effective modulus of the structure, and
demonstrating negative refraction of flexural waves in the double-negative band in a prism-shaped
geometry.
Double-negative acoustic metamaterials that have negative density and modulus simultaneously over a
particular frequency ranges have been recently proposed. In particular, two-dimensional elastic metamaterials for
compressional plate waves (symmetrical 0th order Lamb waves) were recently demonstrated [1-2]. In addition,
in the case of flexural plate waves (antisymmetrical 0th order Lamb waves) Gusev and Wright theoretically
calculated that negative density can be achieved by introducing elements that involve normal-force interactions
whereas negative modulus can be achieved by introducing resonant elements that involve lateral forces and
rotational inertia [3]. Following on from this work, we designed a two-dimensional GHz flexural elastic
metamaterial which can be fabricated by micro/nano machining techniques, and simulated its behavior.
We used the commercial finite-element software COMSOL Multiphysics to calculate the dispersion relation,
effective density and effective modulus as the function of frequency and wavenumber. Our design is based on a
composite slab in the form of a sandwich (see FIG. 1). In the design, softer parts (Al) are necessary to allow a
resonant rotational vibration of harder parts (Au), as prescribed by the general approach of Ref. [3]. We
introduce a chiral structure in the outside parts made of Au necessary to create a negative modulus. Making the

FIG. 1 Unit cell of the flexural elastic metamaterial: views (a) from diagonally above, and (b) from normal to the
surface. Four L-shaped holes are drilled through this Au/Al/Au sandwich-plate structure.

inside Al portion of the slab light and the outside (Au) heavy is effective for this purpose, allowing a twisting
rotational vibration of the outside portions. After many trials, we arrived the particular design shown in FIG. 1.
The elastic metamaterial is designed in the form of a square lattice of unit cells, and is made from drilling a
series of L-shaped holes through the Au/Al/Au three-layer plate. It has reflection symmetry in the depth
direction and four-fold symmetry for rotation about an axis through the center of each unit-cell. This structure
shows double-negative behavior in the frequency range from 510 MHz to 530 MHz, yielding a negative slope of
the flexural wave branch in the ΓK direction in k-space.
We created a structure of this material in the form of a right-angle isosceles triangular prism to demonstrate
negative refraction by simulation (FIG. 2). In the double-negative frequency range, negative refraction is
observed. In conclusion, we have demonstrated the first concrete design of a flexural double-negative
metamaterial. In future we plan to make samples of this GHz double-negative flexural metamaterial and to
image the wave propagation at micron-spatial and picosecond-temporal resolutions by use of a real-time
surface-wave imaging method based on an optical ultrafast pump-probe technique [4].

FIG. 2 Demonstration of negative refraction at the double-negative frequency 525 MHz. Flexural waves are
incident from the left-hand side of the triangular prism. The colour scale represents the out-of-plane displacement.
The arrows show the propagation directions, and dotted line shows normal vector to the interface.
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Mimicking metamaterial functionalities in an immersive laboratory
with exact boundary conditions
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Abstract- This contribution presents an immersive wave propagation laboratory for the study of
wave interactions with complex materials. The approach makes use of exact boundary conditions to
link a physical experiment to a numerical environment in which a complex material is virtually
implemented. This approach makes it possible to mimic exotic wave propagation properties without
physically building complex materials.
Usual textbooks conceptions on wave propagation are being challenged by recent advances in metamaterials
and parity-time (PT) symmetric media. Metamaterials exploit local resonances in their micro-structure to achieve
extreme values of its constitutive parameters, ranging from positive, near-zero to negative. Such properties
provide a considerable control on wave propagation, which includes focusing, filtering, negative refraction or
cloaking. Complementary, PT-symmetric media, containing balanced loss and gain through the modulation of
the imaginary part of the constitutive parameters, offer exciting new possibilities in wave propagation control,
including loss-free negative refraction,1 or unidirectional transparency and cloaking.2 However, the practical
implementation of these exceptional properties is still a major challenge due to, among other factors, inherent
losses,3 narrow bandwidth, or stability issues arising from the presence of active components.4
In this contribution, we present an immersive wave experimentation laboratory5,7 that makes it possible to
mimic exotic wave propagating phenomena without the need to physically build a complex material. The
proposed approach makes use of exact boundary conditions5 to link a physical experiment to a numerical
environment in which a complex material is virtually implemented. The basic principle of this immersive
laboratory is illustrated in Figure 1. The incoming waves from the physical environment are measured on the
recording surface Sr and extrapolated to the emitting surface Se. Then a source distribution on Se cancels out the
incoming waves and simultaneously inject a wave field that takes into account the interaction with the virtual
material. This interaction takes place in real time using state of the art computing facilities. The quantities to be
injected on the emitting surface are calculated based on a representation theorem between the physical and
virtual environments (see References 5-7 for further details).
This approach has been successfully applied to implement broadband holography and cloaking of objects
with arbitrary shape.7 Currently, our research is focused on the experimental realization of PT-symmetric media
for elastic and acoustic waves. Additional results from this ongoing research will be presented.
The proposed approach provides a new perspective for investigating wave interactions with complex
materials, at the interface between numerical simulations and experimental research.

!"

!#
virtual(
complex(
material

source
physical(experiment

Figure 1. Schematic of the immersive wave experimentation laboratory. Waves emitted in the physical
environment are measured on the recording surface Sr and extrapolated to the emitting surface Se. Then, the
emitting surface cancels out the incoming waves and simultaneously inject signals in the physical environment
resulting from the interaction with the virtual complex material.
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Origin of negative permittivity of metamaterials
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Abstract- Reported methods for retrieval of wave parameters for given metamaterial structures so
far have been significantly different from classical theory of dielectrics. Here we demonstrate that
the classical treatment, which is familiar with wide range of scientists and engineers, can be
extended to the realm of electromagnetic metamaterials for exact accounting of the effective
permittivity. Our scheme not only makes the calculations easier but also provides intuitive way of
understanding the origins of negative parameters.
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Acoustic impedance matching of water and air
Haejin Choi 1, Eun Bok1* , Jong Jin Park1, Chung Kyu Han1, Oliver B. Wright2, and Sam H. Lee1
1
Institute of Physics and Applied Physics, Yonsei University, Seoul 120-749, Korea
2
Division of Applied Physics, Faculty of Engineering, Hokkaido University, Sapporo 060-8628, Japan
*
Eun Bok: eunbok81@gmail.com
Abstract- We present the fabrication of an acoustic metasurface of thickness much smaller than the
wavelength, which, placed in between water and air, matches impedances of water and air. This
impedance matching metasurface is a two-dimensional array of unit cells, each of which consists of
a thin cavity covered with five membranes. Experimentally we obtained about 40% power
transmission through the interface using the metasurface, which corresponds to over 23.5 dB
transmission enhancement.
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Acoustic Hologram via Decoupled Modulation of Amplitude and
Phase in Acoustic Metamaterial
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Abstract-We have realized acoustic hologram via acoustic metamaterials with simultaneous
controls of amplitude and phase. More importantly, the modulation of amplitude and phase is
decoupled at specific points in the parameter space, leading to that all possible combinations of
amplitude and phase can be accessed. Our method can stably generate hologram with high quality
and high fidelity, which are unattainable with previous pure-phase approaches. Our findings will
have far-reaching impacts on beam-steering, ultrasonic imaging and particle manipulation, etc.
In this paper, we numerically and experimentally demonstration high-quality acoustic holograms by acoustic
metamaterials (AM). Holographic techniques are of fundamental significance to applications such as
optical/acoustic tweezers, volumetric displays and medical ultrasound treatment but have high requirement on
spatial control of complicated optical/acoustic field. It is known that optical holograms have significantly
advanced with the cutting-edge nanotechnology. In ultrasound applications, the acoustic holograms are expected
to offer new capabilities in beam-steering and improve medical imaging [1-4].
Figure 1 shows the design of acoustic metamaterials. Figure 1(a) shows the schematic, with the predesigned
unit cells. Here we use absorbing boundaries at the back side to introduce controlled energy loss, which capable
to modulate both amplitude and phase of reflection at the surface under the illumination of sound on the front
side, as indicated by the red arrows in Fig. 1(a). By keeping the back of each unit cell open, as indicated in Fig.
1(e), each unit-cell comprises three components: upper channel, middle channel, and lower channel. The
parameters are marked in Fig. 1(a). The operating frequency is 17150Hz. Due to the subwavelength nature, the
amplitude and phase of reflection are independent of the incidence direction.
Figures 2(b) and 2(c) show the amplitude and phase responses of the unit cells. The amplitude (A) is
modulated by w, and the phase ( ) is modulated by h1. Figure 2(b) and 2(c) show that the tuning of amplitude
and phase is decoupled. This decoupled point is achieved by choosing proper h value. As a result, all possible
combinations of amplitude and phase can be accessed.

Fig. 1 (a) The design of AM and unit cells. (b) The amplitude and phase response. (c) The simulated and measured
amplitude and phase versus w and h1, respectively.

Figure 2(a) shows the calculated amplitude and phase for generating predesigned Penrose tiling pattern. We
record the amplitude and phase information into AM. The photograph of the sample with 79 79 unit-cells is
shown in Fig. 2(b). We plot the acoustic pressure amplitude distribution measured on the image plane in Figs.
2(c) and 2(d), showing a good agreement between numerical and experimental results of complicated spatial
acoustic field. The hologram with both amplitude and phase modulation have high-quality and high high fidelity,
which are unattainable with previous pure-phase approaches [1-4]. Our findings will have far-reaching impacts
on beam-steering, ultrasonic imaging and particle manipulation, etc.

Fig. 2 (a) The calculated amplitude and phase for generating predesigned Penrose tiling pattern. (b) The
photograph of sample. (c) The simulated acoustic field pattern. (d) The measured acoustic field pattern.
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Experimental Verification of Extraordinary acoustic transmission
through Density near zero extremely narrow tubes.
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Abstract- We experimentally verify recently developed theory of ‘‘supercoupling’’ [Phys. Rev.
Lett. 111, 055501 (2013)] by researching uniform acoustic energy squeezing through an extremely
narrow acoustic tubes filled with near zero density metamaterials. So, we realized extraordinary
acoustic transmission based on impedance matching by installing thin membranes with a
subwavelength period along the tube. Potential applications in acoustic treatment, sensing and
energy harvesting.
We introduce the concept of acoustic supercoupling associated with impedance matching and anomalous
sound tunneling through ultra-narrow tubes. Alu and Engheta, pioneers of this work, have made metamaterials
with near-zero permittivity theoretically and experimentally and matched transmission through very narrow
channels filled with ENZ materials, also known as ‘‘supercoupling’’ [1]. This is a special phenomenon very
different from the general Fabry-Perot (FP) tunneling resonance and is called "Supercoupling". Supercoupling,
in theory, delivers the waves regardless of the length, bending and twisting of the tubes made of metamaterials.
Alu proposed and theoretically explained acoustic supercoupling which applies the supercoupling phenomenon
shown by electromagnetic wave to the sound wave [2]. This paper experimentally implements "acoustic
supercoupling" which conveys acoustic energy by focusing acoustic wave to very narrow tube by overcoming
acoustic impedance mismatch structure very extreme through acoustic metamaterial structure [3-5].

Figures 1. (a) An acoustic metamaterial design that achieves near zero effective density. An extremely narrow tube
was connected between two large waveguides. A thin elastic membrane was installed at regular intervals inside the
narrow tube. (b) Power transmission coefficient though ultra-narrow channel.

A tube with a narrow cross-section is connected between the same waveguides with the same cross-sectional area
as shown in Fig.1 (a). The radius and length of both waveguides are 50 mm and 1 m. The diameter of the narrow tube
is 7.5 mm. The length of the narrow tube is 200 mm and installed a thin elastic membrane having a thickness of 0.01
mm at intervals of 20 mm in the narrow tube. The material of the thin elastic membrane installed in the narrow pipe
was made of polyethylene and attached with a tension of about 10 N/m. The cut-off frequency of the acoustic
metamaterial connected to 10 unit cells is about 1030 Hz. The effective density of the acoustic metamaterial at the
cutoff frequency is zero. Sound source was generated from the speaker in the left waveguide. On the other side, the
sound absorbing structure was connected to remove the reflected wave.
As shown in Fig. 1(b), the red solid line is the theoretical calculation of the power transmission coefficient when
using a narrow tube made of acoustic metamaterial, and the black dotted line is the experimental data. The blue solid
line is the theoretical result of the power transmission coefficient when a typical narrow tube is used without the
acoustic metamaterial, and the triangular point is the experimental data. As you can see in the result data, you can see
two peaks, but the physical phenomena are quite different. The first peak (1032 Hz) is an "acoustic supercoupling"
phenomenon where the acoustic impedance of a narrow tube is close to zero and satisfies the acoustic impedance
matching conditions. The second peak (1207 Hz) is a characteristic that satisfies the FP resonance condition that is
generally known, and is the value that is transmitted because the fundamental resonance mode occurs. The power
transmission coefficient of the acoustic wave propagated through the acoustic supercoupling phenomenon is about
25%, and the power transmission coefficient of the general narrow tube with the acoustic metamaterial removed is
about 0.3%. In other words, acoustic super coupling showed a power transmission coefficient of about 80 times higher
than that of sound energy. By controlling the effective density of the narrow tube using the acoustic metamaterial, the
ultra-transmission phenomenon with high transmission efficiency was experimentally realized.

This experimental implementation will play an important role in applications related to noise control,
sensing, and sonic energy harvesting. In addition, the technique of concentrating and delivering sonic energy
using a very narrow acoustic metamaterial tube can be extended to the ultrasound range and used for diagnosis
and treatment by using the ultrasound endoscope.
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funded by the Ministry of Science, ICT and Future Planning as a Global Frontier Project, and by the Basic
Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of
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Abstract-We explore the possibility of manipulating band structures by changing acoustic
meta-atom coupling modes. Using a dimer of coupled meta-atoms we identify the extended
locally-resonant forbidden gap in terms of the coupling strength and the coupling mode. The
behavior of mode coupling is computed and illustrated by the finite element method. The variety of
coupling mechanisms can be employed in designing and optimizing absorbing materials.
Low frequency noise manipulation is difficult, and the common solution is to combine with micro
perforated panel which can be bulky and less effective. In recent years, it has shown that acoustic metamaterials
can provide a novel solution to this problem. The geometrical design of meta-atoms determines the acoustic
properties of the metamaterials, such as its operation frequency, band structure, etc. The general description of
acoustic metamaterials is usually based on the effective media approximation (EMA) theory [1, 2]. However, the
EMA theory ignores the coupling between resonant meta-atoms. The purpose of the study is to increase the
absorption level at low frequencies by optimizing meta-atom geometry and coupling modes. Meanwhile, we
explore the near field coupling mechanisms between meta-atoms.
Unique properties such as low-frequency locally-resonant band-gap and anomalous transmission behavior
have already been demonstrated theoretically and experimentally [3, 4]. In order to investigate the influence of
coupled meta-atoms, we propose to use nested Helmholtz Resonators (HRs) as shown in Fig. 1 [5].

(a)

(b)

Fig.1 Two types of meta-atom geometries (a) regular cell and (b) nested cell
We first calculate the band structure in the ΓΧ direction [6]. The band structure of the sonic crystal can be
calculated by solving the eigenvalue problem expressed by

, where K and M are the

stiffness and mass matrices, respectively. The band structures of two types of meta-atoms are shown in Fig. 2.
We only investigated the locally-resonant gap below Bragg-scattering gap, and we find the locally-resonant gap
closes towards low frequencies. A new transmission band appears in locally-resonant gap. We believe this must
due to the coupling between the HRs of the nested unit. We also calculate the transmission spectra (not shown in
this paper), which is consistent with band structure.

Fig. 2 Band structures for regular cell (red line) and nested cell (black dash line)
In order to visualize the coupling mechanism, we depict the pressure fields of the eigenmodes for the two
types of geometries in Fig. 3. It shows that the nested cell form three modes by the coupling between adjacent
HRs. We have also depicted the other eigenvalues pressure fields, and the results show that the coupling modes
are the same.

a) at 2000 Hz
b) at 13064 Hz
c) at 1140.7 Hz
d) at 6916.3 Hz
Fig.3 Pressure field distributions of the eigenmodes. (a) is for regular cell mode and (b-d) correspond to
nested cell modes. The black arrow indicates the direction of velocity vector.
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Abstract— A methodology to calculate the deformation of crystal structure is presented in this
paper. Al doped ZnO is used to form the acoustic cantilever in ideal wurtzite crystal structure.
The expansion of the applied cantilever is calculated by the proposed methodology and presented
accordingly.

1. INTRODUCTION

Recently, acoustic energy transfer (AET) technology has drawn significant industrial attention.
Eventually, AET possesses wide range of applications, including, electronic vehicle and portable
device charging, implantable devices powering and more [1]. Cantilever approach to propagate
acoustic energy is particularly adventurous using multilayer formation. Several materials can be
chosen for the cantilever formation. Among them, zinc oxide (ZnO) is one of the common material
to use. To calculate the deformation of an acoustic cantilever, usually wave equation is preferable
which is complex and difficult to understand. From that motivation, we proposed a set of approach
to calculate the deformation of a cantilever in this paper. We have modeled the aluminum doped
ZnO for the cantilever formation. The ideal wurtzite crystal structure is applied for the calculation
[2, 3].
2. MODELING OF THE CANTILEVER
2.1. Unit cell Modeling

Number of unit cells can be found by applying the deposition length and thickness as follows,
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↵, and are the angles produced by Zn-O, Al-O and Zn-Al bond while lZnO , lAlO are the bond
length and ZnOslope , AlOslope are slopes by the bond.
2.2. Compression to the z-axis of Unit cell

The expansion of an Unit cell to the z axis can be calculated as,
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Figure 1: Al doped ZnO unit cell (left); here ↵ = = 109.47 ;
considered. Unit cell deformation towards cantilever length.

= 141.06 ; lZnO = 1.9757Å, lAlO = 1.8Å is

2.3. Expansion to the x axis of Unit cell

The expansion of an Unit cell to the x axis can be described as,
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Table 1: Cantilever dimension and deformation descriptions
Cantilever
size
Length 60 mm
Width 10 mm

Deposited layer
thickness
0.02 mm

Unit cell
deformation
0.4072Å (x-axis)
1.2585Å (z-axis)

Total
deformation
3.6391e+6 Å (x-axis)
8.22e+5Å (z-axis)

3. CONCLUSION

A geometric approach is proposed in this paper to calculate the deformation from a doped crystal structure. Al doped ZnO is applied for the crystal configuration. By applying the proposed
structure, we have calculated the deformation of the Al doped ZnO cantilever. It is found that,
the cantilever can be expanded up to 3.6391e+06 Å in length to x-axis with the unit cell expansion
0.4072Å. Results are presented in table 1 and in figure 1.
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Abstract- Sonic metamaterials have important applications in both military and commercial fields
such as noise control, and acoustic communication. To broaden the resonant band gap and
sound-absorbing spectrum, Woodpile structure was introduced into sonic metamaterials.
Calculations suggest that Woodpile LRSMs have wider band gaps, which are adaptable to all types
of vibration polarizations. Using vibration modes and a mass-spring model, strong coupling effect
is confirmed between the orthogonal resonances at the upper edge of the band gap. Moreover,
considering viscoelasticity of materials, woodpile LRSMs can implement strong sound-absorbing
effect in a wide range.
Locally resonant sonic metamaterials (LRSMs) have attracted much attention for their ability to break
through the mass density law and exhibit novel physical properties, such as band gaps [1]. A key issue for the
industrial application of an LRSM is the narrow bandwidth produced by the formation mechanism of the
resonant band gap. It has been found that relatively wide band gaps can be obtained by changing the LRSM
structure [2–3] or by varying the elastic characteristics of the component materials [4]. However, these methods
are usually based on changing intrinsic local resonance properties and thus usually limited and ineffective.
The present paper proposes a novel wider bandgap LRSMs with complex lattices: a structure that is
Woodpile structure and having orthogonal resonations. The structure of a Woodpile LRSM is shown in Figure
1b and its two-dimensional LRSM variant in Figure 1a. The Woodpile structure can be obtained when the coated
square column of the two-dimensional LRSM in the interval position is rotated 90 degrees.
The band structures of the two-dimensional LRSM and Woodpile-structure LRSM are shown in Figures 2 a
and b, respectively. The width of the square rods is 0.3 cm. The thickness of the coating materials is 0.1 cm, and
the lattice constant is 1 cm. For the Woodpile structure, there is a band gap between 1758.9 and 2411.5 Hz. The
bandwidth of the Woodpile-structure LRSM is approximately 652.6 Hz, which is approximately 128 Hz broader
than that of the two-dimensional LRSM in the x, y plane. It is thus easier to realize a wider band gap that can be
adapted to different polarization states with the Woodpile-structure LRSM. The calculations suggest that two
resonances exist in one unit cell at the upper-edge band gap: compression resonance (subject to the tensile
modulus) and shear resonance (subject to the shear modulus). The analysis reveals that there is strong coupling
between cross resonances at the upper-edge band gap of the Woodpile-structure LRSM originating from the
interaction between compression resonance and shear resonance.
In LRSMs, locally resonant absorption coincides with viscoelastic deformation [5]. Considering
viscoelasticity of materials, woodpile LRSMs can implement strong sound-absorbing effect in a wide range (as
shown in Fig. 3), which provides a new idea for the design and preparation of light weight and low frequency
underwater sound-absorbing materials.
Figures and Tables:

FIG. 1. Schematics of LRSMs: (a) a two-dimensional LRSM, (b) a Woodpile-structure LRSM, and (c) a unit
cell of a woodpile structure with a simple cubic lattice.

FIG. 2. Band structure of the two-dimensional LRSM (a) and Woodpile structure (b).

FIG. 3 Underwater absorption coefficients of the Woodpile structure LRSM.
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Abstract- We present the fabrication of an acoustic metasurface of thickness much smaller than the
wavelength, which, when placed in between water and air, enhances the transmission by more than
two orders of magnitude. This metasurface is a two-dimensional array of unit cells, each of which
consists of a thin cavity covered with five membranes. Experimentally we obtained about 40%
power transmission through the interface using the metasurface, which corresponds to an over 23.5
dB transmission enhancement.
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Abstract— Concentrating acoustic wave energy in tiny sub-wavelength regions is a subject of
much recent interest. One method for achieving this is the principle of extraordinary transmission, in which a resonant structure is combined with an aperture to achieve greatly enhanced
transmission. Here, we make use of acoustic Fabry-Perot resonances combined with surface-wave
resonances in a solid-solid structure to demonstrate bulk-wave acoustic extraordinary transmission. We show by simulation an enhancement in the acoustic amplitude transmission efficiency
up to ⇠20 times at GHz frequencies. Possible applications are in acoustic imaging or particle
sensing.

Acoustic metamaterials are artificial structures designed to manipulate the propagation of sound
in ways not possible in naturally occurring materials. One example is their use in extraordinary
acoustic transmission, the passage of more acoustic energy than expected through a small subwavelength aperture. This has been studied in liquid-solid and air-solid systems [1, 2], but not
for waves purely confined to solids. Here, by means of simulations, we investigate extraordinary
acoustic transmission (EAT) in a solid-solid structure at GHz frequencies.
Our structure is shown in Fig. 1(a), consisting of a two half-spaces made of tungsten joined by
a cylindrical pillar surrounded by a vacuum region. Tungsten is chosen because of its e↵ectively
isotropic acoustic behaviour. To enhance the EAT for incident plane longitudinal waves, we also
make use of a concentric structure of circular grooves, as shown in Fig. 1(a), by analogy with similar
geometries in optics. We consider three cases, one in which there are no grooves, one in which there
are grooves only on the input side, and one in which there are grooves only on the output side,
termed respectively the no groove case, the input-groove case and the output-groove case. The
output-groove case is only analysed qualitatively. The diameter of the pillar is 5 nm, and the
groove width and depth are both 5 nm. We adjust the pitch of the groove structure (p) and length
of pillar (L) to vary the resonant frequency of the surface-wave and pillar longitudinal resonances.
The central groove width is chosen to be 40 nm, measured from the outer diameter of the pillar.
Plane longitudinal bulk waves are impulsively excited on the input side, and travel towards the
output side. In order to evaluate the extraordinary transmission of longitudinal acoustic waves,
we make use of analysis regions for amplitude sampling that are disc-shaped (diameter 700 nm,
thickness 5 nm, and 200 nm before the pillar) on the input side and dome-shaped (inner and
outer radii 477 nm and 500 nm, and centred on the output end of the pillar) on the output side.
The volumes of these two regions are chosen to be the same. We obtain values of the amplitude
transmittance T (f ) by making use of the average values of the amplitudes Ain and Aout in these
regions at specific frequencies f . We then find, by analogy with the optical case, the EAT efficiency
⌘(f ) using the following equation:
D2
⌘(f ) = T (f )2 2 ,
(1)
W
where D is the diameter of the disc analysis region and W is the pillar diameter. In our case
D2 /W 2 = 196.
In the the case of no grooves, the EAT is expected to depend on the Fabry-Perot resonance of
the pillar at frequency fn ,
nvp
fn =
.
(2)
2L
Here vp is the wave velocity in the pillar, i.e. the longitudinal velocity of longitudinal acoustic
waves in a cylindrical rod, expected from literature values of density and elastic constants to be
4320 m/s for tungsten, and n is the mode number. In our simulations we choose L=50 nm. We

Figure 1: (a) Simulation geometry (all grooves shown). (b) Transmission efficiency spectra for the no groove
case (red line), input-groove case (blue line) and output-groove case (green line).

find f1 = 43.2 GHz from the simulations, indicating that vp = 4320 m/s as expected [3]. In the
case of grooves of pitch p being present on the input side, it has been observed that resonances are
introduced that depend on surface acoustic waves, for example at a frequency close to [1]
fgm =

mvSAW
,
p

(3)

where vSAW is the surface wave velocity, similar to the Rayleigh velocity 2468 m/s for tungsten
[4] and m is the mode number. We choose p = 40 nm corresponding to fg1 = 61.7 GHz for both
the input and output-groove cases. For the no-groove case (red line in Fig. 1(b)) peaks at integral
multiples of about 40 GHz are observed, similar to that expected from the estimated value of
f1 = 43.2 GHz. For the input-groove case (blue line), a smaller series of peaks is again observed,
this time at integral multiples of about 60 GHz, the first peak similar to that expected from the
estimated value of fg1 = 61.7 GHz. A particularly strong peak appears in the input-groove case at
f = 120 GHz. This frequency corresponds to n = 3 for the longitudinal resonance and also to a
surface-wave resonance, and the result is to enhance ⌘ by a factor > 10 to a value ⌘ = 21. For the
output-groove case (green line), we obtain a spectrum very similar to the no-groove case. Peaks
at integral multiples of about 40 GHz are observed, and they are not enhanced. We find that the
spectrum does not depend on the pitch of grooves. However, a comparison of the acoustic field for
the output-groove case and the input-groove case reveals that the wave patterns in the far-field are
modified by the output grooves. In the output-groove case, surface waves decay by radiation of
longitudinal waves, giving a strong amplitude perpendicular to the vacuum-solid surface.
In conclusion we have considered the case of extraordinary acoustic transmission in a solid-tosolid system. We chose the generic case of a cylindrical pillar connecting two solid half spaces. We
show that concentric grooves installed on the input surface can dramatically improve the transmission efficiency ⌘. Considerably enhanced values of ⌘ ⇠ 20 can be obtained by tuning the
surface-wave resonance to a Fabry-Perot longitudinal resonance of the pillar. In addition, we find
that the use of concentric grooves on the output side modifies the the transmitted acoustic waves
in the far field but not the transmission efficiency. This work should find future applications in
high-resolution acoustic imaging and nano-particle sensing.
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Abstract-We propose efficient generation of tunable optical band gaps through acousto-optic (AO)
interaction. The optical system proposed in this study consists of a thin dielectric slab coupled to a
metal surface with a nanoscale air gap in between and provides hybridization of highly guided
photonic–plasmonic gap modes squeezed in the air gap. Enhanced AO interaction occurs through
the disturbance of acoustic Lamb waves in the slab, strongly boosting the AO interface effect and
scattering the optical fields. As a result, wide optical band gaps are opened.
Acousto-optic (AO) interaction has been widely applied to processing light signal. High-frequency acoustic
waves modulate dielectric constants of media so that light can be manipulated [1]. AO interaction can also be an
effective contributor to scatter light to influence photon transport. In the past two decades, on the other hand,
formation of photonic band gaps (PBGs) in man-made periodic structures has received great interest. However,
most PBG materials were immutable while tunable PBGs by external fields were rarely demonstrated.
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Photonic-plasmonic hybrid system can lead to tighter spatial confinement of optical energy. Intriguingly, the
squeezing features can provide enhanced effects for strong modulation of light by AO interaction. The coupling
mechanisms contributing to AO interaction include photoelastic (PE) coupling as a volume interaction effect and
the coupling of acoustic field induced mechanical displacement of geometrical boundaries, which are referred to
as bulk and interface effects, respectively [2]. To the best of our knowledge, PBG in deep-subwavelength regime
opened by AO interaction is still lacking. In this study, we present dynamic modulation of hybrid optical modes
in a metal-air-dielectric system using Lamb waves. In the system, a nano air gap is inserted in between an Ag
substrate and a GaAs slab, and deep-subwavelength gap modes (TM modes) that hybridize plasmon and photon
energy yield to propagate. We show that the system excited with high-frequency Lamb wave eigenmodes in the
slab significantly enhance the AO interaction to open tunable PBGs for the squeezed hybrid gap modes.
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Figure 1. The upper and lower photonic band-edge frequencies of TM1 mode at first BZ boundary separated by the
acoustic (a) A0 and (b) S0 modes at acoustic phase Ωt = 0 as a function of air-gap width. (c) Intensity distribution of
electric field of TM1 mode at lower and upper edges disturbed by A0 and S0 modes.

We employ a finite-element algorithm in our computational work to deal with elasto-electrodynamics and
the AO coupling behavior. The computational procedure follows that the acoustic fields generate a time-varying
refractive indices and boundaries, and then effects of AO interaction on the optical fields are calculated in the
disturbed system. The interface and bulk effects are introduced by acoustic displacement and strain-optic relation,
respectively. The PE coupling and moving mesh technique are used to address the disturbed refractive indices
(bulk effect) and geometrical boundaries (interface effect).
We consider the TM1 mode at 193.4 THz and the lowest-order symmetric and antisymmetric eigenmodes
A0 and S0. On the basis of co-localization of the optical and acoustic fields, we then calculate the optical bands
in an acoustically disturbed system. Figure 1 shows the upper and lower photonic band-edge frequencies of TM1
mode at the first Brillouin zone (BZ) boundary opened by the acoustic A0 and S0 modes as a function of air-gap
width. The excited acoustic amplitude is 5 nm. It is observed that a narrower air gap produces a wider PBG by
the given acoustic fields because, in the narrow-air-gap regime, the interface variation significantly perturbs the
air-gap width, and the effect dominates the PBG opening. Reducing the air-gap width increases the PBG width
induced by the Lamb modes. Figure 1(c) shows the TM1 mode at lower and upper edges under the disturbance
of A0 and S0 modes. Figure 2 shows the calculated transmission spectrum and propagation decay of TM1 waves
passing through A0 waves. Obviously drop off in the PBG range appears at the first BZ boundaries (1.53–1.56
µm). High AO interaction efficiency prohibits the TM1 wave propagation within a 35 µm propagation length.
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Figure 2. (a) Transmission spectra of TM1 waves passing through A0 acoustic-wave trains composed of N = 20, 50,
and 100 waves propagating in the GaAs slab. (c) Transverse magnetic field Hx decay of TM1 waves, divided by the
incident intensity Hi,x, along the z-direction induced by the A0 Lamb waves (N = 100).

In conclusion, we studied the PBG opening in the deep-subwavelength regime through AO interaction. The
interface effect can be significantly boosted through an increased ratio of acoustic amplitude to air-gap width and
opens wide PBGs. Present study introduces the mechanisms for achieving strong AO and SPP/photon–phonon
interaction in deep-subwavelength structures and applications to tunable AO devices in nanometer scales.
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Abstract— This paper presents a multilayer harvester for acoustic energy transfer. A four
layer cantilever configuration is used to design the harvester with Aluminum, Silicon and Zinc
Oxide. The displacements of the cantilever is obtained through mathematical and simulated
analysis and found 5.5e-27 mm and -7e34 mm scale from simulation and mathematical modeling.
However, 1.1-4.0 mV output voltage is obtained by the cantilever from minimum finger pressing
on tip in open load mode.

1. INTRODUCTION

We propose a cantilever based harvester for acoustic energy transfer in this paper based on the
related research works [1, 2, 3]. The cantilever model is designed by following a four layer configuration using Aluminum, Zinc Oxide and Silicon. Zinc Oxide is used for the piezoelectric layer.
Top and bottom electrode layers are developed by Aluminum. The base layer is confirmed by
Silicon and the thickness is settled to 0.42 mm whereas all other 3 layers has 0.03 mm thickness
each. The length and width of the cantilever is 20 mm and 4 mm respectively. Hence, the total
device size is 20 ⇥ 4 ⇥ 0.51 mm3 . Air is used as the medium to analyze the displacement pattern in
simulated environment. The proposed and fabricated cantilever is presented in Fig 1. The scope
is limited to the study of the receiver end only. Section 2 and 3 presents the governing equations
and performances.

(1)

(2)

(3)

(3)

(4)

Figure 1: (1)Fabricated Cantilever 20 ⇥ 4 ⇥ 0.51 mm3 ; (2) Deposited Cantilever Layers: Side View; (3)
Deposited Aluminum Surface: Top Layer (13.801 microns)
2. GOVERNING EQUATIONS

The bending modulus per unit length for a piezoelectricnonpiezoelectric unimorph is given by [4],
D=

2 t4 + 2E E t t (2t2 + 2t2 + 3t t )
Ep2 t4p + Enp
p np p np
p np
np
p
np
12(Ep tp + Enp tnp )

(1)

Where, Ep and tp are the piezoelectric Young’s modulus and layer thickness; Enp and tnp for the
non-piezoelectric layers. Bending moments per unit length in the x and y directions resulting from

piezoelectic and non-piezoelectic layers for a four layer cantilever,
Mx,y,p =

2
Enp
t2np
ME2
(Enp tnp +Ep tp )2

and Mx,y,np =

Ep2 t2p
ME2 ;
(Enp tnp +Ep tp )2

Hence, Mx,y,p,np =

here, ME =

Ep Enp tp tnp (tp +tnp )
2(Ep tp +Enp tnp ) d31 E

3 3
3 3
3 Ep Enp tp tnp (tp +tnp )
2 (Enp tnp +Ep tp )5 d31 E

(2)

Here, d31 is the piezoelectric coefficient of the piezoelectric layer and E is the applied electric field.
Therefore, for a rectangular cantilever with Lx and Ly edges on x and y plane, the displacements
can be described as,
1 M0
[x(Lx x) + y(Ly y)]; where, M 0 = Mx,y,p (1 vp ) + Mx,y,np (1 + vnp )
4 D
Here vp and vnp is the Poisson ratio of the piezoelectric and nonpiezoelectric layers.
h=

(1)

(2)

(3)

(3)

Figure 2: (1)Displacements in Mathematical Analysis; (2) Displacements in Simulated Environment; (3)
Finger Pressure Generated Voltage
3. PERFORMANCE ANALYSIS OF THE CANTILEVER

Cantilever displacements is presented in Fig 2. Displacements in Fig 2(1) is calculated by applying
equation 3. Fig 2(1) shows, the displacements can be as high as -7e34 mm on the tip of the
cantilever and decreases with the occurrence length of the cantilever. Similar e↵ects are found from
the simulation as well with 5.5e-27 mm maximum deformation at the tip of the device, as depicted
in 2(2). This type of cantilever possesses less displacements and much force by nature, hence, the
displacements lie within the nanometer range. Additionally, the finger pressure generated output
voltages are found in 1.1-4.0 mV range. The findings are presented in Fig 2(3).
4. CONCLUSION

A multilayer energy harvester based on piezoelectric cantilever is presented in this paper. Cantilever displacements are presented and discussed along with the experimental validation. From
the findings, it is obvious that, the proposed harvester can produce voltage as high as 4.0 mV with
minimum finger pressure. The obtained displacements from the cantilever is low compared to the
conventional ones which lies within nanometer range due to the multilayer configuration. However,
it possesses significant energy density due to high stress and can be beneficial in acoustic energy
transfer and ambient vibration energy harvesting.
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Abstract
A novel concept of A0 Lamb wave mode focusing by piezoelectric array transducers is investigated. Instead of phased
array approach and beamforming at certain angle, focusing is performed at desired point. Due to dispersive nature
of A0 mode of Lamb wave direct implementation of such
approach would be ineffective. This problem is overcome
by pre-compensation of dispersion in excitation signals. It
means that broad band signal at excitation point will change
the shape during propagation so that it forms two cycle
Hanning windowed signal at certain distance. The designed
excitation waveform for each piezoelectric transducer in the
array is different and has embedded appropriate time delay
so that interference of waves occurs at desired focal point.
Developed technique could be useful for damage detection
purposes.

1. Introduction
Anomalies of propagating Lamb wave modes are used for
damage detection purposes. Lamb wave modes are excited and registered by array of piezoelectric transducers.
Some concepts of damage detection and localization algorithms are similar to radar. Thus, there have been attempt to
steer the array of actuators so that the wave will propagate
at certain angle. This principle is known as beamforming
and it is realized mostly as signal processing of appropriate
time delay of propagating wave packets [1, 2]. Moreover,
the beamforming algorithm is realized mostly only for receiving signal (sensing at different angles) and actuationsensing is sequential for the whole phased array. This is
because devices for multiple piezoelectric transducers actuation is expensive and complex in development. The other
idea of steering the waves at certain angle have been proposed by Salas and Cesnik [3]. They manufactured special
micro-device called CLoVER which is able to amplify amplitudes of Lamb waves at certain angles (the resolution of
the CLoVER is limited). Both mentioned methods relay on
extraction of wave packets related to reflections from damage. These wave packets are often dispersive and of low
time–space resolution so that it is difficult to obtain precise damage location. The proposed method uses dispersion compensation to improve resolution. Moreover, completely new approach of piezoelectric array steering is used

in which waves energy is not sent to certain angle but to
certain focal point.

2. The method for Lamb wave focusing
The proposed method is based on ideas given in [4, 5, 6].
It is desired that at selected distance L short time duration
signal f (t) will be obtained such as two cycle Hanning windowed toneburst centered at 100 kHz. This can be achieved
by applying at piezoelectric transducer specially designed
signals according to formula in frequency domain [6]:
G(!) = F (!) · e

ik(!)·L

(1)

,

where F (!) is the Fourier transform of f (t), k(!) is dispersion relation between wavenumber k and angular frequency
! of compensated Lamb wave mode and L is the compensation distance. The dispersion curve k(!) can be obtained
experimentally. The time domain designed waveform can
be obtained by the inverse Fourier transform of (1):
1
g(t) =
2⇡

Z

+1
1

F (!) · ei(

k(!)·L+!t)

d!.

(2)

For the given array of piezoelectric transducers and selected
focal point (see Fig. 1), distances between actuators and focal point are calculated (Li ). For each actuator excitation is
calculated according to formula (2). Since distance Li can
be different for each actuator also excitation signals gi (t)
have different form and have embedded time delay so that
they interfere at focal point after the same time. The precompensation concept is depicted in Fig. 2. It can be seen
that designed waveform in Fig. 2(a) applied to piezoelectric
transducer causes that the shape of wave packet is changing
with the time so that at 0.5 ms (see Fig. 2(d)) has a form of 2
cycle toneburst. Beyond that time the shape of wavepacket
changes again due to dispersive nature of Lamb waves.
The results of A0 Lamb wave mode focusing in the
form of full wavefield at the top surface of the plate are
presented in Fig 3. The excited wave is dispersed at the
beginning then it starts to form more compact waveforms.
Finally, at the desired location at the time 0.5 ms particular waveforms interfere giving strong amplification of wave
amplitude at focal point. The idea is that if at the focal
point is a damage it creates strong reflection. Since reflected
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Figure 1: Schematic diagram of piezoelectric transducers array and 20 mm long crack placement on 1 m by 1 m plate.
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Figure 2: Pre-compensation: (a) response at excitation point (the designed waveform), (b, c) responses between focus and
excitation point, (d) response at focus and (e,f) responses beyond focus.
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waves are dispersive the signals registered at sensor array
have to be post-compensated. Post-compensation of signals registered by sensors is done by using again eqs. (1)–
(2) but with positive sign in the exponent. Finally, postcompensated signals from each sensor are summed. The
energy value of resulting signal around the designed time
(0.5 ms in this case) is a damage indicator. The procedure
is repeated for different focal points in order to obtain damage map for the whole surface of the plate.

structures. Further studies will be performed experimentally in order to confirm the effectiveness of the method.
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3. Numerical results
The proof of the concept was conducted by numerical simulation using the time domain spectral element method. 12
piezoelectric transducers were modelled on the 1 mm thick
aluminium alloy plate of the size 1 m by 1 m. Transducers
were arranged in the form of two rows at the central part of
the plate. The distance between the transducers was set to
6 cm. Focal point was selected at coordinates (0, 0.25) m in
respect to the origin at the center of the plate (see Fig. 1).
Two cases were considered: undamaged plate and plate
with the damage located at the focal point. The signals registered at sensor array for the latter case are shown in Fig. 4.
Nothing particular can be said about these signals and it is
difficult to indicate a part of signal which corresponds to
damage reflection.
However, signal processing described in the previous
section connected with post-compensation and summation
of signal’s contribution from each sensor leads to clear
damage indication. The results for the damaged case and
undamaged case are presented in Fig. 5 and Fig. 6, respectively. The additional spike in signal caused by the
crack has comparable amplitude to the first incoming wave
packet. Additionally, it is much stronger than the following
part of the signal. It means that it is above certain noise
level and can be utilized as damage indicator.
The method can be a little bit modified by utilization of
weights assigned to sensors depending on the angle and distance in respect to focal point. Such approach can slightly
increase the amplitude of additional spike in signal caused
by a damage. The weighted approach is indicated in Fig. 5
by blue color.
The beauty of the proposed method is that it is very easy
to extract damage feature from the signal. It can be noticed
that the additional spike in the signal caused by the crack
is at around the time 0.5 ms which is exactly at the same
time as in case of designed pre-compensated signal forming 2 cycle toneburst (vide Fig. 2). It means that the time
of interest is known a priori and we can calculate signal’s
energy or maximum value from the interval around this particular moment of time as the damage indicator.
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Figure 3: A0 Lamb wave mode focusing at point (0, 0.25) in undamaged plate.

Figure 4: Array responses (only half of array i.e. no. 1-6 are plotted because of the symmetry).
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Figure 5: Post-compensated results for the damaged case.
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Abstract-It has been observed researchers use triangular bump which is generally called as baseline
shape to hide objects under it using Helmholtz resonator1 or membrane2 or such kind of
metamaterial for manipulating the reflected phase to cloak it. Our approach is to find the surface
impedance for a shape analytically and then using it for manipulating the phase to cloak the
obstacle. We have confirmed it by 2D numerical simulation.
For getting surface impedance we have mainly focused on the following three relationship:

Using the equations (i)-(iii), we have deduced the required surface impedance and using them, we have got
promising result for cloaking the triangular and dome type bump. The figures are given below:

Fig1.a: with wall only

Fig1.b: With the surface impedance on the bump

Fig1.c: with bump only

Fig2.a: with wall only

Fig2.b: with the surface impedance on the dome

Fig2.c: with dome only

If we see fig.1(a) and fig. 1(b), it can be seen that the wave pattern of both figure is similar though at fig1.(b),
there is an triangular bump. It seems from fig.1(b) as if the sound is being reflected from a plane wall. From
fig1.c, we can see the original scattering behavior of the sound as we didn't use the surface impedance for this
case. So, from those figure, we can realize that the bump has been cloaked. Similarly from fig2-(a), (b) and (c),
we can realized the dome shaped structure has also been cloaked by the same manner. The main feature of our
study is that as we can deduce the required surface impedance at first, have a choice to select a method to design
it such as Helmholtz Resonator or Membrane based structure and thus opportunity to cloak a variety types of
shapes. This study was done by COMSOL 2D numerical simulation. At next, we have a plan to do it
experimentally.
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Abstract- Compared with the core-shell and hollow nanoparticles, the yolk-shell nanoparticles
(YSNs) with the void space between the core and shell have attracted more attention because of
their appealing structures, tunable physical and chemical properties. Here, we tried to synthesis the
Fe3O4@void@Ag YSNs with removing the carbon shell of Fe3O4@carbon@Ag core-shell
nanoparticles (CSNs) by the calcination. The area of void space could be adjusted by the thickness
of the carbon shell of the Fe3O4@carbon@Ag CSNs.
The interspaces provide the place not only for the cores to be freely movable, but also for the storage of
the chemicals. Combined with the functional shells, they can endow the YSNs some new properties, and
thus render them appealing for more applications, such as nanoreactors, biomedicine, lithium-ion batteries,
and photocatalysis1-6.In the past decade, most researchers focus on the synthesis of YSNs with the
template-assisted selective etching approach, however, this approach showed some defects, such as
environmentally unfriendly features, low efficiency and complicated processing steps.
Currently, magnetoplasmonic (MagPlas) nanoparticles have attracted more and more attention because
of their remarkable combination of the functional natures of magnetic and plasmonic optical property.
Fe3O4@Ag CSNs, which is one of the representative MagPlas NPs, have been applied in many fields.
In this study, we challenged to fabricate the Fe3O4@void@Ag YSNs with a feasible method, which
will display better properties than the CSNs. Firstly, the Fe3O4@carbon@Ag CSNs were synthesized by
the menas of step by step. Secondly, the obtained Fe3O4@carbon@Ag CSNs were calcinated by the tube
furnace in the pure air atmosphere, which could remove the carbon shell. Finally, we could get the
Fe3O4@void@Ag YSNs. This approach to the synthesis of Fe3O4@void@Ag YSNs exhibited some
distinguished advantages. It avoided using the environmentally hazardous alkali, and the synthetic process
was simple and feasible. By the control of the synthesis of carbon shell, we could easily acquire the
Fe3O4@carbon@Ag YSNs with different void spaces. Hence, the novel Fe3O4@void@Ag YSNs would
obtain more application in many fields.
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Abstract- The expansion of the graphene family by adding silicene, germanene, and stanene opens
a promising platform to probe the complex interplay between topology, photonics, and 2D Dirac
materials. In this work we investigate the behavior of the photonic local density of states close to
buckled materials and show that it can undergo various phase transitions and present topological
behavior, all enabled by the rich electronic phase diagram of the graphene family.

In the last few years, notions of topology have been applied to both electronic and photonic systems, opening the
field of topological quantum materials [1, 2] and uncovering a myriad of novel effects in classical optics [3, 4].
Even more recently, the expansion of the graphene family by adding silicene, germanene and stanene (2D
allotropes of Si, Ge, and Sn) [5], has led to the discovery of various Hall transitions involving the complex
interplay between topology, electronic phase transitions, and spin-orbit coupling in such systems. These new 2D
van der Waals materials have a layered honeycomb structure similar to graphene, but the two inequivalent atoms
in the unit cell are arranged in staggered layers (Fig. 1a) due to strong sp3 bonding. Owing to their heavier
constituent atoms such materials have an intrinsic spin orbit coupling that opens a small gap in the electronic
band structure. Under the presence of a static electric field Ez and a circularly polarized laser of coupling strength
Λ, the mass gaps of each Dirac cone can be controlled individually and the material can be driven through
several topological phase transitions, as shown in the phase diagram in Fig. 1b [6]. Recently we discovered
that graphene family materials give origin to Casimir force phase transitions [6].
In this work, we exploit the rich and unique optical properties of the graphene family to examine topological
phase transtions in the photonic local density of states (ph-LDOS). The ph-LDOS is a key quantity in the
description of the electromagnetic field at the nanoscale, which encodes spatial, spectral, coherence and
polarization properties of light. Besides, the ph-LDOS is known drive basic processes in quantum
electrodynamics, such as fluorescence, thermal absorption and emission. We show that, in addition to doping,
the external static electric field and circularly polarized laser provide extra degrees of freedom to efficiently
manipulate the ph-LDOS at the nanoscale. It is shown that the behavior of the ph-LDOS as a function of Ez and
Λ resembles the electronic phase diagram of the graphene family materials, with the ph-LDOS being largely
enhanced close to phase transition boundaries (Fig. 1c,d). While topology effects are subdominant in the
near-field electric ph-LDOS, we discover that the magnetic ph-LDOS presents signatures of the Chern number
of each phase of the material.
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Fig. 1: Topological phase transition in the photonic local density of states. (a) Top view of the hexagonal
lattice structure of the graphene family. The red and blue colors represent the two inequivalent atoms in the
structure. While graphene has a planar atomic configuration, silicene, germanene, and stanene have a finite
staggering 2l. (b) Phase diagram of the graphene family materials under the influence of a static electric field Ez
and a circularly polarized laser of coupling stregth Λ. The Chern number C is shown for each phase and λSO is
the spin-orbit coupling energy. Panels (c) and (d) depict the phase diagram of the electric and magnetic
components of the photonic local density of states (normalized by the free space ph-LDOS) near a neutral layer
from the graphene family. The distance to the layer is d = ℏc/50λSO, and the frequency ω = λSO/10ℏ.
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Abstract Combining tip-enhanced Raman and photoluminescence with active atomic force tip
interaction, we nano-image the exciton behavior associated with defects, grain boundaries, and
local strain. Based on exciton-plasmon coupling we achieve a ~105-fold enhancement of
photoluminescence yield. This hybrid tip-enhanced nano-spectroscopy and -imaging method also
enables to probe and control neutral-, multi-, localized-, and dark-excitons at room temperature.
Since the electronic properties of monolayer (ML) transition metal dichalcogenides (TMDs) are strongly
influenced by defects and strain, we present a new hybrid nano-optomechanical tip-enhanced spectroscopy and
imaging approach combining nano-Raman (tip-enhanced Raman scattering, TERS), nano-PL (tip-enhanced
photoluminescence, TEPL), and atomic force local strain control to investigate the excitonic properties through
exciton-plasmon coupling [1]. Fig. 1a shows a TEPL image of the as-grown ML WSe2 resolving
exciton-quenching (47%) at twin boundary (TB) due to nonradiative recombination from midgap states of
defects. Given the only atomic-scale dimensions of the TB, the spatial scale of PL quenching (~25 nm) could be
associated with the exciton diffusion length. From controlled tip–sample nano-mechanical force interaction we
can tune the bandgap reversibly (up to 24 meV) and irreversibly (up to 48 meV) through local nanoscale strain

Fig. 1. (a) TEPL spectra and image of the as-grown ML WSe2 at crystal face and twin boundary regions. (b) Evolution of
TEPL spectra with increasing compressive force by the tip, giving rise to a release of the tensile strain of the crystal.
Bottom: far-field reference PL spectra for the as-grown (red) and transferred (blue) ML WSe2. TEPL spectra for various
spots (c), and TEPL composite images for the integrated intensity of X0 (725-760 nm, (d)) and XL (810-850 nm, (e)).

engineering (0–1%) as shown in Fig. 1b. This allows to actively control the PL energy and quantum yield of
nanoscale defects. Further, we achieve a ~105-fold enhancement of PL for a ML WSe2 on the SiO2/Si substrate
as a result of resonant excitation by in-plane local plasmon field, the enhanced radiative decay rate in quantum
emission through the Purcell effect, and optimization of the exciton-plasmon coupling strength to suppress
exciton-quenching. TEPL also enables to observe trions (XT), bi-excitons (XX), and localized excitons (XL)
signatures even at room temperature (Fig. 1c). These assignments are confirmed by the peak energy difference
with neutral exciton peak, and power dependence of PL peak intensities. These plasmon coupled new excitonic
properties allow us to investigate spatial local heterogeneity of XL modes with ~10 nm spatial resolution. As can
be seen in Fig. 1d-e, XL modes concentrate in the vicinity of the crystal edges in contrast to X0 modes associated
with the density of structural defects.

Fig. 2. (a) Tip-sample distance dependence of TERS and TEPL of a ML WSe2 on the Au substrate. (b) Peak intensity
dependence of TERS (273 cm-1) and TEPL (X0), and peak position and linewidth dependence of TEPL response with
respect to the tip-sample distance, derived from (a). (c) Schematic illustration of an optical transition of dark excitons at the
K point of WSe2. (d) Normalized PL spectra for the tip-sample distances of 20 nm (blue) and 1 nm (red), and their intensity
difference (green) exhibiting peak energy of dark excitons.

We then transferred the sample onto a Au substrate to induce a strongly confined out-of-plane optical field to
a ML WSe2 from the plasmonic nano-gap. As shown in distance-dependent spectra (Fig. 2a), the TERS response
is significantly enhanced at <5 nm, while the exciton-quenching sets in, as expected. An associated linewidth
increase is observed in this regime with significant spectral redshift (Fig. 2b), in contrast to the sample on the
SiO2/Si substrate. We believe the plasmonic tip-sample coupling facilitates transition to intra-valley excitons
degenerated in a lower-lying conduction band, i.e., nominally spin-forbidden dark excitons (XD), as illustrated in
Fig. 2c. To estimate an energy gap of dark excitons, far-field PL (d = 20 nm) and TEPL (d = 1 nm) spectra are
normalized and their spectral difference is plotted as shown in Fig. 2d. The energy splitting of bright/dark
excitons is estimated to ~44 meV, which is comparable to results from recent report at low temperature [2].
In summary, we demonstrate the tip-induced manipulation of excitonic properties of ML WSe2 from active
control of the exciton-plasmon coupling. We expect that this new approach broadens the opportunities for
applications of TMDs in novel photonic and optoelectronic devices.
Acknowledgements, Funding was provided by the U.S. Department of Energy, Office of Basic Sciences,
Division of Material Sciences and Engineering, under Award No. DE-SC0008807.
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Abstract-Graphene has many exceptional properties such as electrical and optical properties.
Therefore, it has attracted attention for applications in electronics, optics and THz technology. The
purpose of this work is to study the sensitivity of a composite material made of graphene
sandwiched between two layers of dielectric materials. The top layer is linear dielectric and the
substrate is nonlinear dielectric. The results will be presented.
Graphene is a two-dimensional crystalline material in which the carbon atoms are arranged in a hexagonal
lattice. For this reason, Graphene has particular electronic properties since every carbon atom attached to other
atoms by tough sp2 hybridization. This material has a little overlap between valence and conductance bands;
furthermore, high density of electrons or holes can be stimulated by gate voltage applications. In graphene,
electrons interact with the hexagonal network; consequently, the electrons act as massless particles. They are
named Dirac fermions since they are described by the Dirac equation. The Dirac fermions in graphene can be
controlled by electromagnetic fields because they transmit one part of electric charge.
A substantial amount of research are conducted on graphene, which has versatile applications. Papasimakis
et al. (2010) proposed a structure comprised a monolayer graphene placed on a metamaterial. They showed that
the graphene improved the metamaterial sensitivity indicating that the structure is viable for optical sensing.
El-Khozondar et al. (2017) studied the sensitivity of a composite material made of single graphene layer
cladded by dielectric and metamaterial. The concluded that the sensitivity depends on the metamaterial
parameters.
We propose to study a graphene layer coated by two dielectric media. The crowned dielectric has a linear
permittivity ε2 and the underlying nonlinear material has permittivity εNL= ε1 +χ3 |E|2. The incident TE waves are
considered constant in the y direction.
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Figure 1. Graphic of a graphene sheet surrounded by linear and nonlinear dielectric media.
The dispersion equation of nonlinear surface polaritons is given by,
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where σo = π e2/(2h), e is the electron charge, γ is the relaxation rate and EF indicates for the Fermi level. The
sensitivity is defined as the variation of the propagation constant kx with respect to linear permittivity ε2.
Therefore, differentiating Equation (1) with respect to linear permittivity ε2, we get the following expression for
sensitivity,
2
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Sensitivity in equation (6) depends on the nonlinearity, which make it possible to tune it by changing the
field strength. It also depends on ε2. Therefore, our proposed sensor is capable to detect environmental changes
at the cladding area.
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Abstract – Plasmonics is widely considered to be a promising candidate for the next generation of
chip-scale platforms. However, it is based on noble metals, which are incompatible with the
industry-standard manufacturing processes. Here, we demonstrate both experimentally and
theoretically that copper can efficiently substitute gold in plasmonic devices and open the prospects
for commercialization of plasmonic technologies.
Metal is the essential part of plasmonic and metamaterial devices and components. It gives the
possibility to confine light to a space much smaller than the light wavelength and enhance light-matter
interaction. However, the performance of metal-based plasmonic devices is severely limited by ohmic
losses in the metal, which are determined by electron scattering. For this reason, the most widely used
metals in plasmonics are gold and silver due to their exceptional electron conductivity. However, it has
been recently reported that thick copper films can exhibit optical constants better than that of gold
[1,2], which casts doubt on the previous studies.
In this work, we explain these unexpected experimental results. Furthermore, we have developed a
deposition process which gives the possibility to fabricate ultralow-loss thin copper films whose optical
properties are superior to gold even at very low film thicknesses (Figure 1a). We have found both
theoretically and experimentally that optical properties of copper films are mostly governed by their
structural morphology. In turn, the structural morphology is determined by the fabrication process
and by the film thickness (see Figure 1). Our findings demonstrate that by controlling the structural
morphology in the deposition process, it is possible to greatly decrease ohmic losses in copper and
design ‘gold quality’ plasmonic devices for diverse practical applications.

Figure 1. (a) Spectral dependence of the imaginary part of the dielectric function, which is
responsible for ohmic losses, for the as-deposited copper films and the data from Johnson and Christy
[3] and Palik [4]. Despite that the fabrication process was absolutely the same for all samples, the
structural morphology of the obtained films is different, which results in different optical properties.
(b,c) Surface morphology for two copper films of different thicknesses fabricated in same technological
process. The grain size for the 200-nm-thick film (panel c) is much larger than for the 20-nm-thick film
(panel b), so is the surface roughness.
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Abstract-We prepared MoS2 layers on SiO2/Si nanocone (NC) arrays and investigated their
characteristics. The NCs strongly concentrated incoming light at the surface and increased optical
absorption of the MoS2 layers in broad wavelength range. Finite-difference time-domain
simulations were performed to explain the experimental optical properties of the MoS2-NC
integrated structures. The influences of the enhanced absorption on the reflection,
photoluminescence, and Raman spectra were investigated.
There has been growing research interest in 2D atomically thin semiconductor, MoS2, of which physical
properties are very distinct from those of conventional 3D semiconductors. MoS2 has a sizable band gap (1.2 ~
1.8 eV), which has stimulated active research efforts to realize 2D optoelectronic devices. Extremely small
thickness of a few atomic layers, however, limits the optical absorption in MoS2 despite its very high absorption
coefficient. Many researchers have attempted to improve the optical absorption in MoS2 based on plasmonic
effects and interference. In this work, we fabricated integrated structures consisting of 2D MoS2 layers and 3D
SiO2/Si nanocone (NC) arrays, where the MoS2 layers were synthesized by chemical vapor deposition method.
The periodic arrays of NCs concentrated incoming light near the surface with the help of Mie resonance,
multiple reflection, diffraction, and interference. Consequent enhanced optical absorption raised
photoresponsivity (R) of MoS2-NC structures in broad wavelength range: R of the MoS2-NC structure at
wavelength of 532 nm was almost an order of magnitude larger than that of the planar counterpart [1]. Further
optical characterizations, such as photoluminescence and Raman measurements, were performed to investigate
the influence of the surface concentrated light on the optical properties of the MoS2 layers on the NC structures.
This work demonstrates that the 2D MoS2 and 3D NC integrated structures could provide a useful means to
achieve high-performance optoelectronic devices.
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Abstract-We demonstrated that the strong coupling between WS2 excitons and plasmonic gold
nanoholes. By transferring monolayer WS2 onto the Au nanoholes fabricated by focused ion beam
technique (FIB), a hybrid two dimensional optical system has been achieved. Rabi splitting was
observed by measuring scattering spectra from the hybrid system. A Rabi splitting of 162 meV is
observed at room temperature for this system. Furthermore, the coupling strengths can be tailored
by changing the diameter of the hole.
Among the various two-dimensional atomic crystal materials, transition metal dichalcogenides (TMDs),
which changes from an indirect to a direct band-gap material when passing from multilayers to a single−layer,
have raised much attention in the past five years. On the other hand, tailoring the light−matter interactions from
weak to strong coupling regime can endue with a variety of novel physical phenomena, which forms the basis
for realization of high performance optoelectronic devices. Metal nanostructures exhibit exceptional
electromagnetic field localization due to their surface plasmonic characteristics, which make them excellent
platform for achieving strong coupling at room temperature.[1] In the strong coupling regime, upon light
irradiation, the electromagnetic coupling between exciton−plasmon yields a hybrid state consisting of two
spectrally separated energy bands. The energy separation between these two bands i.e., Rabi splitting energy,
was used to measure the coupling strength between the exciton and plasmon.[2] Although such a strong coupling
behavior has been reported in the MoS2 coupled with metal nanostructure arrays,[3] studies using WS2 which
exhibit larger exciton binding energy remained unexplored.[4]
In our study, a hybrid system composed of a monolayer WS2 and plasmonic gold nanoholes was explored to
demonstrate the strong coupling effect. We showed from both of the experiments and numerical simulations that
the Rabi splitting can be obtained between the WS2 excitons and plasmons supported by the gold nanoholes. By
changing the diameter of the nanohole, we were able to tailor the coupling strengths facilely. The charge density
distributions of a single nanohole coupling with exciton were also studied by a finite-difference time-domain
(FDTD) method.
In summary, we have proposed a strong coupling system by integrating the monolayer WS2 with plasmonic
gold nanohole arrays. The coupling strengths can be tailored by tuning the diameter of the nanohole. At lager
diameters, charge density distributions were observed to form more circular interference fringes due to the strong
coupling process. We strongly believe that such a system can open new avenues to manipulate the light−matter
interactions at the nanoscale.
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Abstract- Here we report the study on the surface phonon polaritons (SPhPs) in a representative
layered oxide crystal, orthogonal molybdenum trioxide (α-MoO3). The ultra-confined SPhPs waves
resulted from the coupling of IR light and optical phonons of α-MoO3 were launched, detected, and
imaged in real space. Our results suggest α-MoO3 as a new platform for studying on novel regimes
of light−matter interactions and the future nanophotonic devices.

Polaritons, the hybrid electromagnetic modes, can offer efficient approach towards subwavelength light
trapping and manipulating, which therefore open up new avenues for enhancing light−matter interactions at the
nanoscale. In recent years, van der Waals (vdW) layered materials are demonstrated to support a variety of
polaritons, which have attracted enormous interests from the nanophotonics community due to their high degree
of confinement compared to other materials systems [1][2]. To date, vdW materials such as graphene, hexagonal
boron nitride (h-BN), tungsten diselenide (WSe2) supporting different types of polaritons have been theoretically
and experimentally demonstrated by different groups [3-6].
Polar dielectrics can on one hand sustain polaritons (for example, phonon polaritons in h-BN) with
confinement comparable to other counterparts (such as plasmon in graphene), and on the other hand offer lower
optical loss and higher quality factor. As an expected member of vdW 2D materials, 2D oxides such as α-MoO3
with rich infrared active optical phonons may lead to the polaritonic functionalities similar to that in h-BN. On
one hand, α-MoO3 is thermally stable and less susceptible to air, making it a potential polaritonic materials with
high stability. On the other hand, it tend to react with minority chemicals such as hydrogen and some metal ions,
this may benefit the active tuning of polaritons that are limited in the present platform such as h-BN. However,
the study on polaritons in 2D oxides have not yet been explored.
In this study, By using scattering-type scanning near-field optical microscopy (s-SNOM), the low-loss
ultra-confined SPhPs waves resulted from the coupling of IR light and optical phonons of the α-MoO3 were
launched, detected, and imaged in real space. Our results demonstrated that the α-MoO3 exhibit natural
hyperbolicity results from the strong dielectric anisotropy, where the in- and out-of-plane permittivities have
opposite signs. The highest electromagnetic confinement on one hand can reach ~ 10−2 λ0 which is comparable to
those in other materials such as grapheme and hexagonal boron nitride, and on the other hand, can be tuned by
altering the thickness of the α-MoO3. Due to the orthogonal lattice structure, the SPhPs in our specimen also
showed in-plane anisotropic propagation along different crystalline directions. We further experimentally
demonstrated the active controlling of the propagation of SPhPs by applying the facile chemical doping manner.
In this manner, metal atoms are intercalated into the gap between adjacent α-MoO3 layers, resulting in a

reversible lattice disorder, and therefore the annihilation of surface wave.
In summary, We studied the surface phonon polaritons in the layered α-MoO3 crystal using near-field optical
microscopy. Our results suggest the natural optical hyperbolicity of the α-MoO3 crystal resulted from the in- and
out-of-plane dielectric anisotropy. We also demonstrated the tailorable spatial confinement and active
controlling of the SPhPs in the α-MoO3. We believe that our results can offer new avenue for research on 2D
oxides and offer guidelines for exploring new 2D polaritonic materials.
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Abstract-We demonstrate that multi-walled carbon nanotubes (MCNTs) highly aligned on a Ushaped polyethylene reel exhibit distinctly anisotropic terahertz (THz) responses. For THz
polarization parallel to the MCNTs axis, strong THz pulses induce nonlinear absorption in the
quasi-one-dimensional conducting media, while only linear effect is observed in the perpendicular
polarization configuration. A theoretical analysis of transmitted THz pulses measured in THz timedomain spectroscopy (THz-TDS) reveal that intense THz fields enhance permittivity in carbon
nanotubes by generating charge carriers.
The high responsivity of CNTs to THz electromagnetic wave which has the spectral regime where photonics
and electronics encounter creates great potential for a wide range of applications, including ultrafast nanophotonics1 and electronics2. Recently, high-ﬁeld electron dynamics become important when CNT devices shrink
to nanometer dimensions, where operating frequencies are in the THz range and internal electric ﬁelds exceed
100 kV/m. It is, however, rarely studied how electrons in CNTs behave in the presence of strong THz ﬁelds.
In this summary, we present an experimental study3 based on a nonlinear THz transmission spectroscopy
performed to investigate THz responses of free-standing MWNTs sheets drawn from the CNT forest4
synthesized by catalytic chemical vapor deposition (CVD). We generate strong THz pulses (!!"# ≥ 1.0MV/cm)
via optical rectiﬁcation of femtosecond laser pulses with titled pulse front for phase matching between optical
and THz pulses in LiNbO3 crystal5 and detect THz pluses transmitted through the four samples of which areal
density is proportion to the deposition number Nw (=2, 5, 10 and 20) on the PE reel, using a liquid-He cooled
Si:Bolometer and electro-optic (EO) sampling with a 1-mm ZnTe crystal. When the THz polarization is aligned
parallel to the MCNTs axis, THz response of the samples is significantly stronger than that of the perpendicular
conﬁguration (Fig1. a-i & ii): The parallel absorption coefficient is 0.47 per deposition and the normalized
di erential transmission (∆T/T) exhibits a larger change for higher nanotube density, while the perpendicular
absorption coe cient is 0.024 per deposition and ∆T/T is almost zero. To better understand the THz induced
nonlinear e ect for the parallel polarization conﬁguration, we extract the complex refractive indices, ! ! =
!!" + !"!" , of the MCNTs samples from the transmitted THz waveforms measured in THz-TDS using the
Fresnel transmission coefficient of a layer3, ! ! , and an optimization protocol (Taylor approximation and
Hessian matrix, and the deviation of the theory),3,6 . We ﬁt the results to the relative permittivity of a conducting
medium based on Drude model:

ε! ! = ε! −

!! !
!!
+!
= !(!)!
ε!
ε! !

(1)

where !! is the contribution from bound electrons, τ is the scattering time (τ ≪ ! !! ), and !! is the DC
conductivity of MCNTs. As shown in Fig1.d-iii, the conductivity of the low density sample (Nw =2) increases as
the ﬁeld strength increases, where the e ect of the carrier generation dominates that of the scattering time
reduction. In the high density samples of Nw =5 and 10, the reduction of the conductivity at the high ﬁeld
strength suggests that the scattering rate becomes much higher than the carrier generation rate.

Figure1. THz transmission for THz polarization (a-i) perpendicular / (a-ii) parallel to MWCNT axis measured by a Si:Bolometer. (b-i, ii,
& iii) transmitted THz waveforms measured in THz TDS, (c-i, ii, & iii) relative permittivity of MCNTs, and (d-i, ii, & iii) dielectric
constant and conductivity depended on Nw =2, 5, 10 and 20 (Transmission through the !! = 20 sample is too low to acquire meaningful
data)

In conclusion, strong THz pulses give rise to highly anisotropic linear and nonlinear responses in
freestanding MCNTs. In particular, intense THz ﬁelds induce large nonlinear absorption for the polarization
parallel to the CNT axis, while no nonlinear response is observed in the perpendicular case. A theoretical
analysis based on the Drude model suggests that strong THz ﬁelds enhance the permittivity of the MWNTs (Fig1
c-i, ii, & iii) inducing strong nonlinear electron dynamics.
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Abstract
A unique two-stepped combination of chemical and
microwave reduced method successfully synthesizing the
high performance of graphene antenna. The antenna
recorded ultra-wide band radiation frequency of 2.5 GHz
until 12.2 GHz with high energy produced of 5.5dB to
14.5dB. Small dimension of 90 mm × 45 mm made the
antenna suitable enough to be applied and integrated in
microwave related system. Most importantly, the measured
and simulated results are within in acceptable similarity.

1. Introduction
Graphene is the promising radiating material for the sensor
for cancer detection purpose [1]. Since graphene is very
expensive to buy, having reduced graphene oxide originated
from cheap graphite which has almost the same
performance with pure graphene is the ultimate solution for
that particular matter. Graphene oxide, a derivative of pure
graphene loses most of its electrical conductivity properties
during oxidation process. In order to restore back its
electrical conductivity, special reduction procedures need to
be done [2].

2. Antenna Design and Structure
Two unique methods using a two stepped chemical and
microwave method to reduce the graphene are done for that
purpose. Figure 1 shows reduced graphene oxide (RGO) in
liquid form. It has conductivity of 3.38 × 107 s/m,
resistivity of 2.01 × 10-3 Ω.m, voltage of 0.2 V and current
of 9.48 × 10-1 I. Test have been done using Four Point
Probe device. Meanwhile figure 1 (c) and (d) show antenna
views from front and back respectively.

(a)

(b)

(c)

(d)

Figure 1: (a) Graphene in liquid form, (b) Four Point Probe,
(c) Graphene antenna front view, (d) back view.

3. Discussion
The most intensive peak at 26.60 is recorded by pure
graphite [3] as shown in figure 2(a) for XRD pattern. Due to
oxidation reaction, the characteristic peak for graphite
becomes broader and shifts toward 12.70. However, XRD
pattern for RGO display an increasing broader peak which
reveals the disappearance of multilayer structures and the
formation of graphene single sheets [4] where the broad
hump at 2θ = 20-300 indicated the smaller sheet size and an
amorphous structure as shown in figure 2(b). The twostepped processed product for RGO exhibit adequate
reduction as seen in other reduction methods [5]. Figure 3
(a) and (b) show the overall performance of the graphene
antenna.
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As conclusion, high performance grapheme antenna has
been successfully realized. A unique combination of twostepped utilized in synthesizing RGO as the radiating
element of the antenna. Low cost RGO synthesized
recorded similar characteristic of pure expensive grapheme.
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Figure 2: XRD pattern for (a) graphite, (b) graphene oxide
and reduced graphene oxide
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Abstract
Fabricated Polydimethylsiloxane Magnetite graphene
detector successfully detecting brain cancer using SAR
measurement. Combination of fabricated PDMS Ferrite as
the substrate and graphene sheet as the radiating element
realize the ultra-wide band radiation (2.5 GHz-11.2 GHz)
with high energy (2.5dB-11.7dB) in microwave frequency
ranges. Amount of energy absorbed by the human brain
indicated the present of tumor. Human brain with cancer
absorbed more energy and recorded higher SAR value (3.98
W/kg) compared with brain without tumor (2.28 W/kg).

1. Introduction
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 [1]. 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 [2]. 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 [3].
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 application of magneto-dielectric substrate for UWB
antennas in term of its performance such as mutual
coupling, correlation coefficient and diversity gain.
Recently, graphene as the radiating material has gained
much interested among the communication device
community.
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 (108).

2. Substrate Design and Structure
Figure 1(a) shows the geometry of fabricated new
Polydimethylsiloxane Magnetite graphene detector for front
view and 1(b) for its gain and reflection coefficient (S11).
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PDMS is used due to its unique characteristics especially
low permittivity, mixable with other inclusions, flexible,
transparent, thermally stable and water resistant [4]. In
addition, until now there is yet an investigation in exploring
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Figure 1: (a) Fabricated PDMS Graphene detector structure,
(b) Detector performance in term of gain and S11

3. Discussion

References

The detector is placed 10 mm away from the multilayer
human head phantom as the ideal distance to have
maximum energy absorption. The detector 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
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Table 1: SAR measurement result
1
2
3

Without Tumor
(W/Kg)
0.984
1.218
1.439

With Tumor
(W/Kg)
1.563
1.889
2.511

4

2.284

3.984

Scanned Area

5
6
7
8
9

1.767
1.102
1.167
1.201
1.323

1.893
1.748
1.951
1.605
1.700

Difference
0.579
0.671
1.072

1.702
0.126
0.646
0.784
0.404
0.377

Figure 2: Measurement setup for SAR measurement

4. Conclusions
As conclusion, the detector 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-11.7dB) with wider operated
frequency (2.5 GHz-11.2 GHz) due to the presence of
grapheme as the radiating material and PDMS-Ferrite as the
substrate for the detector. 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 (3.98 W/kg) compared with human brain without
tumor (2.28 W/kg).
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Abstract
In the next generation of mobile communication, fifth
generation (5G) will come up with higher frequency band.
However, this situation affected reducing antenna size
which is more difficult to manufacture especially when
using conventional copper as radiating or receiving element.
Hence, conductive graphene ink is introduced for smaller
antenna and screen printing fabrication. From this
conductive ink and approach used, 1 GHz impedance
bandwidth is obtained at 15 GHz. The simulated gain
achieved is 2 dBi and antenna efficiency is about 80%.

1. Introduction
In every 10 years, communication technology changes from
one generation to next generation. Each generation has its
own features, improvements and beneficial for mankind.
Now, 5G is expected to be a phenomenon in year 2020 at
once to overcome the lack of the previous features. In
addition, by considering the statements in [1], the spectrum
of 5G is above 6 GHz by the time we still do not rule out
the statement as reported in [2].
In the latest 4G technology, multi input multi output
(MIMO) system is exploited because it has the potential of
large capacity gain [3] by enlarging the array of antenna.
But in 5G case, enlarge the array of antenna contributes to
the increasing of antenna size and then consume extra
circuitry area for a particular application. In contrast to
small antenna, when it comes in complex design and small
element, it cannot be fabricated by copper on Flame
Retardant-4 (FR-4) and Rogers easily. Even though the
copper possess outstanding conductivities but it is easily
oxidized [4]. While silver nanoparticle are popular but it is
expensive [5]. Besides, [6] added the increasing printed
circuit board (PCB) thickness exceeding 1 mm will directly
related to the rising production cost and bulkier design.
Regarding to this situation, the alternative way to
manufacture smaller antenna size is by proposing
conductive ink as radiating or receiving element and screen
printing as the suitable fabrication process. Graphene has
ideal properties to be an excellent component of radio
frequency integrated circuit (RFIC) [7]. Besides, conductive

graphene ink provides chemical stability and flexibility [5],
the dimension can be up to centimeter [8], which it is a
promising candidate to decrease the antenna size [9] and it
is labor-intensive sample preparation compared to the
conventional copper [10]. It has lower resistance and
inductance caused by its thickness effect [10] where the
thickness of graphene in the range of several nanometer.
High speed also can be achieved due to special energy band
structure and ultrahigh electron mobility in graphene [9].
Hence, several study has been done on graphene ink
antenna in order to observe the antenna performance at Xband [5] is, and at lower frequency [11]-[13], respectively.
However, very low gain is the main drawback of proposed
antenna.
Recently, graphene based antenna employing graphene
conductive ink can be achieved through doctor-blading
[14], inkjet printing [15], rolling compression method [5]
and others. The screen printing technique is proposed
because of its simplicity, scalability, environment-friendly
process, cost effective and good accuracy [16] on the
printed design pattern. It also one of the most versatile and
fast [17]. Screen printing is a mass-printing method realized
by pressing an ink through a patterned stencil with a
squeegee [18]. It has been widely employed for electronics
and compatible with a wide variety of functional inks and
substrates [18]. Furthermore, it can be used in fine
patterning with less than 60 µm of multilayer
interconnection in integrated circuit but not suitable for thin
film which less than 100µm thickness.
Further details, part 2 will explain the antenna design
and its specifications. The screen printing process also was
presented to produce the antenna made by conductive
graphene ink. Then in part 3, the simulation and
measurement result of reflection coefficient magnitude,
bandwidth, radiation pattern, gain and antenna efficiency
are presented and discussed.

2. Antenna design
The single antenna size consists of its length and width is
11.8 mm and 12.2 mm, respectively. It consists of radiator
or receiver element with rectangular shaped of 6.8 mm
width and 7.2 mm length, respectively. Then the antenna is

fed by a 50 Ω coplanar waveguide (CPW) with full ground
which has chamfer on both side of 1 mm. The gap between
ground and transmission line is about 0.08 mm. Figure 1
shows the dimension of graphene antenna. CPW feed is
chosen because of its simplicity and ease of fabrication
during screen printing process as the radiator or receiver
element and the ground plane are printed on the same
surface of substrate [19]. The antenna is designed at
frequency of 15 GHz. The conductive graphene ink
purchase from Sigma Aldrich and characterize with
conductivity, σ of 33333.33 S/m with thickness of 0.1 µm,
respectively. The substrate used in this work is Kapton
polyimide film with dielectric constant, ε r of 3.5, loss
tangent, δ = 0.002, and 0.075 mm thick, respectively.
Screen printing is used to print conductive graphene ink
onto a Kapton substrate with simulated design pattern and
then the sample is cured for 20 minutes at 250°C. During
curing condition, the high temperature does not destroy the
Kapton substrate since its maximum operating temperature
can be as high as 400°C. Figure 2 shows the fabricated
graphene antenna.

2.1. Screen printing
The advantages of screen printing mentioned in [16] are cost
effective since the mesh used in stencil is made by fabric or
stainless steel and another one is the alignment between
stencil and substrate can be performed easily since the
stencil is semi-transparent and both stencil and substrate are
planar. In this study, the equipment of screen printing are
showed in Figure 3. The wooden frame is stencil contained
antenna pattern with mesh resolution of 120 µm. The
squeegee rubber is used for spreading the graphene ink on
stencil to print the antenna pattern on substrate. Then, to
remove the graphene ink is by using solvent 151. The others
equipment for safety are disposable mask, disposable glove,
disposable dropper and industrial wiper.

Figure 3: Screen printing equipment’s’.
The substrate (Kapton film) is placed at the bottom of
stencil with spacer between stencil and substrate. The spacer
thickness can be in range of 2 mm to 3 mm to avoid the
substrate stick to the stencil while printing. Firstly, graphene
ink is placed on top of the stencil near to the antenna pattern
by using disposable dropper as showed in Figure 4. Then,
the ink were spread through antenna pattern by forcing the
squeegee rubber and pressing the stencil simultaneously as
shown in Figure 5.

Graphene ink (top layer)
Kapton film (bottom layer)
Figure 1: The optimization of antenna parameter length.
Green colour is graphene represent as antenna radiator or
receiver element on the top layer while yellow colour is
Kapton film represent as antenna substrate at bottom layer.

Figure 2: Fabricated antenna after being cured and
connected to the 50 ohm SMA connector.

Figure 4: The graphene ink
is ready to be printed on
Kapton film.

2

Figure 5: The squeegee
rubber must be in the incline
position, the angle of 45°.

Figure 6 shows the graphene ink antenna after screen
printing process. The conductive graphene ink used
containing binder of polymer ethyl cellulose (EC) for
scalable, efficient production of graphene [20] and providing
high conductivity [12]. Since binder are insulator and to
increase the conductivity, so high-temperature thermal
annealing is required to decompose the binder [5] and made
Kapton film being the suitable substrate compared to paper,
plastics, textiles, polyethylene terephthalate (PET) and the
others sensitive substrate. The graphene ink antenna was
cured for 0 minutes at 250°C. The graphene ink antenna
after cured was showed in Figure 7.

reflection coefficient magnitude (dB)

[13]. Then the calculated antenna efficiency is 80.74%,
hence it shows that the printed antenna is good.
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Figure 6: The antenna pattern made by graphene ink are
printed on Kapton film substrate.
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frequency (GHz)

Figure 8: The reflection coefficient magnitude of printed
graphene antenna shows straight line for simulation while
dash line for measurement.
Table 1: The simulation and measurement of frequency
resonance, reflection coefficient magnitude and bandwidth
for simulation and measurement.
Characteristics
Frequency (GHz)
S11 (dB)
Bandwidth (GHz)

Figure 7: Grey colour appeared after the graphene ink
antenna being cured.

Simulation
15
-30.82
1.47

Measurement
13.09
-23.21
6.5

3. Discussion
The reflection coefficient magnitude (S11) of this printed
graphene antenna was measured using the vector network
analyzer (VNA). The simulated and measured results of S11
are shown in Figure 8. Simulated S11 covering the range
between 14.25 GHz to 15.72 GHz, while measured S11
ranging between 10.3 GHz to 16.8 GHz at -10 dB level,
respectively. The resonance frequency has slightly shifted
in S11 measurement due to the effect of curing condition on
conductive graphene ink. The EC binder contained in the
graphene ink may not fully decompose. Hence the
bandwidth range of S11 measurement is larger than S11
simulation. Moreover, the dielectric constant of Kapton
polymide film used as substrate must also changed due to
the curing condition in high temperature. Table 1
summarize the comparison between simulation and
measurement result obtained.
Figure 9 shows the simulated of normalize radiation
pattern of printed graphene antenna where bidirectional at
E-plane and nearly omnidirectional at H-plane, respectively.
The simulated gain obtained is 2.392 dBi which is higher
compared to the graphene antenna produced in [5], [11]-
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Figure 9: The normalize radiation pattern at E-plane and Hplane at frequency of 15 GHz.
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4. Conclusions
High gain of printed graphene antenna has been
successfully design for 5G applications and the screen
printing technique is used for providing printed graphene
antenna. The printed antenna has been through the high
temperature process. Therefore the measurement result of
printed antenna on Kapton substrate shows that the
resonance frequency is slightly shifted and bandwidth is
larger. Besides, the dielectric constant of substrate used will
change while cure even the physical is not affected.
However, the antenna which has smaller size with shaped
design still gives high resolution, very light, thin and has a
very low cost and fast to produce it. With the proposed
antenna and technique used, it will provide one of the
alternative ways to produce 5G antenna which needs a very
small design and low-cost antenna production.

[8]

[9]

[10]

[11]

Acknowledgements
The authors would like to thank the Ministry of Higher
Education (MOHE) under FRGS (vote 4F283 and 4F733)
and under Research University Grant (votes 05H34, 00G36,
05H62 and 04H36) and Higher Centre of excellence Grant
(vote 4J220) for supporting this research work.

[12]

References
[13]

[1] Ofcom, “Spectrum above 6 GHz for future mobile
communications,”
in
[Online]. Avail- able:
http://stakeholders.ofcom.org.uk/binaries/consultations
/above- 6ghz/summary/spectrum above 6 GHz CFI.pdf,
2015, no. February.
[2] T. World and R. Conference, “Studies on frequencyrelated
matters
for
International
Mobile
Telecommunications identification including possible
additional allocations to the mobile services on a
primary basis in portion ( s ) of the frequency range
between 24 . 25 and 86 GHz for the,” 2015.
[3] C. X. Wang et al., “Cellular architecture and key
technologies for 5G wireless communication
networks,” IEEE Commun. Mag., vol. 52, no. 2, pp.
122–130, 2014.
[4] L. Huang, Y. Huang, J. Liang, X. Wan, and Y. Chen,
“Graphene-based conducting inks for direct inkjet
printing of flexible conductive patterns and their
applications in electric circuits and chemical sensors,”
Nano Res., vol. 4, no. 7, pp. 675–684, 2011.
[5] X. Huang et al., “Binder-free highly conductive
graphene laminate for low cost printed radio frequency
applications,” Appl. Phys. Lett., vol. 106, no. 20, p.
203105, 2015.
[6] Wonbin Hong, Kwang-Hyun Baek, Youngju Lee,
Yoongeon Kim, and Seung-Tae Ko, “Study and
prototyping of practically large-scale mmWave
antenna systems for 5G cellular devices,” IEEE
Commun. Mag., vol. 52, no. 9, pp. 63–69, 2014.
[7] N. A. A. Rahim, M. H. Kara, Z. Awang, and M. R.
Mahmood, “High Frequency Characteristics of

[14]

[15]

[16]

[17]

[18]

[19]

4

Graphene Layers,” in 2014 IEEE Asia-Pacific
Conference on Applied Electromagnetics (APACE),
2014, pp. 232–234.
Y. Huang, L. S. Wu, M. Tang, and J. Mao, “Design of
a beam reconfigurable thz antenna with graphenebased switchable high-impedance surface,” IEEE
Trans. Nanotechnol., vol. 11, no. 4, pp. 836–842, 2012.
Z. Xu, X. Dong, and J. Bornemann, “Design of a
reconfigurable MIMO system for THz communications
based on graphene antennas,” IEEE Trans. Terahertz
Sci. Technol., vol. 4, no. 5, pp. 609–617, 2014.
H. Lee et al., “Intrinsic characteristics of transmission
line of graphenes at microwave frequencies Intrinsic
characteristics of transmission line of graphenes at
microwave frequencies,” Appl. Phys. Lett., vol. 100,
no. 223102, p. 223102, 2012.
A. Katsounaros, M. T. Cole, H. M. Tuncer, W. I.
Milne, and Y. Hao, “Near-field characterization of
chemical vapor deposition graphene in the microwave
regime,” Appl. Phys. Lett., vol. 102, no. 23, p. 233104,
2013.
X. Huang et al., “Highly Flexible and Conductive
Printed
Graphene
for
Wireless
Wearable
Communications Applications,” Nat. Publ. Gr., no.
November, pp. 1–8, 2015.
K. Y. Shin, J. Y. Hong, and J. Jang, “Micropatterning
of graphene sheets by inkjet printing and its wideband
dipole-antenna application,” Adv. Mater., vol. 23, no.
18, pp. 2113–2118, 2011.
M. Akbari, M. Khan, M. Hasani, T. Bjorninen, L.
Sydanheimo, and L. Ukkonen, “Fabrication and
Characterization of Graphene Antenna for Low-Cost
and Environmentally Friendly RFID tags,” IEEE
Antennas Wirel. Propag. Lett., vol. 1, no. c, pp. 1–1,
2015.
H. Subbaraman et al., “Inkjet-Printed TwoDimensional Phased-Array Antenna on a Flexible
Substrate,” Antennas Wirel. Propag. Lett. IEEE, vol.
12, pp. 170–173, 2013.
X. Cao et al., “Screen printing as a scalable and lowcost approach for rigid and flexible thin-film transistors
using separated carbon nanotubes,” ACS Nano, vol. 8,
no. 12, pp. 12769–12776, 2014.
D. A. Pardo, G. E. Jabbour, and N. Peyghambarian,
“Application of screen printing in the fabrication of
organic light-emitting devices,” Adv. Mater., vol. 12,
no. 17, pp. 1249–1252, 2000.
W. J. Hyun, E. B. Secor, M. C. Hersam, C. D. Frisbie,
and L. F. Francis, “High-resolution patterning of
graphene by screen printing with a silicon stencil for
highly flexible printed electronics,” Adv. Mater., vol.
27, no. 1, pp. 109–115, 2015.
S. Ahmed, F. A. Tahir, A. Shamim, and H. M.
Cheema, “A Compact Kapton-Based Inkjet-Printed
Multiband Antenna for Flexible Wireless Devices,”
IEEE Antennas Wirel. Propag. Lett., vol. 14, pp. 1802–

1805, 2015.
[20] B. E. B. Secor and M. C. Hersam, “Graphene Inks for
Printed Electronics Inkjet Printable Graphene Ink (
793663 ),” no. c, pp. 2–7, 2016.

5

META 2017 CONFERENCE, 25 – 28 JULY 2017, INCHEON - KOREA

Modeling of Millimeter Wave Antenna Conducting Layers Via Adhesive CVDGraphene on Dielectric Substrate
M. T. Gatte1 2 *, P. J. Soh1, M. F. Jamlos1, R. B. Ahmad1, M. F. Malek1,3, H. A. Rahim1
1

2
3

Universiti Malaysia Perlis, Malaysia
Ministry of Science and Technology, Bagdad, Iraq

Faculty of Engineering and Information Sciences, University of Wollongong in Dubai, Dubai, United Arab Emirates

*corresponding author, E-mail: mohtaih@gmail.com

Abstract
Due to the difficulties that facing the transfer of
graphene onto dielectric substrate of antenna,
where sometime the samples produced have tears
and cracks due to the process of transfer. A new
technique proposed in this study based on
adhesion technology. This technique suggest the
adhesion of chemical vapor deposition (CVD)
graphene to the antenna substrate without
removing of the transition metal substrate from
the CVD sample. Modeling of antenna based on
this technique show promising results,
specifically with doped graphene.

1.

Introduction

Thanks to its remarkable properties, graphene has been
intensively researched, it considers a promising material for
devices of next generation wireless communication systems
[1], which require high mobility, low power and broadband
operation [2]. Graphene can be potentially applied in
wireless nanosensors and devices of the THz band [3].
Originally, exfoliating is the commonly standout method for
the graphene production of graphene via peeling strips form
a graphite. The other method of production is chemical
vapor deposition (CVD). The CVD-grow is efficient
approach for the production of high-quality monolayer
graphene (HQMG) [4]. However, the graphene sheet must
be detached from tape or foil, then it transfers to the
application substrate [5].
The transfer procedure, of CVD-grow graphene,
requires removing the metal substrate beneath the graphene
layer to produce HQMG. Supporting layer of polymer
(PMMA) has been employed [6]. A simple technique for the
graphene transfer from the substrate of copper presented in
[7]. However, the process of graphene transfer could be not
entirely acceptable, where the samples produced sometime

have tears and cracks due to transfer process [4], the solvent
cannot completely wash PMMA away [8], PMMA residue
tend to behave like scattering centers of charge carriers,
which are leading to a degradation in the graphene electrical
properties [9].
The bonding between two wafers or substrates
represents an important issue in the fabrication, which
enables the fabrication of new substrates and also permits
for fabricating and packaging of microcomponents[10]. The
wafer bonding has used increasingly in the integration of
materials [11].
Adhesion technology are used widely in various
applications [12]. In adhesive wafer bonding (AWB) an
adhesive intermediate layer is employed for bonding
between surfaces. The main features of AWB involve,
insusceptible to the surface contour, lower bonding
temperatures, compatible with processing of integrated
circuit wafer, and able to join various wafers. AWB does not
need specific treatments to the wafer surface. Textures and
particles at wafer surfaces can be overcome via an adhesive
material[12]. A review of the recent studies on adhesion
with a specific concentration on its mechanisms presented in
[14]. According to the above review, the adhesion plays a
significant role in the above technologies, while there are no
significant studies employ this technique in antennas
fabrication. So the employment of adhesion in the
fabrication graphene-based antennas is a promised
consideration.
In this study a new technique for graphene utilization,
adhesion of CVD monolayer graphene without the process
of transfer graphene on the target substrate, in the millimeter
wave (MMW) microstrip patch antenna design, modeling
and characterization. The calculated performance parameters
of antenna based on the proposed technique show promising
value at the designed resonance frequency, which are shown
in Table:1 that elaborate comparison between copper based
antenna and adhesive CVD graphene based antenna
performance parameters.

Table1: Antenna parameters for non-doped (NDG) and doped graphene (DG) referenced to Copper.
The
materials
of Patch
fr in
S11 at fr in –dB Gain in dB
ηrad at fr (%)
Prad in watt
antenna
conductive Widt
THz
NDG
DG
NDG
DG
NDG DG
NDG DG
layers for both Patch h in
and Ground
!m
Adhesive CVD graphene 1500
0.0695 21.49 24.35
6.46
6.9
80.36 89.43 0.398 0.441
Copper based
1500
0.0745 19.22
6.74
80.37
0.396

2. Conclusions
The results that has been gotten in this study considers
promising for the researchers of antenna, who are interesting
to employ graphene in high frequencies of microwave band
and the lower frequencies of millimeter wave band. Where
many of antenna engineers and antenna laboratory lack to
the facilities and technical knowledge of the graphene
production. The new technique based on the modeling
design and fabrication of graphene depending on the
products of CVD graphene (available in the required
dimensions) fabricated from specific factories for graphene
production.
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In millimeter-wave (MMW applications, the conducting parts of most communication devices can easily degrade
when using conventional metals such as copper. Moreover, oxidation could also take place when such devices
are operated in harsh environmental conditions. Conventional conductors such as copper in most of these devices
are coated with other materials to overcome this problem. In this study, doped and non-doped monolayer
graphene are employed as coating layers of conductors for MMW antennas. Results indicated that coating such
antennas using monolayer graphene improves the antenna performance at MMW frequencies.

Graphene, is a single-atom layer of graphite, has an exceptional combined properties that are perfect for
corrosion protection coating in different applications, for example, microelectronic parts ( interconnects, implantable
devices and aircraft components) [1]. Coating is considered an essential technique in enhancing surface quality and
giving protection to a substrate or conductor. Attempts have been made to create excellent device properties via
coating using graphene

[2]. The evaluation, future perspective, and brief description of the production and

functionalization of graphene as coating material were studied and proposed in [3]. Many recent pioneering studies
have elaborated the ability of graphene to efficiently decouple their underlying surface with the environment
Specifically, the inert chemical property of graphene leads to its employment as a defensive metal layer against
oxidation and corrosion in electrochemical applications [4]. Besides that, both monolayer and multilayered graphene
films have exhibited acceptable transparency [5], indicating that graphene coating does not alter the optical features of
the metal placed beneath it [6].. Moreover, the monolayer graphene films are impermeable to the gas molecules [7]. ,
with a good capability in protecting the underlying metal (copper) against oxidation [8] [1]. The utilization of
chemical vapor deposition (CVD) graphene films demonstrates anti-oxidation ability of the metallic surfaces grown
on Cu and Cu/Ni alloys [8]. Graphene coating of copper increases their resistance to the electrochemical degradation
[9], while low-alloy steels coated with graphene nanocomposite enhanced anticorrosive efficacy by more than three
orders in comparison to bare steel [10].
From the antenna design point of view, low loss coating materials are crucial in protecting its existing
conductors besides being satisfactory in terms of conductivity, which significantly contributes to antenna performance
[11]. In this work, a monolayer graphene is used to coat the metallic surfaces of patch antennas. Coating the patch
significantly improved gain, radiated power and radiation efficiency, besides featuring lower losses. .The proposed
antennas were coated using two types of coatings: doped and non-doped monolayer graphene. These conductive layers are
then utilized as either the patch only or patch and ground of the milimeterwave antenna. The resulting antenna

performance is doubled when monolayer graphene is used to coat both conducting layers (the patch and ground) of the
proposed microstrip antenna[12]. Moreover, monolayer graphene coating indicated very good results, and this is further
enhanced when doped graphene is used at these frequencies. Table 1 summarizes the performance for an elliptical patch
antenna when its conducting (copper) layers were coated with gold, non-doped graphene, and doped graphene. The results

indicated that coating copper with doped graphene improved the performance of the antenna most efficiently.
Table 1 Performance of the copper based elliptical patch antenna when the antenna conducting (copper) layers coated with
gold, non-doped graphene, and doped graphene.
PatchWidth

fr in

S11 at fr

Gain in

W in !m

THz

in –dB

dB

ηrad at
fr

Prad in

Lmet in

watt

watt

(%)
Copper Based

2000

0.0643

27.261

6.805

82.39

0.401

0.0413

Gold Coating

2000

0.0643

26.79

6.764

81.65

0.397

0.0463

Non-doped Graphene Coating

2000

0.0642

23.574

6.626

78.95

0.381

0.0619

Doped Graphene (0.5eV !c) Coating

2000

0.0645

25.30

7.29

91.85

0.435

0.0014
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Abstract
We have solved the full 6×6 Kane Hamiltonian within the
envelop function formalism to calculate the band structure
E(d1), E(kz) and E(kp), respectively, as a function of InAs
well width d1, in the growth direction and in-plan of the
long-period InAs(d1= 160 Å)/GaSb(d2= 105 Å) type II
superlattice (T2SL), with the valence bands offset Λ= 510
meV. The carrier’s effective masse m*(kz, kp) is
successfully described over the first Brillouin zone.
Moreover, for a fixed ratio d1/d2= 1.52, the dependencies of
SL band gap on d1 and/or d2 as well as on Λ and
temperature are investigated. The photodetector absorption
wavelength, |λc| is found to be further optimized by the
proper choice of d1 and/or d2. The semiconductor to
semimetal transition is also analyzed in the range of 4.2-300
K. The Fermi energy is relatively insensitive to the
temperature and increase from 504.5 to 514.5 meV. At 141
K, using the Boltzmann magnetic-field-dependent Hall
coefficient, we have the transport parameters ne=
3.1.1012cm-2, nh= 4.6.1012cm-2, µe= 137343.7 cm2/V.s, µh=
442.2 cm2/V.s and the Hall mobility µH= 1.37.106cm2/V.s.
The conductivity shows the transition from p-type to n-type.
In the studied temperature range, the absorption wavelength
situates this sample as a terahertz photodetector.

1. Introduction
The broken-gap InAs/GaSb type-II superlattice (T2SL)
have proved to be an attractive system for both military and
civilian applications [1]. The fabrication of InAs/GaSb SL
has stimulated a growing number of experimental and
theoretical studies, including the first proposed in 1977 by
Sai-Halasz et al.[2] and GaInSb/InAs strained-layer SL
infrared detectors proposed by Smith and Mailhiot in 1987
[3]. The intriguing aspect of InAs/GaSb lies in its extreme
type-II “broken gap” band alignment, wherein the
conduction band (CB) minimum of InAs lies below the
valence band (VB) maximum in GaSb. In contrast to
conventional SLs such as GaAs/AlAs in which the
conducting electrons and holes are located mainly within
the same layer. In T2SL the conduction states are found to
be confined primarily on the InAs side, whereas the valence
states are confined on the GaSb side. Thus, the ground state
of this system is separated spatially in different well layers.

Therefore, the positions of the SL CB and VB edges can be,
to first order, tuned independently. As a result, when it is
irradiated by an infrared light, the photon absorption
condition can be easily satisfied since the SL band-gap can
be tailored to a desired value anywhere from zero to a few
hundred meV by choosing the appropriate well and barrier
widths. Another distinctive feature of this SL is associated
with the relatively light electron mass in InAs layer. Then,
the corresponding de Broglie wavelength is so long that,
even for thicker GaSb layer thickness, there is considerable
tunnelling probability between electrons in successive InAs
layers.
From technological perspective, T2SLs have proven to
be an excellent material for third-generation infrared (IR)
photodetectors [4], tunnel field-effect transistors [5] and
high-power light emitting diodes [6]. Recently a good
photodetector performance has been demonstrated for focal
plane arrays (FPAs) [7]. In the other hand, many
fundamental studies on T2SLs material, such as the in-plan
and vertical effective masses [8], mobilities [9], and carrier
concentration [10], have been conducted for a better
understanding of the electronic transport. Despite these
impressive progresses, because of their low detection
efficiency, such a SLs with long periodicity has been less
concerned for photodetection. A good practical applications
of T2SLs require a good understanding of their bands
structure. In this work, we will prove that with the band
structure engineering; this kind of SLs can be used for highefficiency terahertz (THz) photodetectors.

2. Model and calculation method
Many theories have been conducted for calculating the
electronic properties of semiconductor heterostructures.
However, different sophisticated theories based on k.p
theory, like the envelope-function formalism [11], have
been very popular. In this work we show that it is possible
to predict the complete photodetector response using only
small number of band parameters, together with the widths
of the layers in the detector structure.
We have solved the full 6×6 Kane Hamiltonian within
the envelop function formalism in the first Brillouin zone.
The general dispersion relation of the particles (electrons,
light and heavy holes) subbands are given by [11]:

cos[k z (d1 + d 2 )] = cos(k1d1 )cos(k 2 d 2 )
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We have calculated, over the first Brillouin zone, the
dispersion relations for InAs(d1= 160 Å)/GaSb(d2= 105 Å)
T2SL at 141 K. Figure.1(a) shows the dispersion results
along the in-plan (kp) (in the left hand panel) and the growth
(kz) (in the right hand panel) directions. Two lowest CBs
and three highest VBs are shown. It was necessary to
include a second electron subband E2 for this sample due to
the wider InAs layer. The layers are thicker enough that
HHi(i= 1, 2) lie higher in energy than both E1 and h1, thus
the SL is semimetallic with a small and negative energy gap
of Eg= E1-HH1= –65.4 meV. The corresponding cut-off
wavelength is 24 µm and the cut-off frequency is fc= 12.5
THz. The latter justify the choice of this sample for THz
detection. We have calculated the energy of Fermi level by:

2m*HH1 (Γ)

k =π/d
h1 z

k =0, π/d
HH2 z

−√2π/d

3. Results and discussion

h2 k F2 (2D)
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The temperature dependence of the SL band gap energy
is introduced in our calculation by taking into account the
temperature dependence of the two bulks band gap energies.

E F (2D)=
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k =0
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HH2 p HH1 p
E2 p

k =0
E1 z

InAs(160 Å)/GaSb(105 Å)
T = 141 K
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Here we employ the following notations to describe
such a SL. The subscripts 1 and 2 stand to InAs and GaSb
layers, respectively. d1 refers to the InAs layer width, and d2
to the GaSb layer width. The 2D wave vector kp(kx, ky)
describes the motion of particles perpendicularly to kz. The
SL states are labeled by an index i, which identifies the
subbands Ei, hi and HHi, for electron, light and heavy holes
subbands, respectively. The procedure of our band structure
computation has been discussed in our previous work [12].
The zero energy is taken at the top of the InAs VB edge.

k =0, π/d
HH1 z

(a)Ekz=0
2

550

HH2

450
h1
E1

400
0

100

T (K)

200

300

Figure. 1: (a) Energy bands structure of InAs(160 Å)/GaSb
(105 Å) SL. The growth direction dispersion E(kz, kp= 0),
the in-plan dispersion E(kp, kz=0) and E(kp, kz=π/d). HHi
stands to heavy-hole bands, h1 is the first light hole band,
and Ei(i=1,2) refers to the conduction bands. The energy
gaps are adjusted according to the given temperature (T=
141 K). EF stands to the Fermi energy.(b) Evolution of the
calculated Γ-point energy of light particles, heavy-holes
bands and the two-dimensional (2D) Fermi level, plotted as
a function of temperature for the investigated InAs/GaSb
T2SL.

(2)

where m*HH1(Γ) = -0.45 m0 is our calculated heavy hole
effective masse and the measured net hole concentration is
|nh-ne| = 1.51.1012 cm-2 [13]. EF (2D)= 511.7 meV, indicates
that this SL had a p-type conductivity at 141 K.

first Brillouin zone. When d1 increases, E1 decreases in the
InAs quantum wells. While h1 and HH1, located in GaSb
quantum wells, increase. It follows that Eg= E1-HH1
decreases with increasing d1. With a further increase in d1,
E1 and HH1 invert and the SL becomes semimetallic with
overlapping bands. The semiconductor to semimetal
conductivity transition occurs at the transition point Tc(d1c=
94.2 Å, Ec= 493.2 meV).

As seen in Figure.1 (b), when the temperature decreases, the
variation of SL band gap Eg is dominated by the
contribution of E1. Note that the HHi(i=1,2) states remain
almost constant in energy. In the studied temperature range,
the position of the Fermi energy has been evaluated by (2).
When the temperature increases from 4.2 K to 300 K, the
SL band gap and the Fermi level increase, respectively, by
50 meV and 11 meV. The latter small variation of EF
indicates that the energy of the Fermi level is constant with
a two-dimensional (2D). carrier’s gas is

In order to show the effect of InAs (or GaSb) layer thickness
on the gap Eg, we have plotted in Figure.3 (a) the variation
of Eg, at different temperatures, as a function of d1. At a
fixed InAs layer thickness, Eg(Γ, d1) decreases with
increasing temperature.

The result plotted in Figure.2 gives the evolutions of the
subbands energies and bandwidths as a function of InAs
layer width for light particles and heavy-holes at 141 K. All
states have k vectors at the centre Γ and at the limit of the

For each temperature, Eg(Γ, d1) decreases significantly with
increasing d1 and/or d2, goes to zero at the transition point
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deduced expression as shown in Table. 1, where d1 is
expressed in angstroms and Eg in meV.
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It is therefore very useful to examine the dependence on
d1 and/or d2 of the detector absorption wavelength, λc(µm).
The evolution of |λc| as a function of d1 is shown in
Figure.3(b). These results were calculated by using the
expression:

Λ = 510 meV
T = 141K
k =0
HH1 z

k =π/d
h1 z

λ c (µm)=

200

0

50

d1(Å) 100

1240
Eg (meV)

(3)

A prominent feature of Figure.3(b) is that |λc| diverge at
Tc. The Figure shows also that the interesting absorption
wavelength for infrared detectors around 8-12 µm should
correspond at 141K, for example, to the InAs layer width in
the range of 45.5 to 56.7 Å which are quite reasonable
values from the point of view of the MBE growth.
Therefore, in a comparable In1-xGaxAs/GaSb1-yAsy alloy, to
adequately control λc, one must control the compositions x
and y with a higher precision.

150 160 Å

Figure 2. Calculated subband energies and bandwidths at
141K for Ei, HHi and h1), at the Γ -point (kz= 0) and at the
limit (kz= π /d) of the first Brillouin zone, as a function of d1,
with d1= 1.52d2 for the investigated SL. The allowed energy
bands are hatched. Notice the E1-HH1 crossing at Tc(d1c=
94.2 Å, Ec= 493.2 meV) transition point.

600

Tc(d1c, Ec), with d1c= 104.4, 101, 94.2 and 78.4 Å,
respectively, at T= 4.2, 81 , 141 and 300 K. At 141 K for
example, when changing InAs well width from 5 to 180 Å,
the band gap decreases from 516.6 to -74.2 meV or a 442.5
meV reduction. Using the Tight-binding theory which can
describe a system by the location of each constituent atom,
Pour et al. [14] calculated the effect of temperature on the
energy gap of III–V semiconductors as well as of
InAs/GaSb structure. The model suggests that the shifts of
our calculated band gap reflect the expansion of the crystal
lattice constant which alters the interatomic bonds. Weaker
bonds means less energy is needed to break a bond and get
an electron in the CB.
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Beyond the transition point the band gap becomes
negative with a semimetal conductivity. The situation is
particularly striking in that a semimetallic SL can be created
with two host semiconductors. Accordingly, as shown in the
inset of Figure.4, the transition goes to a higher d1 when the
temperature decreases. For this sample, the band gap energy
is negative for all studied temperatures, indicating that the
SL is in the semimetallic regime, but changes very little with
increasing temperature. This variation of Eg is smaller than
that observed in our previous study [12] for the shorter
period InAs (25Å)/GaSb(25Å) SL. We note that the large
band gap observed in figure 3 (a) for small d1, can be
qualitatively understood in terms of the enhancement of the
2D confinement of the wave functions as the layers
thicknesses get smaller.
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It is interesting to make some remarks about the results
reported in Figure.3 (a). For example at 141 K: i) when d1
approaches zero, the SL band gap tend towards the value of
~ 527 meV. ii) when d1 get larger, the band gap is obtained
to extrapolate to -Λ(1+ε 2 /ε)1 -1 which is roughly equal to -

0

50

d1(Å) 100

150

Figure. 3: Evolution of (a) the band-gap energy between the
bottom of the electron miniband in the InAs layer and the
top of the heavy-hole miniband in the GaSb layer and (b) the
corresponding cut-off wavelength, plotted as a function of
InAs well width, d1, with d1=1.52d2.

167 meV in agreement with γ/γ ' = -160. The InAs layer
width dependence of Eg is described quite well by our
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Table. 1: The summary of the parameters that appear in our
deduced relation expressing the variation of band gap as a
function of InAs layer width for all studied temperatures.
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Based on our calculations, it has been argued that the SL
system allows better control over the detector absorption
wavelength. For the present sample, the agreement between
our results of |λc|( µm )= 25.7, 22.9, 19 and 12.6 and the
experimental ones [13] |λc|( µm )= 24.3, 24.8, 24 and 27,
respectively for 4.2, 81, 141 and 300 K, is satisfied at low
temperature regime. At high temperature regime, the
difference is due to the typical measured layer width
uncertainty as well as to the fact that InAs and GaSb layers
share no-common atoms across the interface. In fact, there
are two different types of interfaces in such SLs, namely
InSb and GaAs. Many experimental and theoretical studies
suggest that the band overlap for an InSb interface is 40
meV larger than that of GaAs. As a consequence the smaller
band gap energy can be achieved for InSb interface [15].
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Figure 4: Evolution of the band gap energy of a
representative SL with the valence band offset. The
calculation includes effects due to temperature. The inset
figure shows temperature dependence of the coordinates of
the semiconductor-to-semimetal transition point in the
investigated InAs/GaSb asymmetric SL.
The most dramatic feature of these results is the rapid
variation of the band gap beyond Λ = -60.7 meV.
The effective mass is a necessary parameter for analyzing
the carrier transport in materials. A theoretical effective
mass in general turns out to be a tensor with nine
components mij defined as [18]:

Among the most important physical parameter for a given
SL is the valence band offset (VBO), at least because it
governs the SL band structure and thus many properties of
such a SL. Indeed, the quality and even the feasibility of
device concepts depend crucially on the value of this VBO.
Over the last years there have been a considerable
controversy on VBO of InAs/GaSb SL; Srivastava et al.
produced Λ= 670 meV [16]. However, M. S. Daly has
obtained an average offset of 520 meV [17].

1
m*ij

=

1 ∂ 2 E(k)
h2 ∂k i ∂k j

(4)

Where E is the carrier energy and kij are the components of
the wave vector k in a periodic potential of a semiconductor.
In Figure.5 (a) we have plotted the carrier’s effective mass
of two lowest CBs and the first VB, along kz and kp,
directions, in the reciprocal space. The second derivative of
E is obtained directly from the dispersion relations plotted
in Figure.1(a). Along kz direction m*E1 (k z ,k p =0) varies

The effect of the VBO on the band structure was
investigated by varying the VBO in our script, while holding
the other parameters constant for each temperature. In
Figure.4 we show the SL band gap, for various temperatures,
as a function of Λ. The Figure divides itself into two
regimes:

strongly from the center of the first Brillouin zone, diverges
at kz=3.4.10-3Å -1, and decreases thereafter to 2.510-2 m0 at
the limit of the first Brillouin zone. In the two panels, the
vertical solid lines correspond to the inflections point of
E(kp,kz). Since there is no inflection point along kp,
m*HH1 (k p , k z =0) keep a negative constant value of about -

i) For -200 < Λ < Λ c meV, the SL is semiconductor
with a positive band gap energy. When the offset Λ
increases, Eg (Γ, Λ) go to a maximum of 445.7, 439.8,
427.1, and 388.2 meV, respectively, for 4.2, 81, 141 and 300
K at Λ= -60.7 meV. As Λ continues to increase, Eg(Γ) shifts
strongly to zero yielding a semiconductor to semimetal
transition at Λ c= 463, 457.2, 447.7 and 421.9 meV,
respectively, for 4.2 , 81, 141 and 300 K. This can be
understood intuitively using this simple model: an increase
in the VBO brings the GaSb-VB and the InAs-CB closer to
each other, reducing the SL band gap.

0.45 m0.
Figure. 5 (b) shows the in-plan carrier’s effective masses
near kp= 0, plotted versus temperature. The studied SL , with
a relatively small band gaps energies, is seen to have a very
small longitudinal light-hole and electron effective masses.
This latter decreases slightly from only 3.9.10-2 m0 to
3.7.10-2 m0 when the temperature increases from 4.2 to 300
K. Whereas the heavy-holes effective mass, in the GaSb
layer, is constant at about -0.45 m0 (electron-like). The
electron and heavy-hole masses differ from each other and
the predicted hole to electron mass ratio m*HH1 (Γ)/m*E1 (Γ) ,
which increases slightly with temperature, is less than a

ii) For Λ > Λ c the system is in the semimetallic
regime. Thus, as plotted in the inset of Figure.4, the
transition goes to higher Λc when the temperature decreases.
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At a weak magnetic fields, the Hall resistance is inversely
proportional to ne and is described by the following formula:
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These results show that RH keep almost magnetic field
independent below 10T. However, when the magnetic field
increases above 10T, RH go to zero and changes sign to
negative value at:

-0.5
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(7)

While at high magnetic fields for µB >>1, Equation (3) is
well approximated by:
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A reproducible change of sign of RH is a clear signature
of the coexistence of at least two types of carriers, which
suggests a semimetallic character of the conduction
mechanism, and also the dominance of holes transport for B
≤ 32.4 T. This was confirmed by the observation of the
oxford group regarding the field dependence of Hall
resistance [13]. They found that the dependence of the Hall
resistance on magnetic field curves go down at high
temperature (especially at 141 K), indicating that the hole
concentration is slightly larger than that of the electrons (β ∽
2). The Hall mobility is given by:
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The difference in carrier concentration, nh-ne=1.5.1012 cm-2
was extracted from the slope (∽ R hH ) of the Hall resistance
at high magnetic fields [13]. This value constitutes strong
signature for the existence of interface and donor states. By
a simple combination between (7) and (9), we have found:
ne= 3.1.1012cm-2, nh= 4.6.1012cm-2, µe= 137343.7 cm2/V.s,
µh= 442.2 cm2/V.s and the Hall mobility µH= 1.37 106
cm2/V.s. Such a low value of hole mobility carrier’s is
consistent with high value of the effective masse of heavy
holes m*HH1(Γ) = -0.45 m0.

300

Figure. 5: (a) Calculated carriers’ effective mass along the
growth direction, kz, and in-plan of the investigated SL at
141K .(b) carriers’ effective mass as a function of
temperature for the representative SL.
factor of 13 over the entire temperature range. This has a
significant effect on the in-plan transport properties for free
carriers.

4. Hall coefficient and magnetotransport
properties
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Figure.6 shows the calculated Hall coefficient versus the
applied magnetic field at 141 K. Also shown for comparison
are the available experimental data. According to the
classical expression for the Hall coefficient of two-band
model derived from the Boltzmann equation [19]:
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This equation can be simplified as:
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Figure. 6: Hall coefficient versus the magnetic field at 141K
for the investigated SL. The open stars are positive values
while the solid stars are negative.

α= µ h /µ e and β= n h /n e
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5. Conclusion
We have used the envelop function formalism (EFF) for the
proper engineering of electronic bands structure of a longperiod InAs (d1= 160 Å)/GaSb (d2= 105 Å) T2SL for THz
photodetection. We have investigated in detail the dispersion
relations in the reciprocal space at 141 K. The photodetector
parameters like fundamental band gap, absorption
wavelength, and the carrier’s effective masse were treated as
a function of d1/and or d2, and temperature for a constant
ratio of d1/d2=1.52. The band gap Eg decreases when d1
increases. The evolutions of Eg(Γ) as a function of d1 and Λ,
shows that the semiconductor to semimetal transition goes to
higher d1c and Λc when the temperature decreases.
For T≤ 141 K, our results are in agreement with the
experimental data. Further, on the basis of the Boltzmann
Hall coefficient magnetic field-dependent, we have
interpreted the magnetoresistance results of D. M. Symons
et al. We have observed the p-type to n-type conductivity
transition. The transport parameters of this SL are: ne=
3.1.1012cm-2, nh= 4.6.1012cm-2, µe= 137343.7 cm2/V.s, µh=
442.2 cm2/V.s and the Hall mobility µH= 1.37.106cm2/V.s.
The Fermi energy is relatively insensitive to the temperature
and found to increase from 504.5 to 514.5 meV. The range
of absorption wavelength 25.7 ≤
|λc|(µm) ≤ 12.6,
corresponding to the cut-off frequency 11.6 ≤ |fc|(THz ) ≤
23.8 indicates that this sample can be used as a terahertz
(THz) detector.
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Abstract-By integrating a graphene photodetector with an optical patch antenna, the responsivity is
enhanced in both optical and electrical way. At resonance, the absorption of the single layer
graphene is increased by ~29 times. Besides, the top patches connected with an electrode extend the
graphene/contact borderline and hence enlarges the optical sensitive area. The asymmetrical
distribution of the top patches over the two contacts allows a net signal under uniform flood
illumination.

Graphene has attracted significant attention as a promising candidate for infrared photodetection because of
its broadband absorption, ultrafast carrier dynamics, and good controllability through electrostatic doping [1,2].
However, the efficiency of those graphene based photodetectors (PD) is limited by the poor absorption as a
consequence of the atomic thickness. Micro photonic structures, such as waveguides and photonic crystal micro
cavities, could largely enhance the absorption of graphene, but suffer from the bulky pixel sizes [3,4]. Nano
photonic structures, such as plasmonic resonantors and nano antennas, offer a more compact solution [5-7].
However, in order to enhance the practical responsivity of graphene PDs and preserve their unique advantages,
designing of the nano photonic structures requires more study with consideration on the optical as well as
electrical properties of the devices. For example, the incident light should be converted into a local field as much
as possible. The intense local field should be absorbed by the optical sensitive part of the device instead of being
dissipated as loss. For the most popular metal-graphene-metal architecture, since the p-n junctions required for
photocurrent generation are close to the contacts, the nano photonic structure not only needs to create the intense
local field close to the contact but also needs to extend the contact borderline for a better signal collection.

Fig. 1 (a) Sketch of the patch-antenna-graphene PD. (b) One period of the patch-antenna-graphene combination
in the z-y cross section. (c) Simulated electric field distribution of the patch-antenna-graphene combination at the

resonant wavelength of 1.55 m. The colored surface represents the electric field intensity normalized to the
incident light. The patch width is 218 nm; the patch height 40 nm; the period 588 nm; and the spacer thickness
30 nm. (d) Graphene absorption spectra of the patch-antenna-graphene PD, the bare graphene layer on Al2O3 and
the graphene layer with metal patch array. The metal patches are designed to have a resonance at 1.55 m. The
patch width is 290 nm; the patch height 40 nm; and the period 800 nm.
Based on these considerations, we propose a graphene infrared PD integrated with an optical patch antenna,
as shown in Fig. 1 (a). A single layer graphene is transferred onto a metal plane (Au) coated with a dielectric
spacer (Al2O3). Above the graphene, the contacts and some metal patches are fabricated. The patches together
with the bottom metal plane and the dielectric spacer form an optical patch antenna. The cross section is shown
in Fig. 1 (b). Due to the Fabry-Perot like resonance of the metal-insulator-metal waveguide mode, the incident
light with TM polarization is mostly coupled into a local field as shown in Fig. 1 (c). In this way, the graphene
layer just beneath the top patch overlaps with the most intense field and hence has a big absorption. For
demonstration, the patch antenna’s geometry parameters are designed for the resonance at 1.55 m. The peak
absorption is 37%, ~29 times higher than that of a bare graphene layer on a Al 2O3 substrate, and ~14 times
higher than that of a graphene layer with a common plasmonic structure. The plasmonic structure is represented
by a metal patch array (Fig. 1 (d) inset). The geometry parameters are designed to make the resonance around
1.55 m. Besides the improvement in optical absorption, the patch antenna structure also benefits the signal
generation in an electrical manner. First, the top patches serving as the tentacles of the contact greatly extend the
borderline and hence increase the optical sensitive area. Second, the asymmetrical distribution of the top patches
(all at one contact) induces much stronger light absorption at one contact and thus makes the photocurrent
collected by this contact overwhelms the other, leading to a net signal under uniform flood illumination on both
contacts of the device. This patch-antenna-graphene PD is suitable for a wide range of wavelengths in the
infrared range.
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Abstract-We theoretically investigate saturable absorption in extended graphene by developing a
semi-analytical nonperturbative approach and solving the electron dynamics nonperturbatively. We
find a remarkably low saturation intensity along with a large modulation depth that can be
electrically manipulated through an externally applied gate voltage. Our results are relevant for the
development of graphene-based optoelectronic devices, as well as for application in mode-locking
and random lasers.

Saturable absorption (SA) is an inherent property of photonic materials that manifests itself as an
absorption quenching at high light intensities and is a key element for passive mode-locking (PML) in laser
cavities, where continuous waves break into a train of ultrashort optical pulses. Currently, state-of-the-art
semiconductor-based SA mirrors are routinely employed for PML lasers. However, these mirrors operate in a
narrow spectral range, are poorly tunable, and require advanced fabrication techniques. Graphene overcomes
these limitations thanks to its peculiar conical band structure, providing a universally-resonant
wavelength-independent SA at low light intensity [1] that can be further electrically tuned be means of an
externally applied gate voltage, thus enabling PML ultrafast laser operation [2]. Here, we calculate intraband and
interband contributions to SA of extended graphene by solving non-perturbatively the single-particle Dirac
equation for massless Dirac fermions in the presence of an external electromagnetic field. Further, we investigate
the dependence of the intensity-saturated graphene conductivity on doping, temperature, and optical frequency.
We find a remarkably low intensity-threshold for SA, which is consistent with reported experimental findings. In
addition, our calculations indicate a strong quenching of absorption depth ensuing from doping through an
externally applied voltage, and a weak dependence on electron temperature. We envisage that our results will be
relevant for the engineering of graphene-based PML fibre lasers and single-mode random lasers [3].

Figure 1: (a) Conical band-structure around the Dirac points. Upper E+(k)=+ℏvFk and lower E+(k)=+ ℏvFk energy
bands depend linearly on the electron wave-vector k. Interband transitions produced by impinging photons lead to an
out-of-equilibrium electron distribution, which then relaxes via electron collisions. After an initial transient time,
optical pumping and electron relaxation compensate with each other, and absorption is saturated due to partial Pauli
blocking. (b) Intensity-dependent conductivity σ(I) normalized to the universal conductivity σ0 = e2/(4ℏ).
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Abstract-We introduce the concept of magnet-less non-reciprocal photonic devices based on
spatiotemporally modulated graphene embedded in dielectric structures. Compared to non-reciprocal
graphene plasmonic devices based on similar bias schemes [1], graphene is now used as a
perturbation of low-loss photonic modes. This approach has important benefits, including
significantly reduced losses, much relaxed biasing requirements, and large non-reciprocal responses.
We envision that this technology will pave the way to a future low-loss, magnet-free, non-reciprocal
photonic platform with wide applications in communication systems, sensing, imaging, and on-chip
networks.
Modulating the physical properties of a system in space and time has allowed in recent years the engineering
of magnet-less non-reciprocal responses in electromagnetics and acoustics [2], [3], but the use of this concept in
practical applications beyond RF remains challenging due to the high modulation frequencies required and the
difficulty of modulating the permittivity of silicon [4], [5]. Recently, gated graphene structures with time-varying
gate voltages have been introduced as a promising plasmonic platform to implement this paradigm at THz and IR
[1], owing to the ultrafast modulations it can support [6] and the numerous attractive features of graphene
plasmonics [7]. The most significant challenge in this approach lies in the necessity of high quality graphene able
to support plasmons with low damping. To lessen this constraint, here we propose to break reciprocity by using
spatiotemporally modulated graphene as a perturbation of high-Q photonic modes in dielectric structures. The
resulting hybrid graphene-dielectric photonic devices are low-loss, silicon-compatible, robust against graphene’s
imperfections, and exhibit large non-reciprocal responses using a realistic biasing scheme.
We illustrate this concept through a simple waveguide isolator based on the fundamental transverse electric
(TE) mode in a dielectric slab loaded with a closely spaced graphene bilayer, as depicted in Fig. 1a. This
configuration allows fast modulation of the effective stack conductivity by applying a time-varying voltage
between them [6], [8]. If different voltages with adequate phases are applied along the propagation direction z, an
effective linear momentum is imparted to the propagating modes due to the (weak) interaction of the graphene
stack with the z-component of the photonic mode. We study the response of the system by (i) analytically solving
the eigenmodes of the modulated structure, (ii) using coupled mode theory together with the unmodulated states,
and (iii) using coupled multi-harmonic frequency domain numerical simulations – full details will be given at the
conference. The operation is as depicted in Fig. 1b: power can only propagate from left to right, with any power
in the opposite direction being frequency-shifted and reflected. Fig. 1c shows the insertion loss from left to right
and from right to left versus frequency, for a graphene relaxation time of 𝜏 = 0.1 ps and a modulation frequency
𝑓𝑚 = 20 GHz, five hundred times smaller than the operation frequency. We stress that all these parameters are

Figure 1. (a) Photonic isolator based on a slab waveguide with relative permittivities 𝜀1 = 1, 𝜀2 = 12, 𝜀3 = 4 and ℎ = 2 𝜇𝑚,
loaded with a spatiotemporally modulated graphene bilayer with effective conductivity 𝜎𝑒𝑓𝑓 = 𝜎0 (1 + 𝑀 cos[𝜔𝑚 𝑡 − 𝛽𝑚 𝑧]). (b)
Poynting vector for incidence from the left (energy is transmitted to the right) and from the right (energy is frequency converted and
reflected). (c) Insertion loss versus frequency for both excitation directions. Dashed line indicates the operation point plotted in panel
(b).

easily achieved with state of the art fabrication techniques. Our proposed structure isolates in each direction at
different frequencies due to the asymmetric bandgaps opened by the modulation, while loss in the transmitting
direction remains very low. These preliminary results are very promising, and they may establish the foundation
for a new class of non-reciprocal photonic devices compatible with integrated silicon photonics. We will discuss
at the conference alternative implementations based on multimode operation, resonant structures aimed to reduce
device footprint, as well as metasurfaces for isolation of plane waves.
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Abstract- We have derived analytical expressions for the radiative decay rate of the spontaneous
emission of a chiral molecule located near a dielectric spherical particle with a chiral nonconcentric
spherical shell made of a bi-isotropic material. Our numerical analyses show that for a chiral
molecule near a dielectric spherical particle with a shell made of a chiral metamaterial with
simultaneously negative permittivity and permeability, the “right” and “left” enantiomers of
molecules can exhibit pronounced differences between the radiative decay rates.
The scattering of electromagnetic radiation by a chiral spherical particle was previously investigated [1,2].
However, the problem of scattering of light by an asymmetric chiral particle has not yet received the attention of
researchers. In this paper we consider the spontaneous radiation of a chiral molecule located near an asymmetric
chiral nanoparticle and as a model of such particles we investigate a spherical dielectric particle with a
nonconcentric spherical shell made of a chiral material.
In describing the electric and magnetic fields in the shell of a chiral medium, we use constitutive equations
for a bi-isotropic material in the Drude-Born-Fedorov form [3]. We have obtained analytical expressions [4] for
the radiative decay rate [2] of the spontaneous emission of such a chiral system. To understand physics of these
effects, we also performed independent numerical simulations by using the finite element method as
implemented in COMSOL Multiphysics® software [5], as shown in the insets of Fig.1.

Figure 1. Radiative decay rate of the spontaneous emission of a chiral molecule located close to the surface of a
spherical nanoparticle with a dielectric core and a chiral shell as the function of the real part of the permittivity

ε1 = ε1ʹ + i 0.1 . The solid lines correspond to the “right” molecule ( m 0 = 0.1d 0 ), and the dashed lines correspond to

the “left” molecule ( m 0 = −0.1d 0 ). The colors represent the cases of the molecule position near the thin (blue),
thick (red) parts of a shell, and the case of concentric shell (green). The insets show near-field patterns Re(Ez) at
ε1ʹ = −1.33 on the z=0 plane.
Acknowledgements: The authors are grateful to the Advanced Research Foundation (Contract 7/004/2013-2018
by 23/12/2013) and the Russian Foundation for Basic Research (Grants 14-02-00290 and 15-52-52006) as well
as the Ministry of Science and Technology (Grant MOST 104-2923-M-002-004-MY3) and the National Center
for Theoretical Sciences of Taiwan for financial support of this work.
REFERENCES
1. Bohren, C. F. “Light scattering by an optically active sphere,” Chem. Phys. Lett., Vol. 29, 458–462, 1974.
2. Klimov, V. V., Zabkov, I. V., Pavlov, A. A. & Guzatov, D. V., “Eigen oscillations of a chiral sphere and
their influence on radiation of chiral molecules,” Opt. Express, Vol.22, 18564–18578, 2014.
3. Lindell, I. V., Sihvola, A. H., Tretyakov, S. A. and Viitanen, A. J., Electromagnetic Waves in Chiral and
Bi-isotropic Media, Artech House Publishers, 1994.
4. Guzatov, D. V., Klimov, V. V., Chan, H. C. and Guo, G. Y., "Tuning spontaneous radiation of chiral
molecules by asymmetric chiral nanoparticles," submitted.
5. www.comsol.com

Optical sensing of chiral molecules using metamaterials
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Abstract- We present a theory for the microscopic origins underlying the chiroptical spectroscopy
using metamaterials. When optical resonators are coupled to chiral molecules, the inherent circular
dichroism (CD) of chiral molecules are modified by local fields near resonators, whereas chiral
molecules perturb resonant modes of the resonators. We show two origins of CD simultaneously
contribute to the CD enhancement in the chiral molecule/resonator coupled system. We propose a
design route for the optical resonators that enhance CD of chiral molecules.
Naturally occurring circular dichroism (CD) signals of chiral molecules are inherently weak because the
chirality of molecules is much smaller than the wavelength of circularly polarized plane waves, but chiral
molecular CD signals can be strongly enhanced when chiral molecules are coupled to optical resonators. In
recent years, resonant metamaterials have been applied to the enhancement of molecular CD signals [1].
Unfortunately, however, it has been a significant mismatch between experimentally observed CD enhancement
factors and theoretical predictions [1]. Here, we explain two simultaneously contributing mechanisms of the CD
enhancement in the chiral molecule/metamaterial coupled systems [2,3].

Figure 1. Schematic of two mechanisms for the CD enhancement.
When the chiral molecules are adsorbed on the optical resonators, CD signals can be strongly enhanced. As
shown in Fig. 1, the enhancement of CD signals by resonators is originated from two major mechanisms: the
chiral Purcell effect and the circular differential scattering effect. The chiral Purcell effect describes the
modification of the helicity-dependent spontaneous decay of chiral molecules. Inside the resonator, both the
energy and the helicity of light can be strongly localized. As a result of localization of optical energy and helicity,
the circular difference in the spontaneous decay rate ΔΓ can be significantly enhanced compared to that in the
free space ΔΓ0, as shown in Fig 2 [2,4]. The figure of merit for the resonator to enhance CD signals is called as
the chiral Purcell factor FC, and it is defined by
FC
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with the resonance wavelength λ0, refractive index n, the quality factor Q of the resonator, and the chiral mode

volume VC [2]. On the other hand, the presence of chiral molecules in the vicinity of optical resonators perturbs
the optical response of the resonators [3]. We find that scattering cross sections of light by the optical resonator
embedded in chiral medium is different upon two opposite circular polarized incident light although the optical
resonators are achiral.
In this presentation, we show that both the chiral Purcell effect and the circular differential scattering effect
can simultaneously contribute the measured CD signals. We present a microscopic theory to completely describe
the multiple origins for the CD enhancement in the chiral molecule/optical resonator coupled system [5]. We
expect that our theory can overcome the limitations of the conventional theory that have a mismatch between
experimentally observed CD enhancement factors and theoretical predictions. Our theory also enables analysis
and design of the surface-enhanced chiral molecule sensing experiment.

Figure 2. Enhanced CD signals of chiral molecules inside the double fishnet structure corresponding to three
different molecule positions.
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Enhanced Circular Dichroism of Isotropic Au-core/Ag-shell
Nanoparticles due to Fano Resonances
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Abstract-Optical activity of individual Au-nanospheres and Au-core/Ag-shell nanoparticles was
observed in aqueous solution. Possible mechanisms are discussed, including the excitation of
volume plasmons, multiple scattering, and electron spin polarization. Given the left-handedness of
dipolar localized surface plasmons (LSPs) of Au-nanospheres, spherical Au-core/Ag-shell
nanoparticles exhibit sign reversal. Strong positive ellipticity from core-shell nanoparticles is
attributed to Fano resonances between dipolar and quadrupolar LSPs whereas negative ellipticity of
dipolar LSPs originates from nonlocality. Plasmon enhancement via ligand chirality was not
observed.
Recent chirality research in nanoparticles concerns only structural dissymmetry, including chiral transfer of
ligand molecules to nanoparticles1 as well as helical arrangement of assembled nanoparticles. This is based on
the quantum mechanical theory of optical activity, which is one-electron model associated with formulating the
scalar product of electric/magnetic dipole transition moments.2 Metal nanoparticles are many-body systems, and
their dimensions are larger than the Fermi radius of electrons, and thus a direct application of the one-electron
model of optical activity to individual nanoparticles may lead to unphysical consequences. Except for helical
assemblies of nanoparticles exhibiting dominant CD responses, spatial dispersion (nonlocality) should be
considered for individual nanoparticles. In crystals, optical activity is the first order spatial dispersion of
electromagnetic waves,3 which has been neglected since chirality studies of plasmonic nanoparticles gained great
interest a decade ago. I experimentally demonstrate that spatial dispersion for individual Au nanosphers leads to
optical activity of dipolar LSPs with having left-handedness, although measured ellipticities are generally weak.
Longitudinal volume plasmons excited along the direction of light propagation4 likely generate a electric field
gradient, leading to dephasing5 of the electromagnetic wave. For nanoparticles having strong quadrupolar LSPs
such as core-shell structures,6 however, Fano resonances enhance CD responses,7 resulting in large positive
values of ellipticity. Plasmon enhancement of nanoparticle CD was not observed for L-ascorbic acid
functionalized Au-nanospheres, due to homogeneous distribution of the ligands or screened Coulomb
interactions between conduction electrons and ligand electrons by the positive jellium background. The CD sign
reversal is not related to possible phase variation via multiple scattering as well as possible electron-spin
polarization via coupling of Shockley surface states to bulk conduction electrons. The latter effects, which would
produce a constant sign of ellipticity, were safely excluded. Under spatial dispersion, Fano resonances produce
noticeable CD responses, which is not negligible for optical activity of individual nanoparticles.
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Figure 1. CD and UV-Vis spectra of Au-core/Ag-shell spheres. Ag-shells were grown by reducing Ag+ ions with
L-ascorbic acid. Thickness of Ag-shells is qualitatively represented as thin/thick.
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Single particle chirality
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Abstract- Chiroptical activity serves as an important tool for manipulating light or for characterizing
spatial arrangements in molecules, proteins (and other polymers) crystals and nanostructures. Due to the
weak intensity of Circular Dichroism (CD) measurements of CD are all done on an ensemble of particles
either in solution, in crystals, or on a large array of meta-particles on a substrate. Here we present an
experiment in which the CD spectroscopy of individual, fabricated Gammadions were studied.
Recent studies to measure CD of individual nano-objects have been made, by using near field techniques1, or
dark-field2 of randomly generated non symmetric structures . Here, we present a study in which CD absorption
spectroscopy of individual fabricated (left and right chirality) Gammadions was carried out.
Our experimental setup for measuring the spectroscopy of individual nanostructure follows the approach of
Sandoghdar and coworkers3 who demonstrated single molecule detection by optical absorption. Here, we expand the
spectral range to the entire visible spectrum together with accurate polarization control to enable CD spectroscopy.
We use a broadband Supercontinuum source (SC) filtered by Acousto-optic tunable filter (AOTF). A 50:50
beam-splitter to split the light beam to a probe beam and a reference beam. The reference beam is used to monitor
light intensity fluctuations, while the probe beam is passed through the LC retarder and then focused on the sample.
We use a moderately high NA polarization maintaining objective to increase the interaction between the beam and
particles while still keeping the polarization as pure as possible.

. We scan through the spectral range, and spatially

over the sample of interest and preform spectroscopic absorption and reflectance measurement on individual particle.
The LC retarder cycles 30-100 times between Left/Right circular polarization states to differentiate between the
corresponding absorptions and thus measure dissymmetry caused by a single nanoparticle.
Transmission and spatial dissymmetry maps for a 160 nm right handed gold Gammadion, taken at 600 nm, is shown
in Figure 1. We show that the chiral gammadion shape leads to a negative dissymmetry value at the shapes center as
determined by the transmission data. The dissymmetry shown here is of the order of 10-4 and is presented after
subtracting the small surface dissymmetry, is attributed to residual dissymmetry-response of the experimental setup.
The distinct CD, is reversed in sign when measuring CD on an equivalent left handed Gammadion.
Wide spectral range measurements were performed on 500nm Au Gammadions. For each wavelength the sample was
scanned using only right handed circular polarization, and at the end of each such scan the center of the particle was
identified by finding the point giving a minima in the transmission. At that point the polarization was square-wave
modulated, between right and left circular polarization for 30 cycles. The difference between the left and right set of
measurements represents the CD at a specific wavelength. The experimental spectra of the CD of left handed and right
handed Gammadions show distinct similarity to our FDTD simulations (See Figure 2)

Figure 1 – Transmission and spatial dissymmetry scans at wavelength of 600nm. (A) – Transmission scans for a 160nm
right handed Gammadion. (B) - Dissymmetry scans for the same Gammadion.

Figure 2 – dissymmetry spectra for 500nm Gammadions. The dots represent measurements on Right/Left handed
Gammadions while the solid line is the simulated spectra calculated using FDTD.

In summary, we have successfully shown bright far-field CD spectroscopy of single nano-objects, with a distinct
ability to distinguish between the CD responses of two enantiomers and to map the spatial CD distribution on the
nanoscale.
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Tunable, nondispersive optical activity of bi-layered chiral
metamaterials
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Republic of Korea
*

corresponding author: bmin@kaist.ac.kr

Abstract- Here we demonstrate that mechanically-tunable, nondispersive optical activity can be
achieved in quasi-planar, bi-layered chiral metamaterials where an enhanced magnetic coupling
between front- and back layers is present. It is experimentally shown that the polarization state of
the transmitted electromagnetic waves through the metamaterial layer is rotated by 30°, regardless
of their frequencies in a broad frequency range.
Extremely large optical activity can be realized by chiral metamaterials consisting of strongly-resonant,
subwavelength-scale chiral particles. The large optical activity of the chiral metamaterials allows them to be
used as ultra-thin polarization rotators. However, the most of chiral metamaterials have highly dispersive optical
properties due to their resonant nature, which leads to the narrow operating bandwidth in terms of transmission
and optical rotatory power. Recently, nondispersive, strong optical activity has been reported in
three-dimensional meshed helical metamaterials [1].

Figure 1 Characterization of the proposed bi-layered chiral metamaterial in the microwave range. (a) Numerically
calculated and experimentally measured total transmission amplitude. (b) Numerically- and experimentally retrieved
chirality parameter. (c) Nondispersive polarization rotation of the transmitted wave and (d) nearly-zero, flat ellipticity.

Here we demonstrate that mechanically-tunable, nondispersive optical activity can be achieved in
quasi-planar, bi-layered chiral metamaterials where an enhanced magnetic coupling between front- and back
layers is present. It is experimentally shown that the polarization state of the transmitted electromagnetic waves

through the metamaterial layer is rotated by 30°, regardless of their frequencies in a broad frequency range (see
Fig. 1). It is also found that the amount of polarization rotation can be further increased by adding more layers.
Furthermore, the rotation angle can be dramatically tuned by changing the interlayer spacing distance. This
tunable optical activity seems to originate from the change in interlayer magnetic coupling, which is reasoned by
its asymptotic scaling with increasing spacing distance. Since the proposed chiral metamaterial consists of planar
structures, we expect that the chiral metamaterials with tunable, nondispersive optical activity at higher
frequency regime might be realized by using conventional micro- and nano fabrication techniques.
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Electrical control of one circular polarization in
graphene integrated chiral metamaterials
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Abstract- We experimentally demonstrate an electrical tuning of the polarization state of terahertz
waves with a graphene integrated chiral metamaterial. We validated that the graphene integrated
chiral metamaterial achieves a high-intensity modulation depth up to 63% for the RCP wave at the
small gate voltage with maintaining high transmission of the LCP wave up to 52%.
Controlling circular polarization states is important in the field of quantum computation and information,
optical communication of spin information and circular dichroism spectroscopy. Conventionally, chiral materials
such as quartz have been used for the purpose of modifying the state of polarization of light. However, naturally
occurring chirality in the form of circular dichroism (CD) and optical activity (OA) is extremely weak, requiring
a substantially long propagation length to observe chirality1. To overcome this problem, artificial structures
called “chiral metamaterials” composed of sub-wavelength metallic building blocks have been proposed for
enhancing CD and OA enabling various potential applications such as broadband circular polarizers and wave
plates2.
In this study, it is shown that the transmission of a right- handed circularly polarized (RCP) terahertz wave can
be strongly modulated when a voltage is applied to the gate, due to a critical transition followed by the change in
the optical conductivity of the graphene.
We used a conjugated double Z metamaterial (CDZM) to control the circular polarization state of the terahertz
wave. The metamaterial was fabricated through a general MEMS process. Single layer graphene grown by
chemical vapor deposition (CVD) was transferred thereon, and gate voltage was applied to the graphene by
side-gate method using ion gel (Figure 1). The fabricated graphene CDZM structures are characterized by THz
time-domain spectroscopy (THz-TDS). As shown in the figure 2a, TRCP can be dramatically reduced when we
applied gate voltage of
V(=VCNP-VG) = 1.8V, but almost leaves TLCP unchanged at the resonance frequency of
1.1 THz. The maximum modulation depth for the RCP wave, defined as a relative transmission of RCP change
∆TRCP / TRCP, Min for graphene CDZM, is measured to be 63 % at the resonance. To clarify the mechanism of
electrical control of one circular polarization observed in the experiments, we perform numerical simulations and
employ the temporal coupled-mode theory (CMT) involving two resonant modes with two ports3.
Figures and Tables:

Figure 1. Schematic views and device image of gate-controlled active graphene CDZM.
(a) Schematic rendering of a gate-controlled active graphene CDZM composed of a single layer graphene
deposited on the top layer of conjugated double Z metamaterial (CDZM) and subsequently covered by a
layer of ion gel (thickness t = 20 µm). (b) Schematic rendering of the fabricated graphene CDZM. B is a
base connected to the ion gel and G is a gate connected to the graphene layer.

Figure 2. Gate-controlled circular transmission and circular dichroism.
(a) Measured and simulated intensity of transmission spectra for right-handed circularly polarized (TRCP,
solid line) and left-handed circularly polarized (TLCP, dashed line) waves are plotted for different gate
voltages ΔV. (b) TRCP (orange) and, TLCP (green) at the resonant frequency 1.1 THz as a function of ΔV.
While TLCP is almost unchanged, TRCP can be dramatically modified by the applied voltage.
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Abstract-We fabricated unprecedented three dimensional chiral plasmonic nanostructures by
integrating organic-inorganic interaction in nanoparticle growth. Depending on the functional group
in organic molecule, binding energy onto gold surface was modulated and we use this control over
shape to address fabrication of asymmetric structure with nanometer controllability. Fabricated
chiral gold nanoparticle exhibited extremely high dissymmetry factor at visible range (~0.2 at 622
nm) superior to any other structures produced by bottom-up approaches and showed macroscopic
color transformation even in random dispersion.
Nature has remarkable ability to control the shape of inorganic material. Direct contact of biomolecule with
inorganic surface at specific site significantly modifies the direction of crystal growth resulting in macroscopic
shape change. Inspired from organic modifier in nature, we developed organothiol assisted growth system which
is capable of directing morphological development through distinctive interaction between organothiol and gold
surface.[1-2] Using rationally designed organothiol molecules, here, we demonstrated unprecedented
morphologies with exceptional optical properties. By changing spatial configuration of functional group in
organothiol molecule, we constructed nanoparticle with strong optical activity at visible range. The nanoparticle
exhibits outstanding anisotropy dissymmetry factor ~0.2 and optical rotatory dispersion effect. In addition,
tunable optical response was achieved through tailoring the structure of nanoparticle modulated by spatial
control of functional groups.

REFERENCES
1. Lee, H.-E.; Yang, K. D.; Yoon, S. M.; Ahn, H.-Y.; Lee, Y. Y.; Chang, H.; Jeong, D. H.; Lee, Y.-S.; Kim, M. Y.;
Nam, K. T. “Concave Rhombic Dodecahedral Au Nanocatalyst with Multiple High-Index Facets for CO2
Reduction” ACS Nano, 9, 8384-8393, 2015.
2. Ahn, H.-Y.; Lee, H.-E.; Jin, K.; Nam, K. T. “Extended gold nano-morphology diagram: synthesis of rhombic
dodecahedra using CTAB and ascorbic acid” J. Mater. Chem. C 1, 6861-6868, 2013.

META 2017 CONFERENCE, 25 – 28JULY 2017, INCHEON - KOREA

A Simple Chiral Metamaterial for Broadband Asymmetric Transmission of Linearly
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Abstract
A chiral metamaterial (CMM) based on a complementary
metal strip in a single dielectric layer is proposed for
achieving broadband asymmetric transmission (AT) of
linearly polarized electromagnetic waves. The proposed
CMM exhibits AT efficiency of 90% over a bandwidth of
1.15 GHz (8.58 GHz to 9.73 GHz) for forward/backward
linearly polarized excitations. Surface current analysis and
electric field profiles of the structure elaborates the nonidentical interaction of electromagnetic radiation for forward
and backward excitations that resulting in the AT effect.
Proposed CMM is ultrathin over the operational AT
bandwidth and hence it may be useful to replace
conventional ferrite based devices for microwave
applications.

1. Introduction
Efficient manipulation of polarization state of
electromagnetic radiation has always been highly desirable
due to its potential applications in molecular biology,
analytical chemistry and optoelectronics[1]. Although,
conventional chiral materials which lacks mirror symmetry
in the propagation direction possess optical activity, its
magnitude is very weak. On the other hand, metamaterials
which are artificial materials formed by periodic metallic
inclusions came out as an excellent candidate for the
polarization manipulation. Metamaterial with twisted metal
inclusion is sufficient enough to break the mirror symmetry
along the direction of propagation and such composite
possesses giant optical activity known as chiral
metamaterials (CMM). CMM exhibit tailored chiral
response which is several magnitudes higher than the natural
conventional chiral materials. Initially three-dimensional
helical metamaterials were employed for polarization
manipulation but due to the difficulty in fabrication and
thickness the focus has been shifted to planar CMMs.
Twisted rosettes[1], cross wire pairs[2], gammodian
structures[3], fractal geometries[4], cut-wire pairs[5],
asymmetric split ring resonators including square and Vshaped constituents[6] are few examples of planar CMMs.
Apart from giant optical activity CMMs can also show some
exciting properties such as polarization transformation,
circular or elliptical dichroism and asymmetric transmission
(AT).

Asymmetric transmission (AT) is a remarkable
effect exhibited by CMMs due to circular conversion
dichroism. It is the capability of the structure to allow the
electromagnetic wave to propagate in one direction while
blocking it completely in the opposite direction. This can be
compared to a diode which allows the current in forward
direction while blocks it in the backward bias[7]. AT effect
in CMMs is different from the non-reciprocity of the
Faraday Effect in magneto-optical media and can be
explained by de hoop reciprocity as explained by Jones
matrix formulation [8]. AT effect is useful in designing non
reciprocal devices such as isolators and circulators,
especially in the microwave region and also in optical
interconnects, ultrafast information processing and
integrated photonic circuits [9]. AT effect in metamaterial
can be a good replacement for bulky ferrite based
conventional ones to help in microwave circuit
miniaturization. Hence, over the last decade much research
has been carried out to develop metamaterial based AT
structures [10-13]. However, many of the designs exhibited
only narrow operational bandwidth that restricted its
practical applications. Therefore, designs with broadband,
high magnitude AT effect is highly desirable.
In this work, we present a novel, broadband
asymmetric transmission structure for a linearly polarized
wave at microwave frequencies. The designed structure is
based on complementary strips patterned on a dielectric
substrate. The optimized design is almost transparent for a
broadband of 1.15 GHz in one propagation direction while
the same polarization is blocked from the other direction.
The mechanism of the asymmetric transmission by the
proposed design is explored with surface current analysis
and electric field maps.

2. Design
Fig. 1 shows the unit cell layout of the proposed AT
structure. It is a single dielectric layer design with metal
patterns on both the sides of it. The metal patterns are
designed to be complementary strips which are kept at an
angle of 90° with respect to each other. This rotated
geometry breaks the symmetry in the propagation direction
and thus gives the asymmetric transmission from the
structure by giving different polarization conversion from
the two opposite incident directions. Rogers RT 5880 with
dielectric constant 2.2 and loss tangent 0.0009 is used as a

substrate and the metal patterns are realized with copper of
thickness 0.034 mm and conductivity of 5.8x107 S/m.

its values (fig. 2 b).. That is from the backward direction
direction, the
incident Y-polarization
polarization gets converted to X
X-polarization and
transmitted to the other side while blocking the incident X
Xpolarization. Also, the co-polarization
polarization terms are less than
0.136 for the entire spectrum. The equal magnitudes for Txx
and Tyy make the asymmetric transmission for circularly
polarized light as zero making the structure suitable for
asymmetric transmission of linear
linearly polarized wave.

Figure 1: Unit cell of the proposed AT structure. a) Front
layer b) back layer c) Perspective view
The geometry of proposed structure is analyzed and
optimized by full-wave electromagnetic simulations using
CST Microwave studio. In the frequency domain solver,
solver unit
cell boundary conditions are applied in the Y and X
direction, and electromagnetic radiation is excited along the
Z direction. The optimized dimensions of the unit cell
parameters are ax=11.5 mm, ay=11.5 mm, az=0.787mm.

Figure 2: The co- (Txx and Tyy) and cross
cross-polarized (Tyx and
Txy) transmission coefficients of linearly polarized wave in
a) forward and b) backward directions
directions.

3. Simulation Results
For transverse electric (TE) and transverse magnetic (TM)
polarization excitation, all components of coco (Txx and Tyy)
and cross-polarized (Tyx and Txy) transmission coefficients
are computed in the frequency range of 4-14 GHz.
Transmission coefficients Tij is defined as the ratio of
complex amplitude of transmitted electric field to the
incident
cident electric field. The subscripts i and j corresponds to
the polarization of the transmitted and incident
electromagnetic radiation which is either TE (Electric field
is oriented along y) or TM (Electric field is oriented along x)
linear polarization.
Fig. 2 shows the transmission coefficient from the structure
when the electromagnetic radiation incident on it in the a)
forward and b) backward directions. For the entire spectrum
the cross- polarization terms Tyx and Txy
x show different
magnitudes whereas the co-polarization
polarization terms Txx and Tyy
are equal. It is observed that Tyx shows a broad, strong peak
with values above 0.9 from 8.48 GHz to 9.86 GHz.
GHz At the
same frequency range co-polarizatio
polarization transmission
magnitudes are less than 0.015. This indicates strong cross
polarization conversion of the structure. When X-polarized
X
wave is incident on the structure from the forward direction,
most of it gets converted to Y polarization and transmitted to
the other side. But for Y-polarized
polarized incidence, this effect is
absent. This large difference in polarization conversion for
different incident polarization makes the structure suitable
for asymmetric transmission. When the propagation
direction is reversed the cross-polarization
polarization terms exchange

The large difference in the cross polarization terms causes
large difference in the total transmission for a linear
polarization from the two propagation directions. Total
transmission is calculated as the sum of cross
cross-polarization
and co-polarization terms as [14]
T = |T | + T

(1 a)

T = T

(1 b)

+ T

Figure 3: Total transmission for an X
X- polarized wave from
forward and backward directions
From Fig. 3, it is observed that in the forward
propagation direction X-polarization
polarization shows a peak from

2

8.56 GHz to 9.75 GHz with a maximum value of 96.6% and
in the backward propagation direction it is less than 1.6%. In
the opposite propagation direction, Y polarization shows a
strong peak in the same frequency band.
Asymmetric transmission is generally characterized
aracterized by the
parameter Δ,, which is defined as the difference between the
cross-polarization terms [9].
= |T |

|T | =

direction which is perpendicular to the applied filed
contribute in cross polarization conversion.

(2)

Fig.4 shows the calculated asymmetric transmission
parameter Δ in the frequency range 4-14
14 GHz. A Strong,
broadband response is observed from 8.58 GHz to 9.73 GHz
with magnitude more than 0.9 with a maximum value of
0.95. This strong AT is a result of difference in the partial
polarization conversion which is asymmetric in the two
propagation directions.

Figure 5: Surface current distribution on the proposed
metamaterial structure at 8.78 GHz a) front b) back layers
To substantiate the cross polarization mechanism
the electric field profiles of the structure is presented (Fig.
6). When Y polarized wave is incident on the structure in the
forward
ard direction (a) most of the incident radiation get
reflected and no cross polarization conversion occurs. When
Y polarization incident in the backward direction (b), it get
converted to X polarization and transmitted to the other side.
The change in the field patterns in the structure is noticeable
and caused by the cross coupling resulting in the
polarization conversion.

Fig.4 The asymmetric transmission parameter Δ for X and Y
polarizations.
The existence of opposite peaks for Δx and Δy in the
spectrum signifies that the asymmetric transmission is
contrary for X and Y polarization. That is,
is in one
propagation direction X polarization is allowed while Y
polarization is forbidden and in the opposite direction this
reverses. Further, owing to the equal magnitudes of the coco
polarization terms, Δ for the circular polarizations is
observed to be zero.
To elucidate the mechanism of asymmetric
transmission, the surface current generated under e-m wave
excitation on the structure is analyzed.. Surface current
distribution of the two metallic layers at 8.78 GHz when XX
polarized wave incident on it in thee forward direction is
presented in Fig.
ig. 5. The applied electric field is in the XX
direction and magnetic field in the Y direction. From the
figure it can be seen that
at anti parallel currents exist between
the front and back layers. This constitute a circulating
circu
current in the structure resulting in induced magnetic field
which has components in both X and Y directions. The Y
component of the induced magnetic field which is
perpendicular to the applied electric field does not contribute
to the polarization conversion. In contrast, the X component
of the induced magnetic field which is in the direction of
applied electric field couples strongly with the incident
electric field and result in the X to Y polarization
conversion. Also, there are induced electric fields along X
and Y directions and the induced electric field along the Y

Figure 6: Electric field evolution for X and Y polarization
incidence
Similarly when X polarized wave incident in the forward
direction
ction (c) cross coupling happens in the structure and the
wave gets transmitted to the other side as Y polarization. But
when incident in the backward direction (d), most of the
radiation gets reflected and no cross polarization conversion
occur.

4. Conclusi
Conclusion
In summary, the design and analysis of a
metamaterial based broadband asymmetric transmission
structure at microwave frequency is presented. In addition to

3

being planar, simple and ultra-thin, the structure exhibits
broadband nature which makes it excellent for practical
applications. Full wave simulations show that for a
bandwidth of 1.15 GHz from 8.58 GHz to 9.73 GHz, the
design produces strong asymmetric transmission for linear
polarizations with magnitude more than 0.9. Also, from the
calculated total transmission it is found that 96.6% of the
incident polarization gets transmitted in one propagation
direction while from the other direction the same
polarization is restricted to 1.6%. The mechanism of cross
polarization conversion is explained with the surface current
analysis. Further the electric field profilesof the structure
gives a clear visualization of the cross polarization occurring
in the structure.

[11]

[12]

[13]

[14]

References
[1]

[2]

[3]
[4]

[5]

[6]

[7]

[8]
[9]

[10]

E. Plum, J. Zhou, J. Dong, V.A. Fedotov, T.
Koschny, C.M. Soukoulis, N.I. Zheludev,
Metamaterial with negative index due to chirality,
Phys. Rev. B - Condens. Matter Mater. Phys. 79
(2009) 1–6.
J. Zhou, J. Dong, B. Wang, T. Koschny, M.
Kafesaki, C.M. Soukoulis, Negative refractive index
due to chirality, Phys. Rev. B - Condens. Matter
Mater. Phys. 79 (2009) 3–6.
M. Decker, M.W. Klein, M. Wegener, S. Linden,
Circular dichroism of planar chiral magnetic
metamaterials, Opt. Lett. 32 (2007) 856–858.
D. Zarifi, M. Soleimani, V. Nayyeri, J. RashedMohassel, On the miniaturization of semiplanar
chiral metamaterial structures, IEEE Trans.
Antennas Propag. 60 (2012) 5768–5776.
G. Dolling, C. Enkrich, M. Wegener, J.F. Zhou,
C.M. Soukoulis, S. Linden, Cut-wire pairs and plate
pairs as magnetic atoms for optical metamaterials.,
Opt. Lett. 30 (2005) 3198–3200.
Z. Li, R. Zhao, T. Koschny, M. Kafesaki, K.B.
Alici, E. Colak, H. Caglayan, E. Ozbay, C.M.
Soukoulis, Chiral metamaterials with negative
refractive index based on four “u” split ring
resonators, Appl. Phys. Lett. 97 (2010) 1–4.
D. Liu, Z. Xiao, X. Ma, Z. Wang, Broadband
asymmetric transmission and multi-band band 90°
polarization rotator of linearly polarized wave based
on multi-layered metamaterial, Opt. Commun. 354
(2015) 272–276.
T. Pertsch, F. Lederer, Asymmetric Transmission of
Linearly Polarized Light at Optical Metamaterials,
Phys. Rev. Lett. 253902 (2010) 1–4.
M. Mutlu, A.E. Akosman, A.E. Serebryannikov, E.
Ozbay, Diodelike Asymmetric Transmission of
Linearly Polarized Waves Using Magnetoelectric
Coupling and Electromagnetic Wave Tunneling,
Phys. Rev. Lett. 213905 (2012) 1–5.
C. Huang, Y. Feng, J. Zhao, Z. Wang, T. Jiang,
Asymmetric electromagnetic wave transmission of
linear polarization via polarization conversion
through chiral metamaterial structures, Phys. Rev.

4

B. 195131 (2012) 1–5.
L. Wu, M. Zhang, B. Zhu, Dual-band asymmetric
electromagnetic wave transmission for dual
polarizations in chiral metamaterial structure, Appl.
Phys. B Lasers Opt. (2014) 527–531.
J. Shi, X. Liu, S. Yu, T. Lv, Z. Zhu, T.J. Cui, Dualband asymmetric transmission of linear polarization
in bilayered chiral metamaterial, Appl. Phys. Lett.
191905 (2013).
X. Huang, D. Yang, S. Yu, Dual-band asymmetric
transmission of linearly polarized wave using P shaped metamaterial, Appl. Phys. B Lasers Opt.
(2014) 633–638.
Z. Li, S. Chen, C. Tang, W. Liu, H. Cheng, Z. Liu, J.
Li, P. Yu, Broadband diodelike asymmetric
transmission of linearly polarized light in ultrathin
hybrid metamaterial, Appl. Phys. Lett. 201103
(2014).

Plasmonics-based devices

Treble-resonance nanohole array structure for selected
surface-enhanced Raman scattering substrate
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Abstract— Here we design a new SERS-active plasmonic nanostructure. Selected
enhancement of Raman signals is achieved by this device. We found that the SERS
enhancement factor corresponding to the resonant frequency exhibit about one magnitude
larger than the enhancement factor mismatched with the resonant frequency.
Structures with one or two plasmon resonant mode have been widely used to realize higher
enhancement of Raman signals[1]. Here we design a new SERS-active plasmonic nanostructure
with period silver nanoholes upon metallic film separated by a layer of silica spacer. The
introduce of silver and silica spacer provides a higher enhanced electric field for the interaction
of the LSPR mode and SPP modes with their mirror’s resonant modes, respectively.[2-3] The
structure we investigate here combines a LSP resonant mode and two SPP resonant modes.
Theoretical and experiment studies have been made to realize the selected enhancement of
Raman signals. We successfully achieve the enhancement of Raman signals by strengthening
the exciting mode and selected enhancements of several specific Raman signals matching with
the other two resonant frequencies. Period nanohole without metallic film upon the substrate
was introduced for comparison. The SERS enhancement factor (EF) of period silver nanoholes
upon metallic film separated by a layer of silica spacer was observed to be more than one order
of magnitude larger than that of a regular silver nanohole array on a glass substrate. Besides,
we found that the SERS enhancement factors corresponding to the plasmonic resonant modes
exhibit more than two times larger than that mismatched with the plasmonic resonant modes,
which was almost the same in the period nanoholes with silica substrate only.
In conclusion, we propose a SERS-active substrate with selected enhancement property.
Compared to the single layer nanoholes device, the multilayer device possesses not only higher
SERS enhancement factors, but also a selective enhancement of specific Raman frequency
corresponding to the plasmon resonant mode. This device can also be applied to several
molecules with characteristic Raman vibrational frequency detection. Besides, measures like
self-assembled[4] or UV nanoimprint lithography[5] can be introduced to reduce the cost of time
and economy.
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Abstract - We demonstrate that a conventional polarization-insensitive multilayer absorber can be
switched to a highly polarization sensitive perfect absorber by replacing the metallic reflecting layer
with a plasmonic grating. Active control of light absorption based on this concept is experimentally
and numerically demonstrated for both narrowband and broadband of wavelength.
Perfect absorber, which is a device that neither reflects nor transmits the incident light, has drawn great
interest due to many possible applications in photovoltaic solar cells, spatial imaging or highly sensitive
detectors. Recently, polarization dependent perfect absorbers, where only lights with specific polarization are
perfectly absorbed, have been realized by introducing anisotropy in the design structure. For example, for
narrowband polarization sensitive perfect absorber, designs with botte-line and cub-like structures are numerical
demonstrated in [1], and the one consisting of arrays of three-dimensional standing U-shaped resonators are
fabricated and realized in [2]. Since the control of light absorbance plays a fundamental role in photonics
technology with strong impact for light emitting and sensing components, metamaterial designs that can enable
active control of light absorbance are necessary.
Here, we report a demonstration of polarization sensitive perfect absorbers for both narrowband and
broadband of wavelength based on plasmonic grating, including numerical investigation of the design,
fabrication and measurements. We show that a polarization sensitive perfect absorber can be realized by simply
replacing the bottom metallic thin film with an appropriate plasmonic grating. The design structures for
broadband and narrowband polarization sensitive perfect absorber are presented respectively in Fig. 1a and Fig.
1b. We perform numerical investigations for both cases with different incident angles by using finite element
method (FEM) with Lumerical. In fabrication, evaporation for multilayers coating and e-beam lithography
technique with parameters optimized for plasmonic grating have been used. Performance of the designed
broadband perfect absorber under normal incidence is presented in Fig. 1c. When the incident light is s-polarized,
since the permittivity of Cr is closed to the idea metal permittivity in the visible and NIR range, multi-resonance
frequencies are created when the beam reflects back to the dielectric layer after approaching the grating [3],
leading to high absorption (above 85%) over broad wavelength range of 0.4-1.4 µm. For p-polarized incidence,
we can see that absorption decreases rapidly and becomes smaller than 25% for wavelength range of 1.2-1.6 µm.
The device is therefore sensitive to the polarization state for a range of 1.2-1.4 µm. In case of narrowband
perfect absorber, for s-polarized light, three absorption peaks, denoted as Peak 1 (absorption above 98%), Peak 2
(absorption above 85%) and Peak 3 (absorption above 68%), corresponding to the wavelength of 722 nm, 870

nm and 950 are observed respectively. Similar to the case of the broadband absorber, when the p-polarized light
is applied, we can see that all of 3 absorption peaks are diminished. Especially, guided mode resonance
absorption (Peak 2) is depleted to below 5%.

Fig. 1. Design of polarization sensitive perfect absorber for (a) broadband and (b) narrowband range
of wavelength. (c) and (d) are absorption under s-polarized and p-polarized incidence for the
designed broadband and narrowband perfect absorber respectively.
Overall, this study shows that a conventional multilayer perfect absorber can be switched to polarization
sensitive perfect absorber by simply replacing the metallic thin layer with a plasmonic grating. A broadband and
a narrowband perfect absorber based on the above concept are designed, fabricated and demonstrated to be
polarization dependent. Challenges remain, including the fabrication of grating with tinny period, especially for
sizes below 50 nm. The performance tolerance of the absorbers on the grating sizes is therefore also investigated
in our work. The proposed absorbers may have potential applications in polarization detectors, polarizers etc.
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Hybrid plasmonic waveguides by cladding hyperbolic
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Abstract— We propose a new type of hybrid plasmonic waveguides by cladding hyperbolic
metamaterials, consisting of mutlilayers of metal and dielectric, on a cylindrical plasmonic waveguide. The proposed metal-dielectric-hyperbolic waveguides share the merit of hybrid plasmonic
waveguides, that is, a relatively large ratio of propagation length to mode area. We analytically
solve the propagation constant, the most important waveguide feature, by locating the complex
roots of the multilayered anisotropic cylindrical waveguide dispersion relations.

In the present study, a new design of plasmonic waveguides with the dielectric-coated metal wire
as the inner core structure and the hyperbolic metamaterial as the outer cladding, is proposed. The
inner core structure is one of the standard optical waveguides for guiding waves in one dimension
[1]. The outer cladding is a strongly anisotropic medium, which is carefully arranged to adjust the
distribution of field energy within the waveguide. On the one hand, adding an outer cladding on the
coated structure forms the so-called metal–dielectric–hyperbolic cylindrical waveguides. The field
energy is shown to be highly confined within the dielectric layer as in the metal–dielectric–metal
planar [2] or cylindrical [3] waveguides, with minimal interference to nearby optical components.
On the other hand, the propagation loss will be reduced because of the somewhat less confinement
of the field energy along the transverse (to propagation) direction as in the hyperbolic–dielectric–
hyperbolic planar waveguides [4]. The proposed waveguides thus behave in the spirit of hybrid
plasmonic waveguides that combine the advantages of two diﬀerent types of waveguides to reach an
optimal performance. Regarding the hyperbolic metamaterial as an eﬀective medium, the radial
component of the permittivity tensor is positive in the present configuration, as opposed to being
negative for the axial component.
The propagation characteristics of the proposed waveguides are analyzed by the dispersion
relation of a multi-layered anisotropic structure in cylindrical coordinates. By taking into account
the evanescent nature of surface plasmon waves in the cladding, the dispersion relation can be
well approximated by a three-layered compact formula, based on which the propagation constant,
propagation length, mode area, and figure of merit are determined in an analytical manner. An
optimal waveguide performance is achieved when the propagation loss is substantially reduced at
the expense of slight mode confinement. For the plasmonic cylindrical waveguide made of Ag and
ZnO at the telecommunication wavelength, the mode area is comparable to that of the metal–
dielectric–metal waveguide, while the propagation length is about twice as large.
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Abstract— We proposed and evaluated a functional layer, a composite of plasma and dielectric,
which compensates the propagation of electromagnetic waves for loss in the shadow of an object.
The layer hides the object inside the layer from electromagnetic waves like an invisibility cloak.
Using the layer, we observed by numerical analyses that electromagnetic waves propagate in
the shadow. This layer consists of a dielectric layer and a plasma layer which has a spatial
gradient of electron density, and so the structure is simpler than the invisibility cloak composed
of metamaterial.

The methods of controlling propagation paths of electromagnetic waves by metamaterial, for
instance, cloaking, have been studied extensively[1]. An invisibility cloak decreases scattering
from the hidden object and its shadow[2]. In other words, the cloak compensates propagation of
electromagnetic waves for loss in the shadow of an object. Metamaterial, which can achieve the
cloaking is complex, which is a drawback for future industrial uses. Here we propose that plasma
can replace metamaterial in some cases. We observed that the plasma layer and the dielectric layer
hide an object roughly like an invisibility cloak without metamaterial by numerical analysis[3]. In
addition, combination of plasma and metamaterial works well to make the property tunable[4],
which is an advantage of plasma.
In this study, we evaluate this functional composite layer which compensates propagation of
electromagnetic waves for loss in the shadow of an object and hides the object from electromagnetic
waves. Its structure is simpler than an invisibility cloak of metamaterial.
The two-dimensional model of the layer is shown in Figure 1. We calculated the distribution of
the scattered and the total one, which is a sum of vectors of incident and scattered electric fields,
by finite-diﬀerence time-domain method (FDTD) when the incident plane wave (3.0 GHz) entered
the layer. The plane wave is in the TM mode, therefore the electric field is normal to, and the
magnetic field is parallel to the plane. The numerical model is shown in Figure 2. Central electron
density of plasma ne0 , the relative permittivity of dielectric εg , the thickness of dielectric dg and the
inner radius of the functional layer rin are model parameters. The observed point is on the circle
whose center is the same as the layer and whose radius is rin + dg + λ, where λ is the wavelength of
the incident filed. We evaluated the layer by the value Etrms (rin + dg + λ, φ)/Eirms (rin + dg + λ, φ),
where φ is the observed angle, Etrms is the root mean square value (RMS) of the total field, and
Eirms is RMS of the incident field.
RMS distribution of electric field calculated by FDTD and the evaluation value are shown in
Figure 3. Figure 3(a) shows the case with the functional layer. In this case, electromagnetic wave
cannot propagate in the plasma layer because of its overdense property. This case indicates that
the functional layer can hide an object inside the plasma layer. Compared with Figure 3(b), Figure
3(a) shows that electromagnetic waves can propagate behind the layer. Therefore the functional

Figure 1: Functional layer.

Figure 2: Numerical model
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Figure 3: RMS distribution of electric field and evaluation value. Two circles describe inner or outer
radius.(a)-(c): total field distribution and (d)-(e): scattered field distribution. (a) and (d): case with the
functional layer. ne0 is 2.0 × 1019 m−3 (overdense plasma), εg is 9.0, dg is 5.0 mm and rin is 30.0 mm. (b)
and (e): case with plasma only. Parameters are same as (a) except εg . (c): incident electric field. This
case corresponds to free space propagation. (f): evaluation value.

layer can hide an object and compensate the propagation for loss in the shadow of the object.
RMS distribution of the scattered field of the functional layer is shown in Figure 3(d). Compared
with Figure 3(e), the scattered field in the case with the functional layer is larger than the case of
plasma only. In spite of large scattered field, the total field behind the layer is larger than that in
the case of plasma only.
Figure 3(f) summarizes the results as an evaluation value. This figure shows that electromagnetic
waves can propagate almost as much as the incident field by using the functional layer around 90◦ .
Compared with the case of plasma only, the evaluation value in the case of the layer is bigger than
that for plasma only. Therefore the compensation for loss in the shadow is successful.
In conclusion, we proposed the functional layer composed of plasma and dielectric. Its structure
is simpler than the invisibility cloak of metamaterial. We observed the layer compensates propagation of electromagnetic waves for loss in the shadow of an object and hides the object from
electromagnetic waves by numerical analysis.
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Abstract— We proposed a metal/insulator/metal plasmonic waveguide with a rectangular resonator for a compact pressure or refractive index sensor. Transmission spectra of fabricated
structure were measured to confirm the resonance mode. Transmission dips by rectangular resonator are appeared at the fabricated structure. It is assume that the transmission dips due to
resonance mode in the rectangular resonator.

Plasmonic waveguide poses a potential to realized tiny and simple optical devices, because of
strong light confinement [1], [2], [3]. We are working on plasmonic devices for integrated optical
circuits based on Metal-Insulator-Metal (MIM) plasmonic waveguides (PWGs). We proposed a
MIM PWG with a rectangular resonator. Our rectangular resonator is sensitive to modification of
its shape and changing of the refractive index [4]. Therefore, our device is available for pressure
and/or temperature sensor.
Our rectangular resonator device could be fabricated by Electron beam lithography techniques.
MIM PWGs consist of Ag/PMMA/Ag on a glass substrate. An Ag pattern (thickness: 300nm) of
1st layer is fabricated by EB lithography and lift o↵ process. PMMA films and Ag film (thickness:
20nm) are formed by spin coating and thermal evaporation, respectively. A rectangular resonator
was negative type electron beam resist (NEB-22) fabricated by electron beam exposure. Ag films
(thickness: 300nm) are deposited on the structure. Finally, the output slit was milling by focused
ion beam.
SEM images of the cross section of a part of input slit and PWG with rectangular resonator
device are shown as Fig.1 (a) and (b), respectively. As shown in Fig.1 (a), the thickness of PMMA
film is approximately 140 nm. The surface plasmon polariton (SPP) can be confined and propagating within the thicknesses PMMA with Ag cladding. The incident light is irradiated from glass
substrate for exciting SPP at the MIM PWGs. The height and width of rectangular resonator are
240nm and 2.0µm, respectively.

(a) Input slit of plasmonic waveguide

(b) Rectangular resonator device

Figure 1: SEM image of cross section of fabricated structures.

Optical setup for measurement of transmission spectra is shown as Fig.2. Xe lamp has been
utilized as an incident light source. The TM polarized incident light is irradiated to the input slit
from a glass substrate for excitation of the SPPs at a MIM PWG. A distance between input and
output slit of a PWG is 20µm.
Transmission spectra of a straight PWG and a PWG with a rectangular resonator are observed
in the wavelength range from 600nm to 1000nm. The transmission spectra are shown as Fig.3.
Light intensity is decrease to shorter wavelength in the transmission spectrum of a straight PWG
as shown Fig.3. It is because of shorter propagation length of SPP in MIM PWGs. There are
no dips in this spectrum. On the other hand, there are many dips are appeared in the spectrum
of a PWG with a rectangular resonator. Transmission dips appeared at the wavelength 780nm,
840nm and 890nm. When standing waves are occurred in a rectangular resonator, optical energy
propagating in PWGs is consumed at a part of the rectangular resonator. Therefore, we believe
that transmission dips as shown Fig.3 are resonance modes in a rectangular resonator.
In this study, we proposed a rectangular resonator device, and experimental measurements of
transmission dips are succeeded. The device is available for on-chop sensor device.

Figure 2: Optical setup

Figure 3: Transmission spectra of a straight plasmonic waveguide
and a plasmonic waveguide with a rectangular resonator
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Abstract-Active and reconfigurable plasmonic devices are expanding their applications. To
combine such devices on optical fibers, one easily excites and detects signals from the optical
element. We report the design, fabrication and demonstration of active plasmon device on fiber
facets. From visible to near- infrared spectral range, we could control the transmission from the
device by applying electrical signal.
Plasmonic devices, including sensors, optical filter, ultra-thin lenses, and optical tweezers and so on, are
expanding their application based on their strong electric field enhancement and nano-scale localization.
However, their properties are determined by the material and structure design, so it is difficult to change the
properties after the devices are fabricated. Active and reconfigurable plasmonic devices are paid attention to
overcome the difficulties. These device structures can be changed after the fabrication using electric voltage,
material expansion, and refractive index change and so on. Yamaguchi et al. proposed and demonstrated the
active plasmon filter [1] and the active plasmon lens [2] using micro/nano electro-mechanical system
(MEMS/NEMS) technologies.
Optical fibers are the central element of optical information and communication technology and can deliver
light energy to long distance with low loss and are easy to handle and connect to other optical elements. Recently,
the research areas called “Lab on Fiber [3]” are paid attention due to their advantages. Lab on Fiber technologies
covers optical function inside of optical fiber (“Lab in fiber”), and on fiber facet for controlling input and output.
To disperse the functionalities of optical network including sensors and switches, such technology is one
solution. In this presentation, we propose MEMS/NEMS-based active plasmonic devices on fiber facet for the
Lab on fiber technology. We designed and fabricated active plasmon device which control the transmission from
the fiber by applying electric signals shown in Fig.1. From optical measurement, we could control the
transmission from the visible to near-infrared.
First, we designed the active plasmon device using the finite difference time domain (FDTD) method. Figure
2 show the transmission spectrum for a designed structure. We designed the structure consist of 4 slit grating
with slit width is (400, 400, 400, 400) nm. Using electro static MEMS mechanism, the slit width change to (200,
600, 600, 200) nm when we applied the voltage to the structure. As figure 2 shows, around 570 nm the
transmission decrease, on the other hand, around 780 nm the transmission increase. These changes come from
slit width and plasmonic resonance of slit structures.
Next, we fabricated the active plasmon device on fiber facet using focused ion beam (FIB) milling and
selective wet etching. First, we deposited Au/Cr thin film (300 nm/ 5nm) on cleaved fiber facet. We used the
dispersion compensated fiber (DCF) for the telecom wavelength. Next, using FIB we milled a part of slit on the
fiber core position. These slit act as the window for the following wet etching of optical fiber. Then, the structure
was immersed to buffered fluoric acid (BHF). The etching rate for the core and clad of the fiber are different

because of their Ge doping difference. In this case, the etching rate for the core is faster than for the clad, we
could release the plasmonic structures above the fiber core. Finally, grating structures were expanded for the
decreasing driving voltage and the electrode pads using FIB milling. Figure 3 shows the scanning electron
microscope (SEM) image of the fabricated device.
We conducted the transmission measurement of the active plasmonic device. White light incident from the
fiber end and the outputted light were collected by optical microscope using 100X objective. The collected light
entered the fiber-coupled spectrometer and the transmission spectrum was measured. Figure 4 shows the
transmission spectrum of the active plasmonic device. The black point shows the spectrum without applying
voltage and the blue point shows the spectrum when we applied 21 V DC voltages to the device. Comparing
with the simulated data, the results suggest the grating arms moved about 200 nm to outer by electrostatic force
and transmission could be changed by the MEMS mechanism.
In conclusion, we proposed and demonstrated the active plasmon device on the optical fiber. Our device
could connect to other fiber or waveguide devices easily and make bundles for the parallel optical processing. In
presentation, we will also discuss the combination with the in-fiber (“Lab in fiber”) device [4].
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Fig.1 Schematic of active plasmon device on fiber.

Fig.3 SEM image of fabricated device.

Fig.2 FDTD calculation of transmission.

Fig.4 Measured transmission change.
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Abstract- We propose and analyze a novel detector structure for linear polarization detection in the
mid-infrared regime. 1-dimensional subwavelength grating atop a dielectric layer offers enhanced
transmission for transverse magnetic polarized light, thereby enabling a higher extinction ratio as
compared with conventional structure. Numerical simulations based on a finite integration
technique were used to find the optimized geometric parameters for the structure. Our work can
pave the way for practical, easy-to-fabricate detectors, which are highly useful for polarimetric
imaging applications.
Infrared (IR) polarimetric imaging has been widely used in remote sensing, military applications and
environmental protection1. 1-dimensional (1D) subwavelength grating integrated IR sensors have advantages
such as polarization discrimination and a significant reduction in cost and complexity of IR camera systems.
However, conventional 1D grating structures have low transmission efficiency for transverse magnetic (TM)
polarized light due to unwanted reflections. Our design uses a 1D grating on top of the dielectric film, which can
be integrated with a Type-II superlattice (T2SL) detector, thereby enabling enhanced responsivity for the TM
polarization and thus giving rise to higher figure of merit (extinction ratio), as the measure of linear polarization
detection performance than a conventional 1D grating2. T2SL structures have been the focus of significant
interest recently because of a high device performance and bandgap engineering capabilities3. In this study, we
employed both the commercial software (CST Microwave Studio4) based on a finite integration technique and a
rigorous coupled wave analysis5 for designing the structure of 1D grating atop the dielectric layer. Figure 1(a)
shows the calculated extinction ratio color map (1D grating on substrate) as a function of grating parameters
(periodicity p and duty cycle r). The grating period p and the ratio r are varied continuously from 0.2 – 2.0 µm
and 0 – 1 with fixed gold thickness at 100 nm. The extinction ratio (ER) at 4 µm is found to be from 1 - 105 for
linear polarized light. The ER for the grating period p = 0.4 µm and duty cycle r = 0.7 can reach up to ~103 while
maintaining TM transmission higher than 50%. Next, we use SU-8 as the spacer between the 1D grating (p = 0.4
µm and r = 0.7) and substrate. ER is represented in the color map as a function of wavelength and SU-8
dielectric thickness (tSU8 is varied from 0 to 2 µm with a step of 0.2 µm) as shown in Figure 1(b). In order to
satisfy high TM transmission (>70%) and ER (>103) simultaneously, an optimal SU-8 thickness was found to be
~0.4 µm. As indicated in Figure 1(a) and (b), the 1D grating on SU-8 spacer structures show overall performance
enhancement (associated with linear polarization detection) as compared with a single layer 1D grating. Finally,

the 1D grating and 1D grating-SU8 (p = 0.4 µm; r = 0.7; tSU8 = 0.4 µm) integrated backside-illumination T2SL
detector (Figure 1(c)) were simulated for the overall polarization detection performance. Figure 1(d) indicates
that TM absorption efficiency in 1D grating-SU8-T2SL can be improved up to ~87% as compared with 1D
grating-T2SL and integration of extinction ratio ( !" ! !") is also increased by ~ a factor of 10. We expect
our design and analysis can be used for various IR polarimetric imaging applications.

Figure 1. Extinction ratio color maps as a function of (a) p & r (1D grating) and (b) λ & tSU8 (1D graing-SU8).
(c) Backside illumination T2SL detector. (d) Linear polarization detection performance of bare-T2SL, 1D
grating-T2SL and 1D grating-SU8-T2SL detector: Integration of simulated absorption in the active layer for TM
(black) and TE (red) modes and integration of ER (blue) with respect to the wavelength.
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Abstract- In this paper, we study the performance of dual polarized cross bowtie gold nano antenna
(nantenna) using COMSOL Multiphysics software [1] for energy harvesting applications [2, 3, 4].
Illuminating the bowtie nantenna with an incident plane wave results in a strong local field
confinement in the gap. In this work, the electric field in the inner gap of the cross bowtie nantenna
is observed and estimated for different values of the geometrical parameters of the nantenna. As it
is challenging to fabricate and obtain sharp-tips for such nanostructures, we focus on the changes in
the local field for curved-tips as compared to sharp-tips cross bowtie nantenna. Fig. 1 shows the
design of cross bowtie gold nanoantenna and the variation of the normalized electric field against
frequency for one of the considered parameters.
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Abstract-This paper is focused on analyzing the effect of a two-dimensional metal hole array
structure and metal mirror back plane in a surface plasmonic-cavity system. Simulation results
clearly show anti-crossing behavior resulting from interaction between the surface plasmon
resonance and the Fabry-Perot resonance, depending on the thickness of the dielectric spacer. The
simulation method detailed in this paper provides a generalized approach to optimize the design of
any type of couplers integrated with backside-illuminate IR devices.

In this work, we have investigated the resonances in the surface plasmon1-3 coupled cavity system. The
system is composed of a dielectric spacer (BCB) of variable thickness td (from 0.32 µm to 4.52 µm) sandwiched
between a gold mirror back plane (tMGP = 0.2 µm) and surface plasmon resonance structure (a gold film
perforated with two-dimensional periodic array of subwavelength sized patterns: pitch p = 3.2 µm, diameter of
circular aperture dm = 1.6 µm, gold thickness tm = 0.05 µm) as shown in the inset of Figure 1. Finite integration
technique based simulations (CST Microwave Studio) were carried out to study the physical origins of coupling
between surface plasmon (SP) resonance and Farby-Perot (FP) resonance in the cavity4. We gradually varied the
BCB thickness tBCB and numerically calculated the reflection of the SP-FP system. We present the spectral
reflection data using a colormap to show the spectral changes as shown in Figure 1. For tBCB = 0.32 µm, zero
reflection is achieved at 5.5 µm, which is the first order SP resonance. Higher order SP resonances can be found
at shorter wavelengths. As tBCB increases, the SP resonance is blue-shifted (up to the tBCB of ~1.72 µm). At tBCB =
1.53 µm, anti-crossing behavior is clearly observed due to two resonances, i.e., SP resonance and a
half-wavelength (λ⁄2) FP mode. The simulated λ⁄2 FP mode shows good agreement with theoretically calculated
FP mode (green dashed line) for the system bounded by two mirrors. Note that our SP-FP system is bounded by
a mirror at one end and an SP structure at the other end, acting as the quasi-open boundary, thus giving rise to a
small discrepancy between simulation and theory. Similar anti-crossing behavior can be also found between λ FP
mode and 2nd order SP resonance at 3.12 µm. Understanding the underlying mechanism by means of a
simulation may offer guidelines for the design of backside-illuminate IR detectors (including IR focal plane
array) integrated with any type of resonators because these device structures (semiconductor and metal ground
plane consisting of contact metals, under bump metallization, etc.) are similar to the system used here5. We are
currently testing various sets of geometric parameters (tBCB = 0.32, 1.21, 1.52, 1.7 and 2.12 µm with fixed p, dm,
tm, tMGP at 3.2, 1.6, 0.05, 0.2 µm, respectively) for experimental verification.

Figure 1. Simulated reflection colormap for SP-FP system (p = 3.2 µm; dm = 1.6 µm; tm = 0.05 µm; tMGP =
0.2 µm) as a function of the wavelength and BCB thickness td (varying from 0.32 µm to 4.52 µm with a step of
0.2 µm). Inset shows the illustration of unit cell of SP-FP system.
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Abstract- Quasi-guided plasmonic mode excitation based near infrared (NIR) graphene absorber
using high index contrast grating (HCG) has been demonstrated. High-Q (=700) narrow-band
plasmonic resonance with enhanced (>80%) absorbance in graphene monolayer is reported without
incorporating metallic mirrors. The high absorbance achieved is comparable to the magnetic
resonance graphene absorption with metal gratings. Also, only a single-layer of subwavelength
dielectric grating is adopted to achieve high TM NIR absorption without the use of distributed
Bragg reflectors or 1D Photonic crystals.
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Figure 1 Proposed HCG monolayer graphene plasmonics platform and the corresponding TM spectral absorption curves
for the normal and oblique incidences. Surface plasmon polaritons (SPP) are observed at graphene/SiO2 interface.

Graphene is a 2D monoatomic layer of carbon atoms that possess unique optical and electrical properties.
The monolayer graphene absorption enhancement is imperative for optical sensing, photo detecting, and

biomedical applications. High absorption using graphene plasmonics is relatively easy to achieve for a single
layer graphene at THz, FIR, and MIR regimes, but the realization of the super absorber at near infrared (NIR) is
quite difficult due to the lower free carrier concentration in graphene as compared to noble metals, such as silver
and gold. Previously, B. Zhao et al. [1] achieved nearly 70% total absorption in monolayer graphene using
metallic gratings to enhance the TM NIR absorption. In contrast to metallic-gratin-based graphene super
absorbers, dielectric structures with multiple layers of dielectric gratings, DBR, and 1D PC were also
investigated to realize high absorption [2]. Figure 1 shows the structure of our proposed HCG platform for
monolayer graphene plasmonics. The graphene monolayer has been sandwiched between top Si grating and
bottom SiO2 spacer.
In the present work, we demonstrated that only one layer of HCG is capable of achieving >80% TM
absorption via plasmonic mode excitations. The absorption value achieved here is analogous to the work done by
B. Zhao et al. [1] that implemented localized strong electric field resulted from magnetic resonance. However,
the quality factor (Q- factor) achieved in our proposed structure is higher than B. Zhao et al. work. As compared
to the past dielectric grating structures [2], we have used only a single-layer of subwavelength dielectric grating
to achieve high TM NIR absorption without the incorporation of DBR or 1D PC.
RCWA simulations have been conducted for the structure, and high-Q (Q=700) resonance at λ=1.4µm has
been achieved for normal incidence through plasmonic mode excitations. The inset shows the field profile
variation that manifests the plasmonic nature of the quasi-guided mode. Here, surface plasmon polariton (SPP) at
graphene surface is evident at the resonating wavelength. Also, high angular selectivity exists for this structure
as <20% absorption is observed at 30o and 60o incidences due to the high geometry and angle sensitivity
associated with the high-Q narrow band resonances and the ultrathin graphene absorption layer. A very thin etch
stop layer above the graphene monolayer could also be included in this design so as to prevent damage to the
graphene layer during dry etching process.
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Abstract
A novel implementation of spoof surface plasmon
transmission line (SSP-TL) with loaded capacitors is
proposed in this paper. It has been demonstrated that SSPTL with capacitors can be an alternate candidate of flexible
dispersion properties control. As an example, a smaller-linewidth SSP-TL with loaded capacitors is designed and its
measured performance is compared to the conventional one
without capacitors but in larger-line-width configuration.
The new method provides design flexibility without any
geometrical dimensions modification of the SSP-TL.
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1. Introduction
In optics, surface plasmons (SP) are propagating waves
along the interface between a conductor and a dielectric
medium. These waves decay exponentially in the direction
perpendicular to the interface and give rise to highly field
confinement near the surface supporting the surface
electromagnetic waves [1]. In 2004, Pendry et al. has
demonstrated that a similar surface plasmonic phenomenon,
known as spoof surface plasmon (SSP), can be observed by
perforating the conductive surface by parametrical holes [2].
Since then, the SSPs are widely being explored for their
potential in microwave and terahertz circuits design, such as
low crosstalk SSP transmission lines (SSP-TL), filters,
leaky-wave antennas and etc [3-6].
In recently reported works on SSP-TL design, it has
been demonstrated that the dispersion properties of such
SSP-TL structure can be adjusted by modifying their
geometrical dimensions and/or dielectric material
parameters [3]. A novel implementation approach of SSPTLs with loaded capacitors is proposed in this work. The
value of capacitors brings another design degree freedom,
which can control the dispersion properties of the fabricated
SSP-TL structure without any geometrical dimensions
modification.

2. SSP-TL Design
The conventional structure of SSP-TL consists of an
ultrathin metallic strip with uniform periodic slots without
ground plane. The dispersion properties of such SSP-TL can
be realized in two ways: by modifying the geometrical

Figure 1: (a) Equivalent circuit model presented in [3]. (b)
Proposed SSP-TL and geometrical dimensions. (c)
Dispersion curves of conventional SSP-TL and capacitorsloaded SSP-TL.
parameters or by loading capacitors in the structure. In [3],
an electrical equivalent model was proposed according to
geometrical parameters as shown in Fig.1(a). The
parameters d, h, a and w denote the periodic pitch, the slot
depth, the slot width and the line width respectively (see
Fig.1(b)). Fig.1(c) shows the dispersion curves for
conventional SSP-TL with various slot depth h and the
proposed SSP-TL with loaded capacitors. As expected, the
confinement of electromagnetic wave is enhanced as the
depth of slots increases. Although a high corrugation depth
is good for filed confinement, it inevitably increases the line
width which is not preferred in a compact system. To
overcome this drawback, we propose the capacitor-loaded
SSP-TL in Fig.1(b). As shown in Fig.1(c), the additional
loaded capacitors DC along the surface brings in an extra

capacitance, in equivalence to the extra capacitance brought
by the increased corrugation depth in conventional SSP-TLs.
For a given conventional SSP-TL, one can find a
corresponding SSP-TL with smaller line width loaded by
capacitors DC to analyze a similar dispersion behavior,
leading to a control of dispersion properties.

3. Conclusions
In this paper, we have demonstrated that the use of
capacitors in SSP-TL structures is a good solution for
systems where large line width SSP-TLs are required.
Indeed, the smaller line width SSP-TLs can be employed
instead of large line width ones when the capacitors are
used. In microwave frequency band, the measured
performance of both SSP-TLs is quite similar. Furthermore,
with this method, the control of dispersion properties can be
done without any geometrical dimensions modification of
the fabricated SSP-TL structure, making the SSP-TL design
more flexible. In addition, with the proper scaling-down of
the dimensions, various and reconfigurable SSP-TLs in
terahertz band can be expected.

Fig.2 shows the fabricated prototypes of SSP-TL with
(Fig.2(a)) and without loaded capacitors (Fig.2(b)). The
CPW-SSP transitions are required to achieve momentum,
impedance matching and highly efficient SSP mode
conversion [4]. The SSP-TLs were implemented on a
1.52 mm-thick Rogers 4003C substrate with r=3.38 and
tan =0.0027. The geometrical dimensions of SSP-TL in
Fig.2(a) are h=3 mm, w=5 mm, a=1 mm, d=5 mm and
DC=0.2 pF (Murata GJM1555C1HR20WB01D), whereas
its comparison counterpart in Fig.2(b) were with h=8 mm,
w=10 mm, a=1 mm, d=5 mm. Fig.2(c) shows the measured
performance of both SSP-TLs. From 2 to 6 GHz, the
measured S-parameters of proposed SSP-TLs are similar
with |S21| and |S11| around -3 dB and lower than -11 dB
respectively. The measured cutoff frequency of both SSPTLs is around 5.8 GHz, corresponding to the one extracted
from Fig.1(c). From the graph, it can be clearly seen that the
proposed SSP-TL structure with less line width and loaded
capacitors is validated, and it can be used as an alternative
solution for SSP-TLs with large line width for compact
system applications.
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Abstract – Although metamaterials have shown many extraordinary phenomena, most of the
metamaterials have been demonstrated in a passive type which acts as obstacle of its real
applications. A few works of active metamaterials have been done, but modulation in the visible
region is still challenge. Hereby, we suggest an active mechanism enabling high speed modulation
in the visible region and tunable perfect absorber by using this mechanism.
Metamaterials have been explored due to their extraordinary optical properties and unprecedented
phenomena such as negative refractive index [1,2], invisibility cloak [3,4], super-resolution imaging [5],
artificial chirality [6], electromagnetically induced transparency [7], perfect absorber [8] and so on. Although
many interesting phenomena have been introduced, there are technical limitations. Most of the metamaterials
demonstrated before were passive type, so their optical properties cannot be changed after fabrication. This
limitation is a critical obstacle of conventional metamaterials to outperform typical optical and electronic devices.
A few works to control the optical properties of fabricated metamaterial devices by using electrical, optical,
thermal and mechanical methods have been reported. However, they have severe problems to solve such as low
working frequency, low modulation speed and insufficient integration feasibility.

Figure 1. Schematic of the device and simulation result of the voltage application
Hereby, we suggest ITO as an active layer of the tunable metamaterial perfect absorber to solve
aforementioned issues. Intrinsic ITO is not suitable for tuning in the visible wavelengths, so its carrier
concentration has to be tuned to appropriate value by optimizing fabrication conditions such as annealing
process. According to the simulation result, the suggested device can perfectly absorb a certain wavelength and
handle the absorption wavelength within the visible region. It has many potential applications such as optical
logic elements, ultrafast visible tunable band-pass filter, reflective display and military stealth technology.

Moreover, tuning mechanism of ITO at visible region can convert the past passive metamaterials to the active
metamaterials, for example, tunable meta-hologram, ultrafast optical modulation and active wavefront
manipulation opening a new generation of photonics beyond metamaterials.
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Abstract-An ultra-wideband and extremely-thin electromagnetic absorber is presented, containing
a grounded magnetic sheet coated with a non-Foster metasurface. The non-Foster metasurface can
tailor the dispersion property of the magnetic material for reactance neutralization and compensate
the loss in the substrate for power absorption over an ultra-wide band. Experimental measurements
demonstrate that a nearly decade-wide absorption bandwidth can be achieved with a total thickness
of only 1/255 wavelength at the lowest frequency, effectively breaking the Rozanov limit for
passive absorbers.
Manipulating the absorption of electromagnetic (EM) waves is a fascinating and important theme, which can
be realized by artificially engineering the dispersion properties with metamaterials or metasurface [1]. However,
broadening the absorption bandwidth and thinning the thickness of an EM absorber is always a pair of
contradictory propositions, which originates from the natural essence of causality and passivity [2]. To break the
theoretical thickness-to-bandwidth ratio formulated as the Rozanov limit [3], active inclusions that can break
Foster’s limitations are necessary [2], [4]. By tailoring the dispersion property and compensating the loss in a
magnetic sheet with a non-Foster metasurface, an ultra-wideband and extremely-thin absorber can be designed.

Figure 1. (a) Elementary cell of the proposed non-Foster absorber. (b) Equivalent circuit model of the absorber;
(c) Measured and simulated reflectivity of the non-Foster absorber with physical implementation.
Figure 1(a) shows the elementary cell of the proposed absorber, which contains a grounded magnetic sheet
topped by a non-Foster metasurface. The non-Foster element with (-LNF||RNF) may re-phase the current that is
induced from the incident plane wave by the metallic gratings, which will then re-radiate out-of-phase to
facilitate the destructive interference. Therefore, little energy will be reflected back and good absorption can be
achieved over a wide frequency range. As the periodicity of the metasurface is smaller than the operating

wavelength, the absorber can be equivalent to a circuit in Figure 1(b). The non-Foster matching condition
corresponding to the perfect absorption is LS-LNF=0 and (1/RNF+1/RS)=1/Z0, where Z0 is the characteristic impedance in
free space.
A fabricated non-Foster absorber is demonstrated experimentally for validation, which is optimized with a
co-simulation method [4] and fabricated using standard lithographic etching and plated through-hole technology.
A test setup based on parallel-plate waveguide is employed for characterizing the fabricated absorber, which is
particularly useful for long-wavelength band [5]. In this case, the fabricated absorber placed inside the
parallel-plate waveguide will be imaged and equivalent to an infinite array. Figure 1(c) plots the measured
reflectivity that is in a good agreement with the co-simulated result. The results exhibit that a reflectivity less
than -10 dB can be obtained from 160 to 1000 MHz. The total thickness of the absorber including the non-Foster
metasurface is only 7.35 mm, corresponding to 1/255 λ0 at the lowest frequency of 160 MHz. This thickness is
only one sixth of the theoretical minimum from the Rozanov limit [3].
The above analysis and results have validated the concept that the non-Foster metasurface can tailor the
dispersion characteristics of a magnetic film for reactance cancellation and loss compensation for wide-band
absorption. It may be mentioned that the same concept can be applied to other absorbing structures and readily
scaled to other frequency bands.
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Abstract-Metasurfaces have attracted great attention in recent years due to their diverse properties.
However, the application of metasurfaces to optical source devices has been limited by difficulties
in fabrication and the inefficient coupling of unit elements to light due to their small sizes. Here, we
present quantum dot light emitting diodes with metasurface-integrated metal electrode and
demonstrate direction control of LED emission. By incorporating slot-groove array structures into
the metal electrode, we show that LED emission can be directed towards a specific direction
determined by metasurfaces.
Metasurfaces are planar structures that can change the polarization, phase, and amplitude of electromagnetic
(EM) waves abruptly within thin and planar interfaces.1,2 Based on their diverse properties and practical
advantages, the application of metasurfaces has been extended from long-wavelength regime to optical regime.
However, most previous works about optical metasurfaces dealt with passive type such as lens and
beamsplitters3,4 because the small size of optical scatterers causes not only fabrication difficulties but also low
coupling efficiency with light emitters such as quantum wells (QWs), quantum dots (QDs), and molecule dyes.
In view of practical applications, integrating metasurfaces with electric-driven light devices would provide
unprecedented submicron-scale control to achieve improved performance or new functionalities in
nanophotonics.
In this report, we present metasurface electrode light emitting diodes (LEDs) that control the direction of
emission. Figure 1a shows the schematics of the metasurface electrode LED. Red-emitting colloidal quantum
dots (CQDs) are used as a light emitting materials.5 Its top electrode is made of Al-Ag-Au multilayer metals for
the simultaneous operation as optical metasurfaces and electrode. Successful operation of the LED with the
multilayer metal electrode was demonstrated by measuring the representative current-voltage (IV) curve and
electroluminescence (EL) of the LED as shown in Figure 1b. As optical metasurfaces for direction control, we
engraved slot-groove array structure on the top metal electrode. A scanning electron microscope (SEM) image of
the fabricated slot-groove unit is given in left of Figure 1c. We demonstrated the control ability of metasurfaces
by measuring optical and Fourier-space images of emissions from the LED. The optical image of Figure 1c
shows surface emission from metasurface electrode LED. On the contrary, the Fourier-space images of Figure 1c
corresponds to each pixel for 4-directional emission and clearly show that EL from the metasurface electrode
LED is deflected in four distinct directions. From these results, we conclude that metasurface-integrated
electrode not only actuates LEDs but also steers the emission into a directed beam.

Figure 1. (a) Schematics of metasurface electrode LEDs (b) IV curve and EL spectrum (inset) of
metasurface electrode LED (c) SEM image (left), optical images of EL from metasurface electrode LED
(middle), and Fourier-space images of 4-directional emissions from metasurface electrode LED (right). White
bar in SEM corresponds to 1 µm and the intensity in Fourier-space images are normalized by the maximum.
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Abstract- Metamaterial structure of Electromagnetic Band Gap (EBG) incorporated onto dual band
array antenna operate at 2.45 GHz (lower band) and 5.8 GHz (upper band) is proposed. The three
EBGs with different diode states introduces dual band gap (S21) properties at 2.45 GHz and 5.8
GHz which is verified using Suspended Transmission Line (STL) method. The EBG successfully
realize frequency reconfigurable array antenna which able to configure to operate exclusively at
both bands, lower band or upper band.
Introduction
EBG is a High Impedance Surface (HIS) of metamaterial which exhibits unique properties in suppressing the
propagating wave within its structure [1]. This characteristic can use to realize a filter [2] for the antenna design
in which certain frequency can be block from propagating through the antenna feeding network. In this paper, a
dual band array antenna is incorporated with EBG cells at various positions at the feeding network to realize dual
band frequency reconfigurable antenna. The antenna has a maximum realized gain of 6.27 dBi and 7.84 dBi at
2.45 GHz (lower band) and 5.8 GHz (upper band respectively).
Result and Discussion
Figure 1(a)-(b) shows the front and back view of EBG cells with region “S0” and “S1” which can be “ON” and
“OFF” with connection or removal of copper strips respectively. The “ON” and “OFF” are represented by “1”
and “0” respectively. STL method in Figure 1(c) is used to analyzed the band gap, S21 of EBG and the result is
shown in Figure 1(d). It can be observed that EBG produces band gap at lower band (2.45 GH) and upper band
(5.8GH) with different EBG configurations. EBG is then incorporated to array antenna as shown in Figure 1(e)
and 1(f). Different EBG configuration at EBG1, EBG2 and EBG3 as depicted in Figure 1(g) successfully
achieve frequency reconfigurability for the array antenna as shown in Figure 1(h) and Figure 1(i). The proposed
antenna is very useful to reduces the interference in wireless communication service (WCS) which operate at
similar operating frequencies because the proposed antenna with metamaterial can be selectively operates at
single band of lower band and upper band or simultaneously at both bands depending on dynamic requirement of
the WCS.
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Figure 1. (a) Front and (b) back view of EBG cells. (c) STL method to analyze band gap (S21) with the
corresponding (d) band gap (S21) simulated result. The (e) 3-dimensional and (f) EBG cells at the bottom
substrate view of the array antenna. (g) EBG configurations at the array antenna with the corresponding
frequency reconfigurability at (h) lower and (i) upper band of 2.45 GHz and 5.8 GHz respectively.
Conclusion: Dual band frequency array antenna using metamaterial EBG is proposed. EBG with different
configuration produces band gap at 2.45 GHz and 5.8 GHz. By varying the configuration of EBG1, EBG1
and EBG3, the array antenna successfully achieves frequency reconfigurability to operate either at 2.45 GHz,
5.8 GHz or at both band simultaneously. The potential applications of the proposed antenna are in RFID,
WLAN and WiMAX applications.
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Abstract In this work, we enhanced the functionality to metatronic nanocircuits by adding real time
tunability feature. We change the surface structure of the ITO surface using nanoimprint
lithography. Hence, we will obtain RLC nanocircuits which operates at NIR region. Then, we
change the dielectric constant of the nano-gap region dynamically. The capacitance value and the
resonance wavelength of optical nanocircuits changes when the dielectric constant of the gap region
the nanoscale gap region changes.
In microelectronic devices, radiofrequency signals are controlled and manipulated by ‘lumped’ circuit
elements (i.e., resistors, capacitors, and inductors). It is essential to integrate radiofrequency electronic systems
with nanoscale platforms for high speed information processing and high density data-storage technologies. In
2005, Engheta proposed metamaterials inspired optical lumped circuit elements. Properly designed and
suitably arranged nanostructures exposed to optical signals function as lumped circuit elements. The optical
material dispersion determines the type of lumped nanostructure, with dielectric leading to capacitive behavior
and plasmonic materials leading to inductive behavior. Instead of conduction current these optical nanocircuits
based primarily on the use of optical displacement field current. This concept of metamaterial-inspired optical
nanocircuitry, named as ‘‘metatronics’’.
It is shown that an optical circuit is effectively a “stereo-circuit”, exhibiting different properties
simultaneously for multiple optical signals with different incident angles and polarizations, and thus can
significantly improve our capability in parallel information processing at the nanoscale. Recently, 3D lumped
nanocircuitry at visible wavelengths by using individually loaded nanoantennas has been experimentally
demosntrated.
These state of the art studies shows optical frequency circuit elements in which circuit operations are based
on photons rather than electrons. They open up possibilities for optical information processing at the nanoscale.
It is possible to tailor the metatronic nanocircuits by changing the geometry or the load of the circuitry as
suggested previous works. However, these approaches are lack of enabling real-time control. The ability to tune
the values of the lumped circuit element will enable the real-time control of the circuits and add more
functionality.
In this work, we fabricate ITO nanorod structures which act as optical RLC nanocircuits and add more
functionality to the metatronic nanocircuits changing the dielectric constant of the gap region dynamically. The
capacitance value of optical nanocircuits changes when the dielectric constant of the gap region the nanoscale
gap region changes. We have changed the resonance of the metatronic circuit by the control of the outside
medium. We tuned the optical element values by changing the substrate filling the nanoscale gap region in

real-time Finally, we have tested dielectric materials such as PDMS, glucose and CEMS. Hence, tune the
capacitor value and resonance wavelength of the RLC circuitry.
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Abstract – Although metamaterials have shown many extraordinary phenomena, most of the
metamaterials have been demonstrated in a passive type which acts as obstacle of its real
applications. A few works of active metamaterials have been done, but modulation in the visible
region is still challenge. Hereby, we suggest an active mechanism enabling high speed modulation
in the visible region and tunable perfect absorber by using this mechanism.
Metamaterials have been explored due to their extraordinary optical properties and unprecedented
phenomena such as negative refractive index [1,2], invisibility cloak [3,4], super-resolution imaging [5],
artificial chirality [6], electromagnetically induced transparency [7], perfect absorber [8] and so on. Although
many interesting phenomena have been introduced, there are technical limitations. Most of the metamaterials
demonstrated before were passive type, so their optical properties cannot be changed after fabrication. This
limitation is a critical obstacle of conventional metamaterials to outperform typical optical and electronic devices.
A few works to control the optical properties of fabricated metamaterial devices by using electrical, optical,
thermal and mechanical methods have been reported. However, they have severe problems to solve such as low
working frequency, low modulation speed and insufficient integration feasibility.

Figure 1. Schematic of the device and simulation result of the voltage application
Hereby, we suggest ITO as an active layer of the tunable metamaterial perfect absorber to solve
aforementioned issues. Intrinsic ITO is not suitable for tuning in the visible wavelengths, so its carrier
concentration has to be tuned to appropriate value by optimizing fabrication conditions such as annealing
process. According to the simulation result, the suggested device can perfectly absorb a certain wavelength and
handle the absorption wavelength within the visible region. It has many potential applications such as optical
logic elements, ultrafast visible tunable band-pass filter, reflective display and military stealth technology.

Moreover, tuning mechanism of ITO at visible region can convert the past passive metamaterials to the active
metamaterials, for example, tunable meta-hologram, ultrafast optical modulation and active wavefront
manipulation opening a new generation of photonics beyond metamaterials.
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Abstract- Phase change metamaterial (PCM) is a potential candidate to be assimilated in planar
structures to make a new generation of tunable optical devices. We developed a tunable perfect absorber
based on PCM, which also works as a non-volatile optical memory. By exploiting the advantage of
switching the PCM between amorphous and crystalline states, we designed and fabricated a flexible
programmable perfect absorber. The suggested device reflects the basic requirements of a re-writable
and non-volatile memory by absorbing the light into a thin film of a PCM.
MMs as electromagnetic illustrative with artificial operations can get attained by configuring on the
sub-wavelength scale.[1] Because the resonant optical characteristics of plasmonic MMs depends on the
near-field dielectric circumstances, they specify a vigorous and an adjustable substitute for metals. Although
various MMs has been introduced with a representative reflection to induced stimuli such as light and electric
field, but the majority of them showed volatile switching state.[2, 3]
To overcome this bottleneck, we integrated a phase change metamaterial (PCM) in the nanophotonic device
structure. We take benefits from the loss elements of the optical constant (real components) to establish an
elevated absorber. A near-zero reflectivity is achieved by controlling the µ and ɛ resonances and matching MM
impedance to the free space.[4, 5]
Metamaterial-based programmable perfect absorber (MPA) is a reconfigurable device with an absorbance
near unity. It has been shown that optically- stimulated PCM specifies a non-volatile MM modulator of
transmission and reflection for near- infrared (NIR) to mid-infrared (MIR) wavelengths with a subwavelength
thickness.[2] MPAs have been earned appeal owing to their polarization independency, widespread-angle
occurrence, high amount of light absorbency, exotic properties, and unity absorptivity of EM waves.[6]
Our design consists of three main layers in a simple metal-insulator-metal (MIM) structure including a
dielectric thin film (spacer) which is sandwiched between two metallic layers (Figure 1a-d). The structure is
analogous with Fabry-Perot (FP) etalon with an ultrathin cavity according to the top electrode (TE) arrayed
nanoparticles. TE is a patterned metallic layer which conveys an electric reply relevant to the grounded bottom
electrode (BE) by intensely coupling to the electric field at a specific resonance frequency.[1]

Figure1. (a) Schematic illustration of the dual functional device; the MPA and ReRAM. (b) The device consists of a 100 nm
Pt as a BE, an ALD deposited PCM (25nm) and an array of Ag nanoparticles with a 100 nm thickness. The SEM images of
the fabricated (c) device with MIM structure, (d) nanoparticles on the MPA.

We demonstrated a reconfigurable and rewritable MPA with two resistance states, which works as a memory
device as well. The metal-insulator transition is done opto-electrically in both of the amorphous and insulator
states. This programmable MPA device, potentially provides an enhancement in the future digital approaches of
optical devices.
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Abstract-. In this study, a meta-atom-based ultra wideband stop-band filter is presented. Initially, a
pi-shaped metamaterial was designed. The metamaterial shows wide band negative refractive index and near
zero refractive index property. The metamaterial was then utilized in designing a filter that performs
stop-band operation over an ultra wide band region. Measured results were provided for the metamaterial and
the filter.

Artificially constructed metamateraial have become a promising field for the researcher. Metmaterial unit cell
(meta-atom) can be utilized in designing a wideband filter. In the field of filter design, very few works are found
with metamaterial in stop-band applications. For example, a metamaterial-based cut-band filter was proposed in
[1] for C-band applications. They utilized different array of same metamaterial for increasing the resonance, but
all in C-band of microwave spectra. They also increased bandwidth by increasing the metamaterial array. A split
ring resonator (SRR) metamaterial-based microstrip filter was proposed in [2] where stop band performance was
achieved from L-band to X-band. Actually, in their work, they obtained sharp resonances for each band with
consecutive SRR increment, but their filter could not produce ultra wideband stop-band characteristics. A
compact stop-band filter was proposed in [312] for radar application, but the filter was designed for X-band
operation only and no metamaterial characteristics were shown.
In this paper, a new pi-shaped metamaterial introduced that was designed on 10×10mm2 FR-4 substrate
material with dielectric property 4.3 + j0.002. Finite integration technique (FIT) based CST-microwave studio
software was utilized for the calculation of the complex S-parameters S21(transmission co-efficient) and S11
(reflection co-efficient) of the metamaterial. The transverse electromagnetic wave was propagated through z-axis
of the metamaterial unit cell using two waveguide ports. The metamaterial unit cell shows transmittance in the
frequency of 8.31 GHz and 12.81 GHz as seen in Figure-1. 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.
In further step, a filter was constructed using the metamaterial unit cell for stop-band operation. The 20×10
2
mm filter were designed for the same substrate material. However, in the filter design the copper arms of the
unit cell structure were extended up to ending border on two opposite sides. The Figure.2 displays fabricated
filter and the numerical and measured results of S-parameters for the filer operation. The stop band region has
started from the frequency of 1 GHz to 12.04 GHz. The rejection level was found greater than 20dB from 1GHz
to 10 GHz. The return loss was found below -10 dB from the frequency of 12.07 GHz to 12.55 GHz. A small
pass band is visible from the frequency of 12.15GHz to 12.28 GHz.

(a)

(b)

(c)

Figure-1: (a) The pi-shaped metamaterial unit cell where l=8, m=1,n=1.5, g=0.33, s=0.5, d=6, h=6,p=6.27,q=1 (b)
S-parameters for the unit cell (c) negative effective permittivity (ε) for the unit cell.

(a)

(b)

Figure-2:(a) fabricated metamaterial-based filter (b) S-parameters for the filter
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Abstract- In this paper, the proposed absorber structure shows a wide bandwidth of 4.66 GHz and
applicable for C-, X- and Ku-band applications. The absorber is developed by
electric-inductive-capacitive resonators that are capable of not only high absorption, but also
channelling almost all the absorbed power to a resistive load. The size of every unit cell of the
absorber unit cell is 10×10 mm2 and array slab is 150×200 mm2. FIT-based CST Microwave Studio
has been used for design and analysed purpose. From result analysis, it has been shown the
simulated and measured results are well matched together. The measured result show resonance at
5.35 GHz (C-band), 11.85 GHz (X-band), and 16.45 GHz (Ku-band) and the effective medium ratio
is 9.85. However, the absorption of the proposed meta-surface absorber at 2.06, 5.05, 9.26, and
13.23 GHz, are respectively, 60%, 95%, 78%, and 93%.
As advances in low power design, power consumption of electronics becomes smaller increasingly, which
opens the possibility to harvest energy from the environment to power directly to the electronics or recharge a
secondary battery. This kind of new techniques is called energy harvesting. In 2003, a metamaterial by capacitor
loaded strips and split ring resonators, which exhibited negative permittivity and negative permeability both at
the X-band frequencies developed by Ziolkowski et al. [1]. The first perfect metamaterial absorber was
introduced by Landy et al. in 2008. The absorber with a classic sandwiched structure composed of a split ring
resonator, a dielectric substrate, and a metallic cut wire achieved its peak absorption of 88% at 11.50 GHz [2]. A
compact square split z-shape meta-atom with left handed features, wide bandwidth for S-, C-, X- and Ku-band
applications by Faruque et al. presented. The presented meta-atom was investigated at 00, 150, 300, 450, 600, 750
and 900 rotation angle. The designed structure shown resonances at S-, C-, X-, and Ku-band with 5.67 GHz wide
bandwidth. The compact meta-atom had an effective medium ratio 9.10 and exhibited left handed characteristics
at 8.50 GHz [3]. Almoneefa et al. presented a metamaterial slab comprised of 13×13 electrically small cells,
each loaded with an 82Ω resistor. The designed structure shown power absorption efficiency of 97% and 93%,
respectively in 2015 [4].
The designed structure consists of a square outer and an inner metallic resonator, where the circular rings are
in the center of the inner resonator. There is splits in every resonator and the circular metallic rings, which
formed the capacitance and shift the resonance points toward higher frequency shown in figure 1(a). The
simulation results show transmittance (S21) resonance at 4.13, 8.19, 12.01, and 16.63 GHz. The measured result
show resonance at 4.16 GHz (C-band), 8.18 GHz (X-band), 12.03 GHz (Ku-band), 16.61 GHz (Ku-band) and
the effective medium ratio is 5.50 in figure 1(b). Further, from figure 1(c) the effective permittivity, permeability
and refractive index curves show negative values from 9.42 to 11.55 GHz. According to the left handed
characteristics, if the permittivity and permeability are simultaneously negative, then the refractive index will be

negative. As a result, the designed structure can be called as a left handed meta-surface absorber. The absorption
rate of 2.06, 5.05, 9.26, and 13.23 GHz are, respectively, 60%, 95%, 78%, and 93% exhibited in figure 1(d).

(a)

(b)

(c)

(d)

Figure 1. (a) Schematic of the proposed meta-surface absorber (dimensions in millimeters), (b) Results of the
scattering parameters, (c) Real amplitude of the effective medium parameters, (d) Absorption of the structure.
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Abstract-The aim of this investigation is to analyze the effects of mobile casing on the specific
absorption rate (SAR) in the human head. The effects were analyzed with the variation in casing
materials and its thickness. The results show that the SAR values are reduced significantly after
using a mobile casing at 0.9 GHz. The maximum SAR reduction can be obtained by using silicon
mobile casing (97.8 percent at 0.9 GHz and 24 percent at 1.8 GHz).
Nowadays, the mobile phones are the most popular devices all over the world. But the electromagnetic (EM)
radiation from mobile devices is a matter of threat to the human health as it can penetrate the body tissues when
the phone is used in the vicinity of human body [1, 2]. The defined parameter for the absorbing power
calculation in the human body tissue is SAR, which is directly related to the electric and magnetic field
distribution in the human body tissues. Several factors may affect SAR values such as EM source geometry and
frequency, the user body tissue size and their properties. SAR values also depend on the medium and distance
between source and user body [3]. In [4] effects of mobile component and casing on antenna performances were
analyzed. The results showed that the mobile casing with metal ring significantly affected the antenna
performances. On the other hand, the cell phone casing also processes significant effects on the SAR values. In
[5], a study of materials to reduce the SAR values has been presented. The numerical results showed that the cell
phone case box made of materials with higher conductivity produces higher SAR in the human head. In this
paper, a study of the effects of mobile casing materials on SAR is presented. This investigation will provide the
detail information about the effects of different casing materials on SAR values and antenna radiation efficiency.
Six different casing materials comprising Polyimide, Polycarbonate, Aluminium, Rubber, Silicon and Glass are
used in this analysis.
Figure 1(a) indicate the geometry of dual band PIFA operates over 900 MHz and 1800 MHz. The casing box
is indicated in Figure 1(b). The dimensions of mobile casing are 104 mm × 44 mm × 15.4 mm, where the glass
sheet dimensions are 84 mm × 44 mm × 1 mm. The simulation setup of mobile phone with human head and
hand phantom is indicated in Figure 1(c) considering cheek position of talk mode. Figure 1(d) indicates SAR
values in the human head due to mobile phone with silicon casing. The obtained results indicate that all the cell
phone casing can reduce SAR values to the human head significantly at 0.9 GHz. At upper frequency band, SAR
values increase for some of casing materials (Polyimide, Polycarbonate, and Rubber) and decrease for other
materials (Aluminum, and Silicon). The maximum SAR reduction can be obtained by using silicon mobile
casing (97.8 percent at 0.9 GHz and 24 percent at 1.8 GHz).

(a)

(b)

(c)

(d)

Fig. 1. (a) Geometry of PIFA antenna, (b) geometry of mobile casing with monitor, (c) cheek position of talk
mode of mobile phone with head and hand, and (d) values of SAR for silicon mobile casing with different
thickness.
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Abstract- In this paper, a high gain microstrip antenna with double negative metamaterial (DNG) is
proposed for WiMAX application. The experimental and numerical results show that the proposed
metamaterial loaded antenna operates over a wide frequency range about 2 GHz (2.95 to 5 GHz).
The DNG metamaterial loading leads to enhance antenna gain more than twice compared to
conventional one at 3.5 GHz WiMAX band. The metamaterial loading does not affect the radiation
efficiency of antenna.
Nowadays, the wireless communication technology has been spread all over the world and the demand of
low profile and high performance antenna is increasing day by day. Although, different types of antennas have
been proposed in recent years for WiMAX and WLAN applications, there are still some performances need to be
improved. However, metamaterials are being used in antenna engineering due to its extraordinary
electromagnetic properties. Recently, metamaterials are proposed to enhance antenna performances and to
reduce electromagnetic (EM) radiation toward human [1]. In [2], a metamaterial based helical antenna is
designed to get improved radiation characteristics and directivity. The gain improvement of microstrip patch
antenna is obtain in [3] using left-handed metamaterial (LHM) structure at 2.4 GHz. The application of proposed
LNH detunes the resonance points and alters the radiation pattern greatly. In [4], a microstrip-patch antenna with
metamaterial reflecting surface was introduced to improve the antenna gain at 2.4 GHz WLAN frequency. A
single layer split ring resonator was utilized with an antenna to enhance gain [5]. This configuration reported
significant gain enhancement, but 66.5 mm distance between antenna and metamaterial layer is not applicable
for modern compact devices. In this paper, a double negative metamaterial loaded microstrip antenna is
presented to enhance antenna gain for WiMAX application. Three-layer planar metamaterial array is proposed as
a superstrate of antenna. The presented metamaterial loaded antenna design is compact in size and it is highly
suitable for the compact electronic devices.
Figure 1(a) shows the geometry of proposed antenna and Figure 1(b) shows the structure metamaterial
unit-cell and array (planar one dimensional array). Figure 1(c) indicates the reflection coefficients for the
antenna with and without metamaterial superstrate. The results show that the metamaterial superstrate layers
affect resonance points of antenna slightly. The optimized distance between antenna and superstrate is
determined 10 mm based on the facts that with metamaterial superstrate does not reduce the bandwidth of
antenna. Figure 1(d) exhibits the values simulated and measured gain for the antenna with and without
metamaterial superstrate configurations. The results also exhibit that the antenna gain is dramatically increased

due to the influence of proposed double-negative metamaterial layer.
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Fig. 1. (a) Geometry of proposed antenna (dimensions in millimeters), (b) metamaterial unit-cell (dimensions in
millimeters), (c) return loss characteristics of antenna with and without metamaterial, and (d) antenna gain of
proposed antenna with and without metamaterial.
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Abstract- This paper is presents an optimized structure of a slotted dual-band textile antenna
integrated with an optimized artificial magnetic conductor (AMC) plane made using felt and
ShieldIt Super. These structure operates at 2.45 GHz and 5.8 GHz for WBAN applications. The
realized gain of this structure is about 2.38 dB and 6.53 dB at 2.45 GHz and 5.8 GHz, respectively.
The antenna has a satisfactory reflection coefficient, bandwidth, and high front-to-back-ratio (FBR)
and exhibit properties suitable for wearable applications.
Summary: From our previous research in [1], a planar slot antenna made from textile has been initially
proposed, with unsatisfactory gain levels. This paper describes the optimization of a planar C-slotted dual band textile
antenna plane with improve antenna performances, especially in terms of gain. The topology of the proposed
optimized antenna and the diamond-shaped slotted AMC unit cell are illustrated in Figure 1. Felt was used as its
substrate and ShieldIt Super as its conducting element. The 6.51 mm thick overall structure is build using five layers:
a ground (bottom), two layers of substrate, a layer of AMC plane in between substrate and patch (top). As shown in
Figure 1(c), the optimized AMC indicated a phase response of 1.24o and -1.59o at 2.45 GHz and 5.8 GHz,
respectively. The antenna also exhibited a satisfactory simulated reflection coefficient with -15.69 dB at 2.45 GHz
and -24.55 dB at 5.8 GHz. The bandwidth of the antenna for lower and upper frequency is 109 MHz and 766 MHz in
the lower and upper band, respectively. Besides that, the FBR for both frequencies are more than 19 dB. The
directivity of the antenna is 7.31 dBi and 9.88 dBi in the lower and upper frequency, respectively. Deformations in
terms of bending when placed on the chest and upper arm are investigated and their SAR values calculated. The
detailed results will be presented in the full paper.
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Figure 1: (a) Topology of the proposed antenna, (b) optimized diamond-shaped slotted AMC, (c) reflection phase of
the optimized AMC unit cell, (d) reflection coefficient results, and radiation pattern in the yz-plane (e) at 2.45GHz, (f)
at 5.8 GHz. The dimensions of the optimized antenna are La=90mm, Wa=90, Lb=47, Wb=62, a=9, b=34, c=26, d=4,
e=21, f=2, g=12, h=2. The dimensions of optimized AMC unit cell are L=30, W=30, L1=27.85, W1=27.85,
inner=10.55 and outer=11.9. All dimensions are in mm.
Conclusion: An optimized wearable planar slotted dual band textile antenna integrated with an AMC plane
to improve the realized gain and performances of antenna is presented. This structure operates in dual band mode
at 2.45 GHz and 5.8 GHz for WBAN and WLAN. The performance of proposed antenna is satisfactory as a
wearable antenna in terms of reflection coefficient, bandwidth and gain.
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Abstract- A 4x4 (16 element) planar array antenna for Ku-band satellite communication is

presented in this paper. The proposed antenna is a two layered structure where the top layer
consists of rectangular microstrip patches while the bottom layer consists of corporate
feeding structure energizing the antenna patches through aperture. The concept of
microstrip feeding array antenna structure was presented in [1] which was improved by
various groups [2-4]. In this work, we have used composite right-left hand (CRLH)
material to introduce phase-shifts in the feeding lines which can help controlling the
direction of the main beam as well as reducing the side-lobe levels. A progressive
phase-shift of 0°, 90°, 180°and 270° is achieved by introducing lumped-elements based
CRLH lines in the feeding structure [5-6] which reduces the overall size of the feeding
structure. The gain of the antenna is approximately 7 dB in the azimuth plane. The design
of the proposed antenna is shown in Figure 1.

Figure 1. Design of the 4x4 array antenna
CST-MWS is used to design and simulate the proposed antenna. The overall length and width of the antenna
is 65mm x 65 mm. RT5880 with the permittivity of 2.2 and thickness of layer 1 = 0.55 mm and layer 2 = 0.25
mm is used as the substrate.

Figure 2. Simulated results of the return-loss and 3D farfield pattern
The simulated results including return-loss and 3D farfield pattern is shown in figure 2.
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Abstract- Resonant scattering of nanodimer composed of silicon enables controlling of scattering
direction depending on the wavelength of incident light. Silicon has two representative resonance
based on Mie resonance, called electric and magnetic dipole. We make a dimer structure consisting
of silicon rectangles. In this study, the direction of forward scattering in proposed dimer is tuned by
changing the wavelength of incident light. The maximum angle of forward scattering is shifted
45°when the wavelength of incident wave is changed 30 nm.
Nanodimer consisting of dielectric particles hold the control of optical scattering for switching and sensing
[1]. we simulated scattering cross-section and far-field of scattering light in the dimer as the wavelength changes
from electric dipole wavelength to magnetic dipole wavelength of silicon nanorectangle as shown in Fig. 1 (a).
In contrast to strong forward scattering with same direction of incident light in the single nanorectangle, the
scattering in the hybrid dimer shows deflections of incident light depending on the wavelength.

Figures 1: (a) Scattering cross-section by wavelength of rectangle nanodimer (b) Scheme of hybrid dimer
composed of rectangles
We simulated hybrid dimer composed of silicon rectangles by using finite-difference time-domain method as
shown in Fig. 1 (b).

Figures 2 :
nm 650 nm

Scattering direction transition when the wavelength of incident wave is changed from 580

When height of two rectangles exist, switching of scattering direction by wavelength is especially prominent.
we observed that maximum angle of forward scattering is shifted 45° when the difference of height between two
rectangles is 400 nm as shown in Fig. 2.
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Abstract- In this study, we propose an intriguing metamaterial design method to achieve actively
customized tuning of terahertz resonance properties. The proposed metamaterial devices are based
on the inter-atomic bonding of meta-atoms, which is referred as ‘moleculization’ of meta-atoms,
and realized by controlling the conductance of interconnected graphene bridges. Based on the
numerical and experimental results, we confirm that the proposed moleculization system
successfully exhibits a broad tuning range of resonance frequency in terahertz regime.
In the past decade, many researchers have attempted to realize the actively tunable metamaterials within the
fixed array structures, so that their exotic resonance properties could be controlled in the wide spectrum range
[1]. Graphene based metamaterials have recently received extensive attentions as one of the promising tunable
metamaterials in THz and optical ranges with various ways [2-4]. However, due to the limited conductivity
variation range of graphene materials, they suffered from the unsatisfied tunability of the resonance properties.
In this paper, we propose resonance frequency tunable terahertz metamaterials by interconnecting the
meta-atoms with the ion-gel gated graphene bridges along the incident polarization direction.
Figure 1a shows the schematic view of our proposed metamaterial array. In this design, the H-shaped
meta-atoms are adopted to generate fundamental resonance frequency of the metamaterials with the designated
width-to-length ratio of the gap between the adjacent meta-atoms. The graphene bridges are formed between the
meta-atoms and connected to two outer electrodes to control their conductivities. One isolated electrode is used
as an ion-gel gating electrode.

Figure 1. (a) Schematic view of the proposed active meta-atom moleculization system using graphene
bridges. (b, c) band structure of the graphene and electric field distribution of the proposed metamaterials at (b)
EF = 0.0 eV and (c) EF = 0.5 eV.

As shown in Figure 1b, when the fermi energy of graphene bridges EF is 0.0 eV (VG = 1.0 V), there are no
electrical bridging between the meta-atoms and therefore the proposed metamaterials merely exhibit the
resonance of the individual H-shaped meta-atoms ( 0, off). However, for the electrically p-doped graphene bridge
(EF = 0.8 eV or VG = -3.0 V) as shown in Figure 1c, the conductivity of graphene bridges increases and can form
electrical connections between adjacent meta-atoms, so that the resonance path of the meta-atoms can be
extended as they are connected to each other. Consequently, this extended resonance path makes the resonance
frequency red-shifted ( 0, on).
Figure 2a shows the optical microscope image of the fabricated graphene bridge metamaterials and the inset
shows the position of the graphene bridges between the H-shaped meta-atoms. As shown in Figure 2b, measured
transmission spectra of our active moleculization system successfully show that the resonance frequency can be
adjusted from 0.8 to 1.28 THz by controlling the conductance of the graphene bridges. These results indicate that
the proposed metamaterials can be used as tunable and switchable terahertz and optical meta-surface platforms.
Moreover, we can expect that their resonance tuning range can be even extendable and alterable by changing the
numbers of interconnected graphene bridges.

Figure 2. (a) Optical microscope image of the proposed metamaterials. The inset shows the position of the
fabricated graphene lines. (b) Measured transmission spectra of proposed meta-atom moleculization system.
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Abstract- We demonstrate a tuneable metamaterial device for gas sensing. The transmission peak
of this metamaterial is tuned to over a wide frequency band in the mid-infrared. Upon inducing a
structural phase transition in the chalcogenide, the transmission peak is red-shifted by 333 nm. We
further engineered the peak transmission wavelength by controlling the geometry of the
metamaterial’s features. The tuneable chalcogenide metamaterial-based filters will have extensive
applications in sensing, displays, and spectroscopy.
Metamaterials have aroused enormous interest in the past decades due to their unusual interaction with
electromagnetic waves. The optical properties of these metamaterials can be tailored according to specific
requirements for various applications, such as perfect absorbers[1], invisibility cloaking[2] and negative
refractive index materials[3]. Our objective here is to use phase change chalcogenides to tune mid-infrared
sensors for sensing of pollutant gases, such as SO2, NO2, NO, N2O, HCl, HCHO, CH4. We demonstrate a
tuneable phase change metamaterial that can be tuned over a wide frequency band in the mid-infrared. Upon
inducing a structural phase transition in the chalcogenide, the transmission peak is red-shifted by 333 nm. We
engineered the peak transmission wavelength by controlling the geometry of the metamaterial’s features. The
relatively large dimensions of the matamaterial features will enable fabrication of devices over a large area using
inexpensive methods such as nano imprinting. Compared with most other metamaterial designs that are passive
and show transmission peaks at a fixed frequency, tuneable chalcogenide metamaterial-based filters will have
extensive applications in sensing, displays, and spectroscopy.
Key words: chalcogenide, metamaterials, sensing
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A parasitic resonator based diamond shape microstrip antenna for
UWB applications
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Abstract- This study proposes a diamond shaped microstrip patch antenna for ultra-wideband
applications. The antenna is made up of a diamond shape radiating patch, partial ground plane, and
three asterisk shaped parasitic elements. The parasitic elements are positioned above the ground
plane to enhance the bandwidth and gain. The proposed antenna has a compact dimension of 30 x
25 x 1.6 mm3 and achieves an overall bandwidth (S11<-10dB) is 5.8 GHz from 2.7 GHz to 8.5 GHz.
The antenna attains more than 4 dBi realized gain and 80% efficiency over the bandwidth with
omnidirectional radiation pattern. The design and simulation of the proposed antenna is performed
in CST Microwave Studio. The observation during the analysis of the simulated data reveals that
the proposed antenna is suitable for UWB applications where high gain is required.
In recent years, UWB communication has been attracted in wireless communication system for its special
features like extremely high data transmission rate, low interference and low spectral power density. It is still a
challenge to design a proficient compact UWB antenna. Azim et al. proposed tapered-shape slot antenna for
UWB application with an overall dimension of 22 × 24 mm2 [1]. Gautam et al. proposed a 25 × 25 × 1.6 mm3
CPW antenna for achieving UWB bands in [2]. In this study, a diamond shaped UWB antenna is proposed using
asterisk shaped parasitic elements. The geometric layout of proposed antenna is shown in Figure 1. The proposed
antenna is designed on Rogers RT/duroid 5880 substrate material having 2.2 dielectric constant and 0.0009 loss
tangent.

Figure 1. Geometric layout of the proposed UWB antenna-Top view (left) and bottom view (right).
The proposed antenna is designed with a diamond shaped patch, partial ground plane and asterisk shaped
parasitic elements on the bottom side of the substrate. The existence parasitic elements and staircase diamond

shape of patch and optimum ground plane has strong effect for the impedance matching. The proposed antenna
is feed by a 50 Ω microstrip line.
The reflection coefficient of the proposed diamond shaped antenna is depicted in Figure 2(a). The antenna
achieves -10dB impedance bandwidth of 5.8 GHz (2.7- 8.5 GHz).

Figure 2. (a) Reflection coefficient (b) Realized gain
Figure 2(b) shows the gain of the proposed diamond shaped antenna. The result reveals that the antenna
maintain a more than 4 dBi gain over the entire band with maximum realized gain of 6.2 dBi. Higher gain made
the antenna a suitable candidate for the use of UWB applications where high gain is required.

Figure 3. Surface current distribution of the antenna-(a) at 3 GHz and (b) 6.15 GHz
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Abstract-This paper presents a metamaterial, based on a digit 8-shaped resonator. The resonator is
encompassed by a partial ground plane and excited by a microstrip feeding transmission line. As
the digit 8-shaped resonator, partial ground plane, and the feedline are all on a microstrip, the
measurement can be executed by using the common laboratory facility instead of using the
waveguide. The resonator and the ground are placed on the similar part of the microstrip and the
microstrip feeding line is placed on the other part of the microstrip. In metamaterial design,
normally numbers of unit cells are needed, whereas this paper presents only one cell which can
achieve the metamaterial properties. The characteristic parameters of the metamaterial are fetched
and analyzed to find the concurrency between the simulated and measured results. The presented
metamaterial is also applied in sensor applications where the simulated and measured results reveal
considerable agreement. The presented prototype can be used for several applications where
metamaterial properties are required.
From the introduction of the metamaterials, they became popular with the researchers who are working with
materials that exhibits negative permittivity and negative permeability. Many researchers suggested different
types of resonators for different resonance frequencies and parametric characteristics [1-2]. Currently
metamaterials are used in sensors because metamaterial based sensors provide miniaturization facility and large
Q-factor values. These advantages make the metamaterials highly sensitive to the environment and for this
reason metamaterials are used in sensing applications [3].
In this paper, a metamaterial on a planar surface based on only one unit cell is presented. In the proposed
structure, the digit 8-shaped resonator and partial ground frame are placed on the one side of the lossy FR4
substrate, and the feeding transmission line (FTL) is placed on the opposite side of the substrate. This structure
provides some advantages and flexibility to design and implementation of the metamaterial. Figure 1 shows the
geometric layout of the proposed metamaterial.

Figure 1. Geometric layout of the proposed UWB antenna-Top view (left) and bottom view (right).

The simulated S-parameters of reflection coefficient and transmission are shown in Figure 2. The figure shows
multiple resonances throughout the frequency from 2 GHz to 12 GHz. The resonance at 3 GHz covers highest
transmission peak, which is called the left-handed peak.

Figure 2. Transmission and Reflection coefficient of the proposed antenna

The metamaterial characteristics of the proposed metamaterial are displayed in Figure 3. From the figure the
electromagnetic characteristics of the metamaterial can be observed.

(a)

(b)

(c)

Figure 3. The simulated parameters such as (a) Permittivity (b) Permeability and (c) Refractive Index of the proposed
metamaterial.
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Abstract- An investigation on the use of reactive impedance surface (RIS) for wearable antenna is
presented. The investigation is conducted with wearable patch antenna that design using RIS at different
frequency of unit cells, namely 1.8GHz, 2.45GHz and 5.12GHz. The aim of this project is to observe the
miniaturize of antenna if it integrates with RIS. This antenna operates at 2.45 GHz.
In recent years, wearable antenna designs have gained a lot of attention from researchers and
industries. Wearable antenna design plays important characteristics such as ease of fabrication and
integration, conformal, low profile and high efficiency [1]. Generally, the substrate used to design
wearable antenna to have low relative permittivity, εr. According to antenna design theory, this will
increase the antenna size. The problem could be further challenging when multi element antenna has to be
designed for wearable application that could support emerging communication technologies such as beam
steering [2] and MIMO [3].
A two-dimensional (2D) equivalent of metamaterial is basically a surface distribution of
electrically small scatters is called metasurface [4]. The RIS is also referred as meta-surface or artificial
magnetic surface and used to provide a zero degree reflection phase for further improving the antenna
radiations and miniaturization [5-7]. The RIS has a simple design that is composed of metallic patches. In
this paper, a miniaturization wearable patch antenna loaded with RIS is proposed. At first, a conventional
microstrip patch antenna is designed and optimized with good performance in terms of bandwidth and
gain. RIS is introduced as a substrate to miniaturize the size and performance is observed and compared
to the RIS operating at different frequencies.
Firstly, the metamaterial unit cell is the initial step of the study based on full structure which is
generally consists of unit cell and substrate. A unit cell is design with different dimension based on
frequency used; see Figure 1(a). To miniaturize original antenna, RIS is apply as a substrate. The RIS
layer consists of 5 × 5 cross-shaped metallic unit cell patch array printed periodically on a grounded lowcost felt substrate. The proposed antenna structure in figure 2(b) is a two layered dielectric geometry
made up of felt substrate with the same thickness. As a result, the bandwidth of the all design shows
better performance, see Figure 2(c). Felt is used as substrate, this material was chosen because it is easy to
cut and sew. As conclusion, the gain and bandwidth is improved as the size of patch is decreased.
Overall performance is better compared to original patch antenna.
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Chiroptical Spectroscopy Using an On-Resonance Chiral
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Abstract- We present a novel three-dimensional chiral metamaterial design for chiroptical
spectroscopy. Utilizing the chiral light-matter interaction between the designed metamaterial and
molecule that is chiral in the same wavelength range, we demonstrate chiroptical sensing at the
molecular level.
Previously, off-resonance chiroptical sensing has been demonstrated using a planar chiral metamaterial [3].
It was shown that optically active biomolecules can be detected by a planar chiral metamaterial by studying the
dissymmetry in the resonance shifts induces on the two enantiomers. The measured change in CD, in this
experiment, was fairly modest due to the small chirality of the proposed planar metasurface, as well as the
mismatch between the chiral resonance of the metamaterial and that of the target molecules. It has been
suggested that in order to achieve a significant CD, at least a bilayer nanostructure, with three-dimensional
arrangement of plasmonic nanoantennas is needed [4]. In this paper, we demonstrate a new three-dimensional
chiral metamaterial (Fig. 3.1.a-b) that can be used for sensing applications [5]. We show that the interaction
between the metamaterial presented here and biomolecules with significant chirality in the same range can result
in a large change in the chiroptical response of the overall system, beyond what could be achieved with a planar
nanostructure.
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Fig 1. (a) Schematic view of the bilayer nanoantenna array with geometrical parameters. (b) Scanning electron micrograph
from one enantiomer of the designed metamaterial (d) Chirality pseudoscalar over the cylindrical surface 1 nm away form
the outer surface of the two arcs.

In addition this chiral metamaterial can be realized using a simple fabrication process with one-step
lithography [6], that preserves the scalability of the embossed nanostructures necessary for practical applications

at lower wavelengths. Figure 1.c shows the chirality pseudoscalar defined in Eq. 1 over a cylindrical surface (S)
shown in the inset Fig. 1.a.
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Figures 2.a-b show the measured change in CD spectra of Enant D and Enant L, when coated by Chlor A
and B. As it is evident in the measured ΔCD spectra of Fig. 2, both enantiomers show a giant change of several
degrees in the CD in response to the adsorption of the chiral molecules (i.e., Chlor A and Chlor B).
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Fig 2. Differential CD spectra acquired from the two enantiomers of the metamamterial coated with (a) Clor A, (b) Chlor B

In conclusion, we have demonstrated SECD-based spectral analysis of chiral biomolecules at the molecular level
using an on-resonance chiral metamaterial. Using these metamaterials, we measured the superchiral spectra from
a monolayer of two biomolecules with very similar atomic compositions, and showed that we can distinguish
them from the acquired differential CD. The values of ΔCD reported in this work, show a very large
improvement over the non-resonant experiments [7], performed using planar chiral metamaterial, nanoparticle
assemblies or non-chiral nanoparticles, owing to the large chirality of the nanostructures and the spectral
matching between the CD spectra of the metamaterials and target molecules.
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Abstract- The history of manufactured mirror can be traced back to thousands of years ago. Yet
people never imagined that the same object can be used as a reflector (mirror) and an absorber by
simply rotating its geometrical orientation. In recent decades, as the development of subwavelength
optics and plasmonics, optical properties of a structured metal film become extremely diverse.
These properties depend not only on the chemical composition of the material, but also on the
subwavelength structural designing. In this work, we report on encoding and display based on
stereo standing U-shaped resonator (SUSR) arrays. The SUSR serves as a perfect absorber at a
structure-dependent frequency when the polarization of incident light is parallel to the bottom rim
of the SUSR. When the incidence polarization is rotated for 90o (perpendicular to the bottom rim of
the SUSR), SUSR turns to a perfect reflector at all frequencies. Further, the resonant frequency
sensitively depends on the height of the arms of SUSR. By introducing SUSRs with different arm
height, resonant absorption state may occur at different frequencies. By defining the resonant
absorption state as “Dark” and the reflection state as “Bright”, we can encode and display binary
patterns. Besides, when SUSR rotates with the direction of the standing arms as axis, different
reflectivity, hence different shade will be generated. In this way we may realize gray scale display.
Experimentally we demonstrate that this encoding and display scheme indeed works.
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Abstract-This paper presents a design of single patch antenna incorporated with an array of
electromagnetic band gap (EBG) structure with pattern and polarization reconfigurability. By tuning
the characteristics of the EBG structure and the antenna, the radiation pattern and polarization of the
patch antenna can be switched or dynamically controlled. The polarization of the proposed antenna
can be switched from linear to circular polarization and vice versa. Meanwhile, the radiation pattern
is tuned by controlling the connection between the EBG patches and the ground plane. Five elements
of EBG is located at both side and higher from of the antenna to give configuration of -14, 0 and 14
degree of radiation pattern. Full EM wave simulation including the PIN diode equivalent circuit will
be discussed.
Figure 1 shows the geometry of proposed antenna where Ls = 100mm, Ws = 70 mm, Lp = 32mm, Le = 12.5
mm, and h = 6.08 mm. The EBG structure was located higher than an antenna for pattern reconfigurability occurs.
It is due to the properties of EBG can absorb the surface wave. The antenna is designed on a Taconic RF35 board
with a relative permittivity of 3.5, tangential loss of 0.0018 and a thickness of 1.52 mm. A BAR50–02V PIN diode
is used as the switch. Computer Simulation Technique (CST) software is used to simulate the designed antenna.
In the simulation, the switch is represented by the S-parameters of the BAR50–02V diode, obtained from the
manufacturer’s website. To obtain the linear polarization, diode D1 to D4 is switched ON to give square shape of
patch antenna while switched OFF to obtain circular polarization truncated patch antenna. The axial ratio and S11
parameter of both polarization are shown in Figure 2 (b) and (c). The proposed shape gives good 3dB axial ratio
at 2.43 GHz radiating frequency and it’s comply the ISM band point to point communication.
Meanwhile, the radiation pattern reconfigurable is obtained by switching the group of array EBG at both side
of the antenna. The diode configuration as shown in Figure 2 (a). The radiation pattern was tiled about 14 degree
for both condition 0:1 and 1:0. However, when both side of EBG are ON and OFF, the radiation pattern are return
to 0 degree. Average gain for all condition are 7.2 dBi. The gain of the antenna can be improve by increasing unit
of radiating path in array form. The radiation pattern was tilled when one side of EBG was absorb the surface wave
from the antenna. The size of EBG and distance from edge of patch will give major contribution to results.

Figure 1 Proposed design with diode model in (a) front, (b) bottom and (c) side view.

(a)
(b)
(c)
Figure 2 (a) Diode condition. (b) Simulated result for Axial ratio, and (c) S11 parameter

(a)
(b)
Figure 3 Simulated Cartesian radiation pattern for (a) circular and (b) linear polarization.
REFERENCES
1. Y. R. Samii, Mosallaei, “Electromagnetic Band Gap Structure: Classification, Characterization and
Apllication”, Proceeding of IEEE-ICAP symposium, pp. 560-4, 2001.
2. H. A. Majid, M. K. A. Rahim, et. all “Frequency Reconfigurable Wideband Monopole Antenna Using EBG
Structures”, The 8th European Conference on Antenna and Propagation, pp. 1906-1908, 2014.
3. O. Ayop and M.K.A. Rahim, Analysis of mushroom-like electromagnetic bandgap structure using suspended
transmission line technique, In: IEEE International RF and Microwave Conference, December 2011.

Ultrafast Terahertz Active Metamaterials
integrated with MSM-2DEG Varactors
Ji Hyun Hwang, Muhammad Tayyab Nouman, Kye-Jeong Lee, and Jae-Hyung Jang*
School of Electrical Engineering and Computer Science, Gwangju Institute of Science and Technology,
Gwanjgu 500-712, South Korea
*
corresponding author: jjang@gist.ac.kr
Abstract-We propose ultrafast amplitude modulation scheme of terahertz waves based on
metamaterials integrated with metal-semiconductor-metal (MSM) two-dimensional electron gas
(2DEG) varactors. The MSM-2DEG varactors embedded into the split gap of metamaterials are
based on AlGaN/GaN heterostructures, which enable ultrafast modulation. By applying a bias
voltage across the split gaps, the effective capacitance of metamaterials changes. This capacitance
change leads to resonant frequency shift of metamaterials and amplitude modulation.
The terahertz band of the electromagnetic spectrum (0.3~3 THz) is interesting because of its various
applications into imaging, communications, and bio-sensing [1]. Nevertheless, the practical use of the terahertz
band is still limited, in the absence of high-performing devices. As one of these, the development of terahertz
modulators is highly desirable. Since there are no materials in nature to respond to the terahertz wave, artificially
engineered metamaterials have been considered as a solution to manipulate the terahertz wave [2]. In recent
years, various modulation techniques have been adopted for metamaterials to actively control the terahertz wave
[3]. In particular, electrically controllable metamaterials have received a lot of attention due to its superior
characteristics such as the compact size, high modulation speed, and low power consumption.
In this work, we show the full wave electromagnetic simulation result to modulate the incident terahertz
wave, as shown in Fig. 1(a). For various bias voltage, the effective capacitance of metal-semiconductor-metal
(MSM) two-dimensional electron gas (2DEG) varactors embedded into metamaterials get changed, as shown in
Fig. 1(b) [4]. According to this, the resonant frequency of metamaterials is shifted and the amplitude of terahertz
wave is modulated for the fixed frequency region. After removing substrate effects, high modulation index (82
%) is obtained from low transmittance (0.15) to high transmittance (0.81). Furthermore, employing AlGaN/GaN
heterostructure offers the high speed 2DEG channel by conduction band offset and polarization doping [5]. This
high speed 2DEG channel can realize ultrafast modulation of the terahertz wave with reduced RC time constant
of the devices. In the optimized design of metamaterials (high Q-factor) and MSM-2DEG varactors (high cutoff
frequency), we expect to realize the terahertz modulator with high modulation speed (>10 GHz) and high
modulation index (>0.8). Ultimately, the proposed ultrafast terahertz active metamaterials will facilitate seamless
terahertz data transmission and real-time terahertz imaging.

Fig. 1. The proposed terahertz active metamaterials. (a) Simulation results for THz transmittance at various
bias voltage. (b) C-V characteristics of MSM-2DEG varactor.
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Abstract— Using the principle of extraordinary transmission through a zero-mass metamaterial, a prototype of a near-field acoustic microscope is proposed and built for the audible frequency
range. Experimental results reveal the detection of objects of sub-wavelength size (⇠ /20) by
use of a simple reflection coefficient measurement. This method allows one to work at high resolution compared to the far-field di↵raction limit, and introduces new perspectives in acoustic
imaging and non-destructive testing.

Concentrating energy through a spot much smaller than the wavelength, so-called extraordinary
transmission (ET), has been a recent subject of much interest for both optical and acoustic waves
[1, 2]. In particular, ET acoustic audio energy transmission in air was achieved using zero-mass
metamaterials [3]. A transmission of ⇠80 % of the incident acoustic energy was demonstrated with
a filling fraction of only 1%. Here we demonstrate a prototype of a near-field acoustic microscope
based on audio ET that allows ⇠ /20 resolution near 2000 Hz.
In the setup described in [3], acoustic energy is transmitted through a subwavelength hole
containing a tensioned membrane maintained by the acoustic wave at the membrane resonance
frequency. Our near-field acoustic microscope, as shown on Fig.1, is based on the same concept.
It is composed of an 100-mm internal diameter acrylic tube closed at one end by an anechoic
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Figure 1: Schematic diagram of the experimental setup. The reflection coefficient of the hole with a tensioned
membrane is measured inside the tube with a probe microphone.

wall and at the other end by an hole of diameter 10.5 mm covered with a tensioned membrane.
A loudspeaker at the opposite end to the hole provides the audio excitation. The resonance frequency of the tensioned membrane is experimentally determined as fr = 1785 Hz ( = 0.19 m),
corresponding to a hole diameter of /18.
The principle of microscope is as follows: with no object present in front of the membrane,
the zero-mass metamaterial facilities the acoustic energy transmission, so the acoustic reflection
coefficient is lowered compared to a bare hole. If an object is placed near the membrane, it
frustrates the ET and results in a higher reflection coefficient. To verify this principle, the modulus
of the acoustic amplitude reflection coefficient |R| was experimentally determined from the standing
wave ratio (SWR) using a probe microphone in the tube.
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Figure 2: Reflection coefficient of the microscope as a function of the object position d along the z-axis at a
frequency of 1785 Hz. The results without any object present are shown by the dashed line.

Figure 2 shows the microscope response when varying the distance between the object position
and the membrane (along what we term the z-axis). In the acoustic near-field (i.e. d . 15 mm),
the object position influences the reflection coefficient, as expected. |R| decreases monatonically
from a maximum value of 0.95 as z increases. For greater object distances, the object position has
a negligible influence on |R|, and |R| tends to the value (0.67) obtained with no object present.
The object position along the z-axis can be deduced by a suitable calibration of these results.
An ET-based scanning acoustic microscope for mapping topography modifications along the xy-axes can be made by lateral motion of this ET probe. We have demonstrated experimentally
that images can be obtained in this way using commonly available materials such as metal, wood
and plastic. A lateral resolution of ⇠10 mm, i.e. ⇠ /20 could be obtained.
In conclusion, a near-field acoustic microscope based on extraordinary acoustic transmission
through a tensioned membrane is proposed with deeply sub-wavelength spatial resolution. By
simple measurement of the acoustic reflection coefficient in a tube, one can determine the object
position. In future, the use of higher frequencies in the ultrasonic region should expand the possible
applications of this microscope.
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Abstract— Using a wire medium with high dielectric wires of varying radius, we can sculpt the
longitudinal electromagnetic wave profile. Such sculpted wave profiles have applications in signal
processing and accelerator physics. The required design modulation of the wires was calculated
using concepts of spatial dispersion, and full 3D CST Studio simulations of the structures were
run. Predictions and simulations were in excellent agreement, validating our design process.

In a uniform waveguide the mode profiles along the propagation axis are sinusoidal. Here we
show how to customize the wave profile, a process with many possible applications [1, 2, 3, 4]:
e.g. a flatter profile like that in figure 1(a) enables us to reduce non linear e↵ects. Further, when
controlling the bunch properties in particle accelerators, it would mean that more of the bunch
receives the same energy boost, so that it could be used to accelerate longer bunches. In contrast,
a peakier profile such as that in fig. 1(b) could be used to enhances nonlinear e↵ects; it would also
enhance the signal to noise ratio. In accelerators, it would help in the acceleration of short bunches.
Another example is the triangular profile in fig. 1(c), which gives a longer bunch a sustained chirp
Further, this wave profile shaping could have utility in high harmonic generation [5].
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Figure 1: Solutions to Mathieu’s equations showing a (a) flatter, (b) peakier and (c) triangular profiles.

Existing methods of mode profile shaping include varying the geometry of the waveguide and
adding multiple sinusoidal modes. We consider longitudinal modes in a wire medium with varying
radii. The wires had a high dielectric constant. We modelled the three dimensional wire medium
using a one dimensional spatially dispersive medium with permittivity of the form
✏r (!, k) = 1 +

!P2
! 2 + k 2 + !02

(1)

There exist solutions of the form E = Ee i! t+ikz k, D = 0 and B = 0, so that ✏r (!, k) = 0. I.e. it
is an ENZ medium and the dispersion relation is ! 2 k 2 = !P2 + !02 .
We used CST Microwave studio to examine the modes in a uniform wire. This revelaed a
large number of di↵erent modes, with a great range of mode profiles and dispersion properties.

Figure 2: A wire media with varying radii.

Figure 3: CST simulations of the electric field for a wire medium with fixed radius. This field has the desired
properties. (Right) The strength of the electric field as one passes along a line through the wire.

Figure 4: Flat profile: 3D fields from CST simulations (left), and a comparison of predicted (red) and
simulated (black) longitudinal electric fields.

A detailed and exhaustive search though these possibilities showed that some of them had the
desired properties. It turns out a good case was when the wires are thin and have high ✏r . We
set period x = 11mm, y = 15mm, z = 52mm and ✏r = 1200. Periodic boundary conditions
x = y = 360 , varying z between 0 and 180 . The wire diameter were around 2mm. The wires
were in the z-direction. One such is shown in figure 3, in which we can see that:
• The field away between the wires was longitudinal, as needed for on-axis particle acceleration
• Most of the field was between the wires, where it is needed; it is not a wire-localised
• The dispersion relation above is given by to a high degree of accuracy.
• One could control this dispersion by varying the thickness of the wires.
By making the radius depend on position we would get a permittivity that depends both on
position z and wave-number k; a scenario that raises interesting issues [2, 6]. We handle it here
Fourier transforming the dispersion relation and setting ⇤(r(z)) = !P (z)2 + !02 ; so that we have
⇥
⇤
Ẽ 00 + ! 2 ⇤ r(z) Ẽ = 0.
(2)
In all three cases for the wire variation designed to give flat (fig. 4), peakier and triangular
profiles, we found very good agreement from frequency domain CST simulations.
Conclusion: We have shown it is possible to sculpt the electric field for longitudinal modes in a
3D wire medium; with results very close to predictions from a 1-dimensional spatially dispersive
medium. Our aim is now to verify these modes experimentally.
ACKNOWLEDGMENT

The authors are grateful for the support provided by STFC (the Cockcroft Institute ST/G008248/1),
EPSRC (the Alpha-X project EP/J018171/1 and EP/N028694/1) and the Lancaster University
studentship program. Figures 3 and 4 are used with permission from [7].
REFERENCES

1. Gratus, J., et al, Letizia, R., McCormack, M., “Spatially dispersive inhomogeneous dielectric
wire media with periodic structure,” PIERS 2015 Proceedings.
2. Gratus, J., McCormack, M., “Spatially dispersive inhomogeneous electromagnetic media with
periodic structure,” J. Optics Vol 17, 25105 2015.
3. Gratus, J., Kinsler, P., Letizia, R., Boyd, T., “Electromagnetic mode profile shaping in
waveguides,” Appl. Phys. A Vol. 123, 108 2017; also see EMTS2016 Proceedings.
4. Gratus, J., et al., “Customised Mode Profiles Using Functional Materials,” arXiv:1607.04313
5. Radnor, S., et al, “Carrier-wave self-steepening & applications to HHG,” Phys. Rev. A Vol. 77,
033806 2008.
6. Gratus, J., Tucker, R., “Covariant constitutive relations and relativistic inhomogeneous plasmas,” J. Math. Phys. Vol. 52, 042901 2011.
7. Gratus, J., Kinsler, P., Letizia, R., Boyd, T., “Customised Mode Profiles,” internal report.

Multiband band-stop filters for spoof surface plasmon polaritons
Jiandong Li, Xiaopeng Shen*,Haipeng Li, Kui Han, Chuanlei Jia
School of Physics, China University of Mining and Technology, Xuzhou 221116, China
*
corresponding author: xpshen@cumt.edu.cn
Abstract-Ultrathin corrugated metallic strip supports the propagation of spoof surface plasmon
polaritons (SSPPs). Band-stop filter or band-rejection filter is a filter that passes most frequencies
unaltered, but attenuates those in a specific range to very low levels, it's key component and play a
very important role in various communication and radar systems. In this report, we will
demonstrate a new type of multiband bandstop filters for SSPPs in the microwave frequency regime.
The simulated, measured, and the resonator theory calculated resonant frequencies are in good
agreement. The proposed planar filters play an important role for filtering surface plasmon
polaritons (SPPs) waves in plasmonic circuits and systems.
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Abstract- Frequency-switchable metamaterial-loaded quarter-mode substrate-integrated-waveguide
(QMSIW) band-pass filter is proposed. A liquid metal inside microfluidic channel is used for switching.
The microfluidic channels are built using the elastomer polydimethylsiloxane (PDMS) and 3D printed
channel molds. This structure has two states. Before injection of the liquid metal, the recorded fractional
bandwidth and center frequency of filter are 6.80% and 2.205 GHz, respectively. After injecting liquid
metal, the frequency changes from 2.205 GHz to 2.56 GHz.
Figure 1 shows the dimensions of the proposed metamaterial-loaded QMSIW bandpass filter, which is
composed of two different substrates. The relative permittivity, thickness, and dielectric loss of the Duroid-5880
substrate are 2.2, 0.51 mm, and 0.0009, respectively. The PDMS substrate is attached on top of the Duroid-5880
substrate to form the microfluidic channels. The relative permittivity, thickness, and dielectric loss of PDMS are
2.8, 1 mm, and 0.02, respectively. The resonant frequency of the QMSIW cavity at the TE100 dominant mode is
given by [1], [2], [3]:
f100,QMSIW

1
2

(

WQMSIW

W

)2

(

LQMSIW

L

)2

(1)

A second-order band-pass filter was implemented using metamaterial-loaded QMSIW cavities with a center
frequency of 2.205 GHz, fractional bandwidth of 7.71%, and two transmission zeros at 2.19 GHz and 2.25 GHz.
An insertion loss of less than 1.65 dB with an in-band and a return loss greater than 19 dB were achieved.

Figure 1. Layout of the proposed metamaterial-loaded QMSIW bandpass filter.

Figure 2a shows the fabricated QMSIW metamaterial filter prototype. The return loss and insertion loss of
the filter are recorded using an Anritsu MS2038C vector network analyzer. Figure 2b shows the simulated and
measured S-Parameters of the proposed filter along with their comparison. The recorded fractional bandwidths
and center frequency are 6.80% and 2.205 GHz, respectively. Two transmission zeros are recorded at 2.18 GHz
and 2.25 GHz. An insertion loss of less than 1.8 dB with an in-band and a return loss greater than 14 dB are
achieved.

(a)
(b)
Figure 2. (a) Fabricated metamaterial-loaded QMSIW filter prototype and (b) simulated and measured
S-parameters of the proposed filter.
After the removal of the liquid metal, a small amount of liquid metal remained on the PDMS surface.
However, it did not come in contact with the metamaterial directly. Therefore, the measured S-parameter results
before and after injecting the liquid metal are practically the same.
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Abstract- In this study, we propose a broadband tunable beam splitter, where metamaterials and
graphene are hybridized to modulate the splitting ratio in electrically tunable manner.
Terahertz time-domain spectroscopy is dubbed a compelling tool for investigating chemical and physical
phenomena. Despite the rapid development of terahertz research, the development of related optical component
is still at a late stage. Terahertz beam splitter which is indispensable for interferometers, has recently been
suggested. However, in the case of such a beam splitter, the characteristics of the beam splitter are dependent on
the specific frequency due to the Fabry-Perot effect. Since temporal distortion of the transmitted terahertz pulse
follows such a frequency dependence, the use of a beam splitter with low dispersion characteristics is required.
Moreover, once it was fabricated, the splitting ratio could not be changed.
Researches on the modulation of transmission by hybridizing metamaterial with graphene have been
proposed. In the case of these studies, there was no focus on modulating the ratio of transmittance to reflectivity
even with broadband characteristics. In addition, if the doping concentration of the graphene is changed, the
dispersion also changes accordingly. Therefore, it is demanding to modulate the splitting ratio while having
nondispersion with transmittance and reflectivity in a wide band. In this regard, we propose broadband THz
tunable power splitters based on gated-graphene metadevices. Splitting ratio of the beam splitter can be
electrically-modulated. The proposed metadevices were designed to reduce dispersion by combining resonant
metamaterials considering the characteristics of transmission modulation according to the Fermi-level change of
graphene.
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Abstract
Most previously reported circular polarizers are designed by
equivalent circuit model in the microwave region. Here, we
demonstrate an all-dielectric circular polarizer with high
efficiency and broadband response in the microwave region
by leveraging the recently developed Huygens surface. Due
to the symmetry breaking of structure in the light
propagation, right circularly polarized (RCP) light can pass
through freely, while left circularly polarized (LCP) light is
largely blocked in the broad band of 46.5-54.6 GHz. The
high polarization transmission originates from the
simultaneous excitation of the Mie-type electric and
magnetic resonances in the rotationally twisted strips array
with MgF2 spacer. The device possesses the merits of high
efficiency and simple inclusions, which represents a major
advance.

1. Introduction
Circular polarizers are the devices who transmit one state of
the circularly polarized light (CPL) and completely block
the other state CPL. Conventionally, two most common
methods to generate circularly polarized light are
cholesteric liquid crystals and a combination of linear
polarizer with a quarter-wave plate [1]. The performance of
cholesteric liquid crystals is further limited by their high
viscosity and poor chemical stabilities. To overcome these
limitations on traditional circular polarizer, matermaterials
based circular polarizers come to researchers’ eyes [2-5].
Most circular polarizers are composed of metal components
for the advantages of subwavelength thickness and
scalability [3-5]. This will inevitably suffer from strong
Ohmic loss and the absence of magnetic response. The
intrinsic absorptive loss leads to low transmission efficiency
and dissymmetry factor, which is defined as
g （
2 TL - TR）（
/ TR TL）( TL，TR represent the transmission
of LCP and RCP light) [6]. For the nature of lacking
magnetic response in metal structure, one has to design the
polarization devices with complex structures [7], which are
difficult to fabricate and preclude further practical
application. Another problem is that the principle of circular
polarizers in microwave band are limited in equivalent
circuit model [8-10].

To solve these problems, we leverage all-dielectric
materials, following the principle of Huygens surface rather
than equivalent circuit model, to construct high efficiency
and broadband response circular polarizers in microwave
band. The high efficiency and broadband response of the
circular polarizer originates from the simultaneous
excitations of electric and magnetic resonances in the alldielectric rotationally twisted strips. Symmetric breaking of
the Huygens metamaterial leads to the significant difference
in transmissions between LCP and RCP wave. Furthermore,
all-dielectric metamaterial inherently with electric and
magnetic resonances extremely simplify the structure
compared with previously reported circular polarizers
[11,12]. The proposed circular polarizer shows high
polarization transmission ( TL max 0.99 ) and dissymmetry
factor ( g

1.89 ), which means the extension of

theoretical method for designing circular polarizer by
Huygens surface.

2. Design and simulations
Huygens’ principle, treating each point on a wavefront as a
secondary source of outgoing waves, is developed by Love
and Schelkunoff to specify the secondary sources in terms
of fictitious electric and magnetic currents fulfilling
rigorous boundary condition. In Huygens’ surface, certain
equivalent electric and magnetic currents are obtained by
designing electric and magnetic dipole resonances with
suitable surface polarizabilities [13-15]. Since fields are
vectorial at the surface, the general forms of electric and
magnetic polarizabilities are tensorial [16]. The
transmission coefficients of x- and y-polarized incident light
can be controlled independently by electric and magnetic
surface polarizabilities [17,18]. In other words, arbitrary
polarization transmission can be engineered at will by
constructing suitable electric and magnetic polarizabilities
[19]. To gain polarization transmission selectivity, we
arranged a rotational twist between two strips to break the
symmetry of the structure.

Fig. 2(b). The maximum dissymmetry factor reaches -1.89
at 54 GHz, which means good performance in polarization
selective transmission is obtained in the proposed structure.
The high transmission of RCP light results from the spectral
overlapping of tensorial electric and magnetic resonances in
both layers. The electric field components of orthogonal
electric and magnetic dipole resonances are in the same
direction, and the contributions of electric, magnetic
resonances and the incident electric field in both layers lead
to a wideband and nearly unit transmission. Meanwhile, the
symmetry breaking in rotationally twisted strips leads to
low transmission for LCP light. This is because the electric
field components of electric and magnetic resonances are
weak, especially in the second layer.

Fig. 1. (a) The design methodology of the circular polarizer.
The circles represent the magnetic dipole resonances and
the arrows represent the electric dipole resonances. These
resonances are excited by the incident waves polarized
along x- and y- direction. (b) 3-D scheme of the proposed
circular polarizer with two twisted silicon strips arrays on a
MgF2 substrate and the period is 4400 μm.
Figure 1(a) illustrates the design methodology of the
circular polarizer. Silicon strips supporting simultaneous
excitation of electric and magnetic dipole resonances in
each layer for both TE and TM modes are chosen as the
basic unit cell of the circular polarizer. The incident CPL
can be decomposed into two perpendicular components
along x and y directions. Each component will excite
corresponding electric and magnetic dipole resonances and
they will superimpose together without cross coupling. The
fields scattered by orthogonal electric and magnetic dipole
resonances can be homogenized by effective electric and
magnetic polarizabilities. Fig. 1(b) shows the 3-D scheme
of the proposed circular polarizer with two twisted silicon
strips arrays on a MgF2 spacer and the period of the
structure is 4400 μm in both x and y directions. The
thicknesses of the two strips are 5350 μm and 1650 μm
respectively, and the thickness of spacer between two layers
is 2000 μm. The Huygens metamaterial is excited by CPL
propagating in the direction of -z. Refractive index of
silicon strips is 3.5 in the near-infrared range, while the
substrate media is MgF2 (n=1.3) [20]. Transmission spectra
and excitations of associated electric and magnetic dipole
resonance modes were simulated at the frequency from 46
to 55 GHz using commercial software, CST Microwave
Studio. The simulation is based on a frequency-domain
finite integration technology (FIT) using a unit cell
boundary coupled with the Floquet port, and E-Field
monitor and H-Field monitor are used at 54 GHz to detect
the distribution of electric and magnetic fields.

Fig. 2. (a) Transmission spectra of proposed structure
simulated by CST. Red and blue lines represent
transmission spectra of RCP and LCP light, respectively. (b)
Dissymmetry factor spectra of the proposed circular
polarizer.
Figure 3 further clarify the origin of the difference in
polarization transmission. The black dashed frames in
crosscuts along -z direction represent the strips in the
proposed structures. Typical electric dipole mode
characteristics with opposite polarization charges
accumulated at the edges outside resonators and magnetic
fields confined at the center of resonators, which mimicked
the radiation pattern of electric dipole in the far-field. While
the magnetic dipole mode characteristics with polarization
charges formed a circle inside strips and the magnetic fields
focused inside the resonators. The confined electric fields at
the center and the accumulated polarization charges at the
edges outside the two-layer strips in Fig. 3(a), (b) represent
the magnetic and electric dipole modes in x-z and y-z

3. Results and discussion
Figure 2(a) shows the transmission spectra of the alldielectric cascaded tensor Huygens surface under the
excitation of normal incident CPL. The blue and red lines
represent the transmission of LCP light and RCP light,
respectively. The transmission of RCP light is above 0.8 in
the broad band of 46.5-54.6 GHz, and the maximum
transmission of RCP light reaches 0.99 at 48.7 GHz, while
the transmission of LCP light is below 0.2. Dissymmetry
factor, the key parameter of circular polarizer, further shows
the transmitted difference between LCP and RCP light in
2

planes under the excitation of RCP light. Moreover, the
local magnetic fields enhancement at the center of
resonators in Fig. 3(e), (f) further demonstrate the
simultaneous excitations of electric and magnetic dipole
resonances in both x-z and y-z planes of two layers, which
is in consistent with the design methodology as shown in
Fig. 1(a). Fig. 3(c), (d), (g) and (h) also show the electric
and magnetic dipole resonances exist simultaneously in the
x-z and y-z planes under the excitation of LCP light. But
differently, electric and magnetic resonances of LCP wave
is much weaker than the resonances of RCP, especially in
the second layer. This is why the transmission of RCP wave
is near unit but the transmission of LCP is near zero.
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Abstract
A coplanar waveguide (CPW) fed metamaterial antenna
based on mushroom unit cell for dual band applications is
proposed. The mushroom unit cell is etched on the host
transmission line to engineered left-handed properties. Two
resonant modes at 5.2 GHz and 7.3 GHz are obtained for
the negative order resonant (NOR) and positive order
resonant (POR) modes respectively. The peak realized gain
-3.56 dBi and 2.51 dBi are obtained respectively for NOR
and POR modes. The antenna has a compact size of
0.4744λo x 0.4934λo at the resonance frequency of 5.2
GHz. The simulated results of the reflection coefficients and
surface current distributions are presented. The antenna is
suitable for WLAN applications (5.15 GHz-5.25 GHz).

1. Introduction
With the recent development of modern wireless
communication system due band antennas are required in
this regards [1]. The concept of metamaterials (MTM)
among other techniques was developed and applied to
antennas design due to its unparalleled advantages. MTMs
offers various advantages such as negative electromagnetic
constitutive parameters, zero propagation constants, infinite
wavelengths and negative group velocities [2]. However,
composite left/right-handed transmission line (CRLH-TL)
approach provides an intangible method of implementing
small resonant antennas. Apart from size reduction,
transmission line based MTM offers resonant modes at
positive, zero and negative phase constant which can be
used for multiband applications [3] . In [4] a CRLH-TL
based dual band antenna was obtained which utilizes NOR
and POR mode for dual band applications. In [5] a
wideband mushroom based antenna was design by merging
POR and NOR mode together.
In this paper, a CPW-fed dual band MTM antenna is
presented which is loaded with mushroom unit cell. The
antenna is compact in size and support dual resonant modes.
The NOR mode resonates at 5.2 GHz and the POR mode
resonates at 7.3 GHz. The antenna has potential application
for WLAN operations (5.15-5.25 GHz).

2. Design and Analysis of the Mushroom based
MTM Antenna
The proposed MTM antenna is shown in Figure 1. The
antenna is design on Flame retard FR-4 substrate of
dielectric permittivity of 4.3, thickness (h) of 1.6 mm and
tangential loss of 0.025. The antenna is CPW fed with a
MTM unit cell incorporated on the transmission line to
engineered composite right/left-handed properties. The
transmission line provides the series right-handed intrinsic
inductance LR and the gap (g) etched on the transmission
line due to the Mushroom cell provides the series left
handed capacitance CL. The via process connecting the top
mushroom patch and the bottom patch is responsible for the
shunt left-handed inductance LL and the right-handed
capacitance CR is obtained due to the coupling between the
top and bottom patch. Bloch-Floquet theorem as in [6] can
be used to analyzed the unit cell and obtained the dispersion
diagram.

Figure 1: Geometry of the proposed MTM antenna
(W = 26 mm, L = 25 mm, Lg = 9.7 mm, wc =7.6
mm, wt = 9.5 mm, h = 1.6 mm, Tx = 5 mm, s = 0.3
mm, g = 0.2 mm, Lp = 16, wp = 6 mm, r = 0.4 mm)

3. Results Discussion
The reflection coefficient of the proposed antenna is shown
in Figure 2. The antenna is a dual mode and resonates at 5.2
GHz and 7.3 GHz. The NOR mode at 5.2 GHz is attributed
to the left-handed behavior of the composite unit cell while
the resonance at 7.3 GHz is due to the right-handed
response of the transmission line. The resonance frequency
of the NOR can be tuned using the shunt inductance LL and
the POR mode can be tuned through the series intrinsic
inductance LR. Parametric studies on the via which is
responsible for the left-handed shunt inductance LL is
investigated in Figure 3. The resonance frequency of the
NOR decreases with increase in the inductance of the
shorted via from r = 0.4 mm to r = 0.2 mm. The effect of the
right-handed series inductance LR on the POR mode is
shown in Figure 4. Increase on the length of the signal patch
Wt from 25mm to 27 mm decreases the resonance
frequency of the POR from 7.28 GHz to 6.50 GHz. The
surface current distributions for the resonant modes are
shown in Figure 5. High current concentrations can be
observed at 5.2 GHz along the shunted via which is a
parameter for the NOR. Also, strong current concentrations
mainly on the transmission line is indicating that it is the
main radiating element as well as parameter for righthanded property. The antennas radiation patterns at both
resonant modes for E- and H-plane are shown in Figure 6.
A directional pattern is obtained for E-plane and ominidirectional pattern for H-plane. The realized gain of -3.5
dBi and 2.51 dBi are obtained for NOR and POR
respectively. The radiation efficiencies of 21% and 72% is
also obtained for NOR and POR modes respectively. Drops
in gain and efficiency of the NOR is due to the un-reflected
surface wave cause by the suspended ground plane of the
Mushroom cell.
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4. Conclusions
A CPW fed dual band metamaterial antenna based on
mushroom unit cell has been presented. The antenna
consists of mushroom unit cell loaded on the host
transmission line. The left-handed property was attributed
to the composite mushroom cell. The NOR mode was
excited by the mushroom cell and the POR was excited by
the intrinsic host transmission line. A peak realized gain 3.56 dBi and 2.51 dBi were obtained for NOR and POR
modes respectively. The antenna has a compact size of
0.4744λo x 0.4934λo at the resonance frequency of 5.2
GHz. Simulation results presented shows that the designed
antenna is suitable for WLAN applications (5.15 GHz-5.25
GHz).
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Abstract
A one turn wire spiral structure is proposed as a sensor
element in microwave sensors. Based on the changes of
the structure’s radius and height, the chiral helical
structure is significantly sensitive to circularly polarized
waves. The linear optical activity shift is observed within
the chirality band. This proposed helical structure is an
excellent sensor element to be employed in microwave
sensors, which will benefit a multitude of sensor
applications.

1. Introduction
Microwave sensors are comprised of a microwave
generator and a detecting circuit located before and after
the sample [1]. These are then connected to interface
circuits and to a computer to analyze the sensing
responses. This means that no circuits, wires, tubes, or
power supply is needed on the actual sensing element,
which gives microwave sensors an advantage over
conventional sensing elements.
Metamaterials have been researched as a viable
sensing element in microwave sensors using split ring
resonators (SRRs). Lee [2] shows how SRRs can be used
as sensing elements in the microwave regime. These
sensing elements work by measuring the shift in resonance
of the structure in response to a structural change to the
SSR sensing element. In this way, the structural change
can be determined by looking at the electrical response of
the structure. This method of sensing is met by problems
when introduced into an environment where the sensing
element can be affected by multiple sources or
contaminants. These problems, however, are addressed by
using a chiral structure as the sensing element.
The most well-known chiral structure can be
observed in three-dimensional (3D) helix structures [3-8].
This was suggested as a negative refractive index material
in the microwave to optical regime. The proposed chiral
structure is a much simpler variant of the conventional 3D
helix. The chiral structure proposed is a one turn wire helix
spiral. Instead of reading the change in resonance
frequency, this sensor will read the change in optical
activity and give a response to external interaction.
The chiral parameters observed in the simulation
results are the circularly polarized transmission
coefficients, the polarization azimuth rotation angle, θ ,
indicating the rotation between the phases of two circular
polarized waves and the circular dichroism, η , or the

elliptical property, which states the amplitude difference
between the two transmission coefficients.

2. Chiral Media
2.1. Optical properties
In order to observe the properties of chiral structures, the
mathematical model of bi-isotropic chiral media must be
derived. Using this mathematical model in conjunction
with simulated or measured results, the optical properties
of a structure can be extracted and easily analyzed.
Chiral media belongs to a larger range of biisotropic media. The equations that characterize biisotropic media are as follows:
! = !! !! + (! + !") !! !! !

(1)

! = !! !! + (! − !") !! !! !

(2)

where ϵ is the relative permittivity of the medium and µ is
the relative permeability of the medium. The difference
between isotropic media and bi-isotropic media in these
equations lies in the parameters χ and κ. χ describes the
reciprocity of the material, while κ describes the chirality
of the material. Because in this instance, we will only be
looking at a certain type of bi-isotropic media (Pasteur
medium) which has no reciprocity and is chiral, χ will be
0. From these equations, considering Maxwell’s equations
in the frequency domain and considering plane wave
propagation, a wave equation can be obtained for the
electric field:
!× !×! = −!!! !" − ! ! ! − 2!"!! !×!

(3)

where k is the wavevector in the medium and k0
is the wavevector in a vacuum. This equation can then be
simplified by assuming ! = !! . The equation then
becomes:
!± = !! ! ± !

(4)

The wavevector solution k+ corresponds to the eigenvector
of the RCP wave and k- corresponds to the eigenvector of
the LCP wave. If we were to define the index of refraction
of RCP/LCP waves from the relation !± = !± !! , it
becomes:
!± = ! ± !
(5)

Next, we need to look at two parameters for chiral
media defined as optical activity. This is caused by the
rotation of the polarization plane of a linearly polarized
light passing through a chiral medium. The first parameter
is the polarization azimuth rotation angle of elliptically
polarized light, defined as:
!=

1
1
! = arg !!! − arg (!!! )
2
2

Measurement of the linear cross polarized
transmission coefficients can be achieved using two horn
antennas set up in much the same way a linear
measurement would be done. If both antennas are kept copolarized, the Txx coefficient will be measured. In order to
measure, for example, Tyx, the receiving antenna should be
rotated ninety degrees from the transmitter. This will cross
polarize the two antennas. The two other parameters can
be measured by rotating the transmitting and receiving
antenna by ninety degrees depending on the subscripts
[10].

(6)

The first subscript in T indicates the initial polarization
and the second subscript indicates the transmitted
polarization. This means that T++ and T-- are the
transmission coefficients for RCP and LCP waves
respectively.
Because the medium we are working with is
chiral (therefore asymmetrical) and the circularly polarized
waves are turning as they propagate, LCP and RCP light
interacts with the medium differently. We characterize this
difference using the difference in absorption and distortion
between the two polarizations. This parameter is called
circular dichroism. Because we can say the impedance is
the same for LCP and RCP waves, the circular dichroism
is characterized by the ellipticity of the circular
polarization [9].
!=

1 !! |!!! | ! − |!!! |!
sin
.
2
|!!! | ! + |!!! |!

Figure 1: Measurement of chiral media using horn
antennas [10].

(7)
Since the results shown in this paper will be
simulated results, alternative methods will be needed to
cross polarize. These will be discussed in the simulation
section.

2.2. Parameter extraction
In order to extract the previously mentioned chiral
parameters, the transmission coefficients for both RCP and
LCP waves must be obtained. This can be done directly by
exciting the structure with a circularly polarized plane
wave using circularly polarized antennas. Another, more
common way to obtain the transmission coefficients is to
measure the linear cross polarized transmission
coefficients and converting them to the circularly polarized
transmission coefficients.
The linear cross polarized transmission
coefficients are denoted as Txx, Txy, Tyx, and Tyy,, where the
first subscript indicates the transmitted field polarization
and the second subscript indicates the incident field
polarization. Equation (8) shows the conversion from
linear transmission to circularly polarized transmission
[10].
1
!!! !!!
= ×
!!! !!!
2
!!! + !!! + !(!!! − !!" )

!!! − !!! − !(!!" + !!" )

!!! − !!! + !(!!" + !!" )

!!! + !!! − !(!!" − !!" )

3. Chiral wire helix
The chiral structure will be a wire helix of varying radius
and height. The wire is a 22 AWG copper wire. The height
will depend on the radius in such a way that the length of
the wire will remain constant with changes to the radius.
The radius is varied between 2.5cm to 3.4cm by 0.1cm
steps. This will create ten data points in the final analysis.
The length is kept constant at 25cm throughout the
simulation. The propagation direction of the wave is along
the length of the spiral.
Equations (9) and (10) show how the height will
change according to changes of the radius. Figure (2)
shows a visual representation of the spiral if it were
uncurled and flattened on a plane. This shows how the
structure interacts clearly.

(8)

2

4. Simulation
The simulations in this paper are done with CST
commercial simulation software. Within this software, a
frequency domain solver was used. The boundaries for
this simulation were set as open space on all sides and the
wave was propagated and received by waveguide ports.
The waveguide ports were set for two modes. In
this way, the cross polarized transmission coefficients
were simulated by changing the incident and transmitted
waves to different modes.
The simulation was carried out with 10 different
radii for the spiral.

5. Results and analysis
The optical parameters were extracted from the simulation
results. These parameters were then analyzed for
recognizable patterns. Figure (4) shows the results of the
analysis and parameter extraction. The co/crosspolarization plots are shown, as well as the circular
polarization plots. This is to see how patterns emerge as
early as these stages. The optical activity was similarly
plotted as the transmission plots, but the optical plots were
further analyzed to see flawless and concrete patterns.
It can be seen that a clear, linear pattern emerges
in the optical parameters of the structure when the radius
of the spiral is changed at a linear rate. The peak
frequencies for these plots were taken from the first clearly
defined peaks that had a linear pattern. This pattern
suggests that the radius of a spiral can be easily detected
by extracting its optical parameters.
It can be noticed that below a radius of about
2.7cm, the chirality of the structure fails. This is
hypothesized to be because the radius is too small to be
seen by the wave as a spiral, and begins to see the structure
as a straight wire and no longer has any chiral properties.

Figure 2: Spiral structure with dimensions labled are L is
length and D is diameter.

6. Conclusions
A sensing element in which the main sensing mechanism
is the change in optical parameters of a chiral structure is
shown to be possible. A clear pattern emerged as a direct
effect of outside influence on the structure. Further study
is needed on the effects different propagation angles can
have as well as what the range of these sensing elements
could be.

Figure 3: What the spiral would look like if uncurled. This
visual representation is useful for understanding how each
parameter interacts with the other, where L is the length, C
is the circumference, and h is the height.
ℎ! + (2!!)! = !!
ℎ=

!! − 2!"

!

(9)
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Where h is the height, r is the radius, and L is the
length.
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Figure 4: Top Left: Co & Cross-polarization results. Top Right: Circular polarization results. Bottom Left: Optical
activity. The frequency shift between different radii can be clearly seen here. Bottom Right: Peak frequencies vs. radius.
A clear pattern is seen.
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1. Introduction
Graphene is the single layer of graphite, it was just been
discovered within 6 six years. Graphene has higher electron
conductivity and thermal conductivity than graphite.
Currently the usage of graphene in the manufacturing of
super-capacitor is very similar with traditional method. This
invention demonstrated ability for using graphene oxide
solution as electrolytes for super-capacitor and maintains the
stored electron current by magnetic force. Therefore we can
control the discharging rate of this totally novel biomass
derived graphene oxide based super-capacittery pool. In the
future we can determine the storage electron-current amount
by the used volume of graphene oxide solution rather than
the area of electrodes. In our previously publications, we
have demonstrate a feasible pathway for preparing graphene
sheets carbon materials from biomass derived biochar [1-5].
In this short communication, we would like to report an
unpredicted magneto voltaic occurs in biomass derived
graphene sheets oxide solution.

2. Experimental Section
Experimental was carried out by homemade biomass derived
graphene sheets oxide solution [1], the concentration was 1
wt% with a transparency light brown color. A homemade
wireless charging box was built to provide a homogeneous
alternative current magnetic field, from 0 T to 0.05 T.
100mL of the battled biomass derived graphene sheets oxide
solution was placed directly in the center area in the
magnetic field for wireless charging for 0 to 30 min, under a
magnetic field strength of 0 to 0.02 T. Results are shown in
the following figures. Fig 1 shows the harging curve of
biomass derived graphene sheets oxide solution under
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4.5

Inductive Voltage of GO ( V, Volt)

For the first time, the directly magneto-voltaic effect
in biomass derived graphene sheets oxide solution
was observed. The voltage reaches a maximum was
observed and the maximum voltage of 3.0 V would
be approached at magnetic field of 0.02 T. The
possible mechanism of this process is attributed to
the superconducting effect of biomass graphene
oxide under a magnetic field.

various charging time. Fig. 2 show the charging curve of
biomass derived ed graphene sheets oxide solution under
various magnetic field.
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Fig 1 Charging curve of biomass derived graphene sheets
oxide solution under various charging time.
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Fig. 2 Charging curve of biomass derived ed graphene
sheets oxide solution under various magnetic field.

3. Discussion
For the first time, the directly magneto-voltaic effect in
biomass derived graphene sheets oxide solution was
observed. The 1% graphene sheets oxide solution is charged
by wireless type under low magnetic field (< 0.02 T). The
maximum charged voltage is 3.0 V within 30 min, with a
charging rate is 0.1 V/min. Figure 1 shows the charging
curve for 0 to 30 min under 0.0029 T. The maximum voltage
of 1.0 V was measured by a commercial Volta-meter, and
the charging rate is 0.1 V/min. Figure 2 shows the voltages
of charged biomass derived graphene sheets oxide solution
under various magnetic field strength. The voltage reaches a
maximum was observed and the maximum voltage of 3.0 V
would be approached at magnetic field of 0.02 T. A
superconducting storage mechanism of this process is
proposed. This invented product is the first demonstration
type in the world developed from the idea of the pattern. We
predict that the commercial fine product will be produced
within future years.

4. Conclusions
For the first time, the directly magneto-voltaic effect in
biomass derived graphene sheets oxide solution was
observed and s superconducting storage mechanism of this
process is proposed.
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Abstract
A
flexible
fluidic
antenna
embedded
in
a
polydimethylsiloxane (PDMS) structure integrated with a
liquid metal Artificial Magnetic Conductor (AMC) plane is
presented. The antenna is designed based on the operating
principles of a patch antenna to cover its operation in the
WLAN ISM 5.8 GHz radio band for wireless
communication. The main innovation of this work is the
integration of a AMC plane made fully using liquid metal
embedded in PDMS to enable a highly flexible antenna,
besides potentially adding tunability feature to the structure
in the future.

2. Antenna Design
2.1 AMC design
To ensure fabrication simplicity, a simple square AMC unit
cell enclosed inside a larger square unit cell sized at 25x25
mm2 is chosen in this work, see figure Figure 1(a). As a
result, the proposed AMC realized a bandwidth of 1130
MHz (5.27 GHz to 6.40 GHz) as illustrated in Figure 1(c).
Next, 16 elements of the AMC unit cells are arranged into
4x4 array to form the AMC plane and placed behind the
radiating element, see Figure 1(b). In this project, the AMC
plane is aimed to increase the gain and efficiency [4].

1. Introduction
Flexible antennas to simultaneously support computing and
wireless communication functionalities have garnered a
great amount of interest in academia and the electronics
industry. For wireless transmission requiring of higher data
rates, wireless local area network (WLAN) in the 5.7255.875 GHz band is commonly employed [1]. Antenna
design techniques are evolving based on the new and
innovative materials available for use. One of such
materials which gained attention due to its capability and
suitability as the better material for flexible antennas is the
liquid metal. This work proposes a flexible and robust
antenna with artificial magnetic conductor (AMC)
implemented using polydimethylsiloxane (PDMS) as its
substrate and eutectic gallium indium alloy (EGaIn) (Ga
75.5% and In 24.5%) as its conductor [2]. The EGaIn liquid
metal is injected into microfluidic channels embedded in the
multilayered elastomeric substrate. Such structure is
advantageous as it provides extra robustness against water
and dust, besides enabling better flexibility for the antenna
due to the liquid metal’s low viscosity [3].

(a)

(b)

Figure 1(a): Unit cell. The dimension of AMC unit cell (in
mm) are, A=25, B=25, (b): 4x4 array. The dimension of
AMC plane 4x4 array (in mm) are, L=100, W=100
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Figure 1(c): Phase response of the proposed AMC.

Figure 2(b): Reflection coefficient (S11) of proposed antenna
on the AMC plane.

2.2 Radiator Topology

3. Conclusions

The radiator is designed based on a rectangular patch
topology sized at 37 x 43.5 mm2 with a target operating
frequency of 5.8 GHz, see Figure 2(a). For the antenna
design, a U slot and notches are added onto the patch to
increase impedance bandwidth. Consequently, the
integration of the AMC layer and the proposed antenna
resulted in an operation from 5.68 to 5.92 GHz with 236.4
MHz of bandwidth, see Figure 2(b).

As conclusion, the radiator-AMC combination made using
PDMS substrate and EGaIn as conductor resulted in
satisfactory operation at 5.8 GHz with a gain of 2.570 dB.
This result indicates that the antenna operates well and
potentially may be used for applications requiring physical
flexibility
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Abstract
This paper proposes the design of circularly polarized
antenna operating in the S-band frequency integrated with an
Artificial Magnetic Conductor (AMC) plane with a total size
of 0.506λ x 0.506λ x 0.0267λ. The AMC provided antenna
gain enhancement from 3.52 dB to 5.89 dB at 2.3 GHz. Most
importantly, it performed well with circular polarization
characteristics centered at 2.3 GHz.

1. Introduction
In recent years, the implementation of CubeSats intensified
worldwide due to their cost-effectiveness for various
applications. Several antennas have been developed for
CubeSat communication aimed at improving gains. These
improvements benefited the satellite-to-ground station
communication segment,
besides
other
CubeSat
applications. The integration of metamaterial-based elements
has been proven to improve antenna properties at the desired
frequencies by using a number of unit cells [1]. An example
of such application is the dual-band crossed asymmetric
dipole antenna integrated with a dual-band AMC surface
placed beneath it. Such technique resulted in gains of up to
5.1 dBic and 6.2 dBic at 2.4 GHz and 5.2 GHz respectively
[2]. Meanwhile, another printed meandered dipole antenna
shows gain improvements from 1.8 dB to 5.1 dB by
introducing the AMC on its reverse side [3].

polarized antenna is designed on a thin 0.85 mm Rogers
RO4003C substrate to be integrated with this AMC plane. As
illustrated in Figure 1(b), the antenna is formed using four
elements of dipole antennas placed perpendicular to each
other with a phase shifter located at center to generate
circular polarization. It is placed over the AMC plane, with
an overall size of 66 mm x 66 mm x 3.485 mm. Furthermore,
the gain of the antenna has been improved from 3.52 dB up
to 5.89 dB at 2.3 GHz by the presence of AMC plane as
shown in Figure 1(d).

(a)

2. AMC and Antenna Design
The proposed circularly polarized antenna in this work
integrates an AMC plane underneath the antenna and is
separated by a 2 mm gap. As depicted in Figure 1(a), four
triangular slots were added at each corner of the AMC unit
cell for its miniaturization. This unit cell designed on a
flexible Kapton film substrate which is 0.635 mm thick to
exhibit the behavior of a perfect magnetic conductor (PMC)
at 2.4 GHz, as shown in Figure 1(c). This is to enable its
application in a deployable format and to save stowage space
which is limited on CubeSats. The designed AMC unit cell
sized at 33 x 33 mm2 exhibited a bandwidth of 2.2 % and a
zero phase reflection at 2.4 GHz, see Figure 1(c). This unit
cell is then arranged in a 2 x 2 array to form the AMC plane
with an overall size of 66 x 66 mm2. Next, a circularly

(b)
Figure 1: The proposed of (a) AMC unit cell, (b) 2 x 2
AMC plane.
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Figure 2: (a) Phase response of the AMC unit cell, (b) gain
comparison of antenna with and without AMC.

3. Conclusions
An AMC plane capable of enhancing antenna gain for a
circularly-polarized antenna is proposed in this work. Careful
considerations must be taken to ensure that its integration
onto the plane does not affect the circular polarization
characteristics. The combined antenna and AMC plane
fabricated using thin and flexible materials such as Rogers
RO4003C and Kapton film enables it to be potentially
applied as a deployable antenna. Its operation centered at 2.3
GHz with a total size of 0.506λ x 0.506λ x 0.0267λ. The gain
improvements using this technique is aimed at enhancing the
gain to suit satellite communication, especially satellite-toground station communication in CubeSats.
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Abstract
In this paper, we propose a method to handle the
isolation problem of a MIMO antenna for Wi-Fi access
point (AP). Firstly, a quasi-Yagi antenna is designed with a
transmission-line balun at the feed. Secondly, this
conventional quasi-Yagi antenna is adopted for the two
closely placed MIMO elements for 2.4GHz-AP equipment,
and the coupling between them is checked. The 180odelayline of one element is long and next to the feed of the other
element, which is an obstacle to the isolation improvement.
Hence, the conventional balun is replaced by right and lefthanded phase shifters, which take up a much smaller area
of the feed and result in improved isolation. In addition, the
MIMO radiating elements based on the metamaterial
phase-shifters show less inclination of the main beam from
the intended direction. The MIMO quasi-Yagi antennas
without and with the metamaterial phase-shifter balun are
designed, and their return- loss, beam-patterns and
isolation curves are compared. Also, the full-wave
simulation results are given with the measured ones.

1. Introduction
Wireless communication technologies have linked
distant points over the globe or inside the office building.
For quality communication, it goes without saying that the
users have up- to-date handheld wireless devices as well as
their software- embedded modules. More importantly, the
repeaters are responsible for the connection between the
users compliant to the required performances in the
environment, and represented by the access point (AP)
antennas [1].
Clinging to the ceiling, an AP antenna receives the
signal from the transmitter and delivers it to the receiver. It
handles the reception of the signals propagating on the
horizontal plane. In most cases, the monopole antenna is
commonly used [2]. However, there are shortcomings in
the use of the monopole antenna in reality, and other types
of antenna have been sought to replace it. The first
weakness of the monopole structure is that its profile is not
low. Though modifications are introduced to the monopole
design, they tend to be higher than the body of an AP
system[3]. And the second shortcoming is that the

monopole radiator mounted on the ground structure results
in imbalance between the upper and lower beam-patterns,
which causes the H-plane gain to fall significantly. These
negative factors make the AP system developers hesitate to
use the aforementioned antenna.
To tackle the shortcomings of the customarily used
antennas, we can think of the quasi-Yagi antenna [4,5].
The two arms of the driving element are fed by a balun that
has a 180o-long delay-line. As the antenna emanates the
wave in the longitudinal direction that the driving element
and directors sit on the substrate, it works as an end-fire
type. The beam covers the user of WiFi connection in the
hallway of a building and can be held high or low
according to the needs.
When the quasi-Yagi antenna has to be applied to the
MIMO AP as [6,7] or as seen in commercial products
such as Wi-Fi routers, a few undesirable things will occur.
The main beam of each quasi-Yagi element is tilted from
its longitudinal direction. This comes from the influence
of the degraded isolation between the two quasi-Yagi
elements. It results from the fact that the delay line of the
conventional balun for one element is situated near the
feed of the other. To handle this matter by putting the
feeding baluns of the two elements apart, we propose
compact baluns comprising short metamaterial phaseshifters. The balun is connected through the right- handed
90o-line and left-handed 90o-line to the right and left arms
of the driving element, respectively. Like [8-10], the
metamaterial phase shifters can produce a 180o-angular
difference as a small structure, which is helpful to
obtaining a higher isolation. In line with this, the
conventional and novel quasi-Yagi MIMO antennas are
designed and their simulated and measured characteristics
are compared. Especially, the isolation levels of the two
cases reveal the improvement by the proposed technique.

2. MIMO Antenna with the conventional
quasi-yagi
This section regards a MIMO antenna having two
conventional quasi-Yagi elements. As the preliminary
form of the multiple antennas, it is needed to present a
single quasi- Yagi radiating device. The geometry
originates from the Yagi- Uda array antenna which is the

set of metallic rods in parallel. This 3-dimensional
geometry is adapted to the microstrip structure which has
the metallic strips printed on the top of the substrate that
are analogous to the driving and parasitic elements. The
reflecting strip does not exist unlike the 3D Yagi-Uda
antenna, but the balun comprising the two paths of 180 ophase-difference is utilized to excite the antenna.

(b)

Figure 1: The geometry of the conventional quasi-Yagi
antenna
The pattern is printed on FR4 as the substrate of 2-mm
thickness. The driver in Fig. 1 has the two arms connected
to the shorter and longer paths from left to right. The
physical dimensions are given as below for the operation at
2.4 GHz.

(c)

Table 1: Physical dimensions of the conventional
antenna
Parameter
W1
L1
L2
L3
L4
L5

Length[mm]
75
35
51
8
9
10.5

parameter
L6
L7
L8
L9
L10
L11

Length[mm]
10.5
9.5
26.5
35
33
31

(d)
Figure 2: Electrical and EM phenomena of the MIMO of
the conventional quasi- Yagi antenna (a) Geometry (b)
Return loss and isolation (c) 3D beam-pattern
(d) Surface current density showing coupling between the
two antennas

This is applied to the MIMO antenna version of AP device

The ports for the quasi-Yagi antennas are 28 mm away
as in Fig. 2(a). The EM simulation gives us S11 below 10 dB as shown in Fig. 2(b), meaning good input
impedance match for antenna 1. The same applies to the
port 2 as antenna 2. The isolation is the inverse of the
coupling between antennas 1 and 2 symbolized as S21 and
it is 17.5 dB in Fig. 2(b). At first sight, it seems to have
nothing wrong. But, the unnecessary interaction of one
antenna to another causes the problem of asymmetry in
radiation characteristics. Fig. 2(c) shows this undesirable
effect that the main beam of antenna 1 is off the vertical
axis due to the surface current induced by the coupling
from antenna 1 in Fig. 2(d).

(a)

2

3. Novel MIMO quasi-yagi antenna
The former MIMO antenna changes to a new one
which has the compact balun with metamaterial phaseshifters.

(d)
Figure 3: Small-sized balun of metamaterial phase-shifters
and adoption to the quasi-Yagi antenna (a) Equivalent
circuit of the balun of metamaterial phase- shifters (b)
Dispersion diagram of the RH 90o-phase-shifter (c)
Dispersion diagram of the LH 90o-phase-shifter (d)
Geometry of the single quasi-Yagi antenna with the
metamaterial balun

(a)

Fig. 3(a) presents the equivalent circuit of the balun
made of the RH 90o-phase-shifter and LH 90o-phase-shifter
branches. The values of lumped elements for positive and
negative 90o are decided as 2.2 nH, 4.8 nH, 2 pF, 30 pF, 12
pF and 30 nH for LR1, LR2, CR, CL1, CL2 and LL. The phases
of the RH and LH phase-shifting lines amount to 90o and 90o at the operating frequency of 2.4 GHz in Fig. 3(b) and
(c), respectively. This renders the 180o-differnce required
for
the balun. This metamaterial component can be
adopted in a small area of the quasi-Yagi antenna as in Fig.
3(d). Now, we apply this structure to the MIMO AP
antenna.

(b)

(a)
(c)

3

antenna 1 as shown in Fig. 4(d). The conventional and
suggested antennas are fabricated and measured as follows

(b)

(a)

(c)
(b)
Fig. 5: Measured return loss and isolation levels of the
conventional and suggested MIMO antennas (a)
Conventional case (b) Proposed case
The two types of the antennas are fabricated by the PCB
manufacturing process. The conventional MIMO structure
is tested in terms of S11 and S21. Fig. 5(a) shows the
degraded return loss and isolation. Contrarily, the input
impedance of the metamaterial balun-embedded quasiYagi antenna is in good shape in Fig. 5(b). With regard to
the isolation, the measurement curve is shifted upward
from the simulation curve. The discrepancy is expected to
be mended by replacing the used L and C elements by
those close to the calculated components.

(d)
Fig. 4 : Electrical and EM phenomena of the MIMO of
the suggested quasi- Yagi antenna (a) Geometry (b)
Return loss and isolation (c) 3D beam-pattern
(d) Surface current density showing the weakened
coupling between the two antennas

4. Conclusions
The quasi-Yagi antenna has been adapted to the
MIMO AP device. When the MIMO elements are fed
through the delay- line type of balun, the current on the
longer path of the feed of antenna 1 interacts with the
feed of antenna 2, which causes problems in antenna
isolation. In order to solve them, a compact balun is
suggested and has been implemented by the metamaterial
phase-shifters. This balun is very small and used to excite
the elements of the MIMO antennas. This antenna system

Fig. 4(a) shows the size-reduced feeds for the two
radiating elements copied from Fig. 3(d). This enables the
structure to lower S21 at 2.4 GHz as the coupling between
the adjacently located feeds in Fig. 4(b), meaning
improvement in isolation. Also, the main beam returns to
the vertical direction in Fig. 4(c). This is explained by
much weaker surface current on antenna 2 induced by

4

is developed to perform in an improved manner from the
view-point of isolation and far-field radiation.
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Abstract-We demonstrate an infrared broadband metasurface absorber that is suitable for
increasing the response speed of a microbolometer by reducing its thermal mass. A large fraction of
periodic patterned holes in a thin lossy metal layer can be used as a non-resonant metasurface that
can be integrated with a Salisbury screen absorber to construct an absorbing membrane for a
microbolometer that can significantly reduce the thermal mass while maintaining high infrared
broadband absorption in the long wavelength infrared (LWIR) band.
The response speed of an infrared microbolometer may be slow because of the very high thermal resistance
required for sensitivity. In other words, the absorbing membrane of microbolometer pixels, which is composed
of a resistive absorber layer, bolometric layer, and mechanical support layer, is suspended over the metal mirror
layer using high thermal resistance arms to provide thermal isolation. One way to reduce the thermal mass is by
using a thinner absorbing membrane. For mechanical support, however, microbolometers require a finite
thickness support layer; this limits how much the thermal mass of the microbolometer can be reduced. Another
way to reduce the thermal mass is by making patterned holes in the absorbing membrane, but this reduces the fill
factor of the absorbing layer. Recently, patterning periodic subwavelength-sized holes in a metal layer or metal
elements on a substrate have been shown to produce unique spectral responses through the abrupt changes in the
phase and amplitude of the incident light at the surface of the metal layer for various electromagnetic wave
bands1-3. These two-dimensional structures are known as metasurfaces. They can be treated as thin layers with an
equivalent effective surface impedance and have been used as part of narrowband4 or tunable absorbers5. These
metasurface absorbers have near-unity absorption, even though the fill factor of the absorbing area of
metasurface is small. However, the spectral responses of these metasurface absorbers show wavelength-selective
narrowband absorption because the effective surface impedance of metasurfaces having the nature of a resonator
that is extremely dispersive around the resonance wavelength
In this study, we demonstrated that infrared broadband metasurface absorbers can reduce the thermal mass
of microbolometer pixels by incorporating a metasurface with a non-dispersive effective surface impedance into
a Salisbury screen absorber. The retrieved non-dispersive effective surface impedance matched to the free space
can be achieved by finding the optimised dc surface resistance of a thin lossy metal for a certain patterned hole
size by using the proposed dc approximation method. Experiments with the fabricated metasurface absorbers
showed outstanding broadband absorption in the LWIR band, even when the fill factor of the absorbing area was
reduced to 27.75%. Therefore, this concept for the metasurface absorber can be used in current state-of-the-art
uncooled infrared thermal detectors.

Fig. 1. (a) Schematic and SEM images of the fabricated metasurface absorbers. Scale bar is 500 nm. (b)
Measured (solid curves) and calculated (dashed curves) absorption spectral responses of Salisbury screen
absorbers with three different surface resistances: Rs = 85 (red curves), 110 (blue curves), and 370 Ω (black
curves). (c) Measured (solid curves) and simulated (dashed curves) absorption spectral responses of the
metasurface absorbers for l = 0.75 µm with Rs = 110 Ω (black curves) and l = 0.85 µm with Rs = 85 Ω (red
curves). (d) Retrieved effective surface impedances of the metasurfaces for l = 0.75 µm with Rs = 110 Ω (black
curves) and l = 0.85 µm with Rs = 85 Ω (red curves).
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Abstract
A microwave metamaterial based on resonator structures is
proposed in this study for sensor applications. The
metamaterial structure consists of a resonator which is
surrounded by a partial ground frame and excited by a
microstrip feeding transmission line. The metamaterial has
a geometric size of 30 mm × 30 mm, which is imprinted on
Rogers RO3010 (tm) substrate with the relative permittivity
of 10.2 and the dielectric loss tangent of 0.0035. In the
metamaterial structure, the resonator, partial ground frame,
and the transmission line are all on a microstrip, thus it is
easy to measure the metamaterial by using the common
laboratory facility instead of using the waveguide. Numbers
of unit cells are needed for traditional metamaterial design,
whereas the proposed metamaterial structure has only one
cell which can achieve the metamaterial properties. The aim
of the study is to apply the presented metamaterial in sensor
applications and the results exhibit that the metamaterial is
quite appropriate for the microwave sensor applications.

1. Introduction
Metamaterials were first introduced by Veselago in 1968.
From the introduction, metamaterials became an interesting
field of research for industry and researchers who are
devoted to finding metamaterial characteristics such as
negative permeability and negative permittivity. Since then,
a lot of resonator based metamaterials have been suggested
by researchers for different operating frequencies [1]. These
metamaterials are designed, analyzed, validated and
manufactured for practical experiments [2-11]. A split ring
resonator (SRR) and capacitance loaded strip (CLS) unit
cell inspired metamaterial antenna has been reported for
UWB microwave imaging applications [2]. A metamaterial
based fuel sensor has been mentioned in [3] which operates
in the ISM (Industrial Scientific and Medical Standard)
band. Referenced in [4], a split ring resonator based
metamaterial has been discussed for terahertz sensing
applications. A metamaterial using broadside-coupled
triangular split-ring-resonator for terahertz sensing
applications has been rendered in [5]. An electric field
coupled resonator antenna has been addressed the
comparison among the traditional split ring resonator based
devices and the electric-field-coupled (ELC) and
complementary electric-field-coupled (CELC) resonators

based devices [6]. Referenced in [7], a metamaterial based
microwave sensor has been focused where the transmission
lines (TL) act as a building block for microwave sensors. In
[8], the dielectric characterization of a metamaterial based
on the complementary, split ring resonators (CSRR) has
been described. Having the shape of CSRR, the sensor
operates at a 0.8-1.3 GHz band. The performance
characteristics and the comparisons of different
metamaterial sensors have been reviewed and summarized
[9]. A high sensitive metamaterial sensor has been rendered
in [10] for the dielectric characterization of microfluidics. A
thin film metamaterial sensor has been reported using
rectangular asymmetric double split resonators [11].
In this study, a metamaterial based on resonator has
been proposed. The metamaterial is based on a single unit
cell which exhibits all the metamaterial characteristics. In
the proposed configuration, the resonator and the ground
frame are sketched on one part of the substrate. The feeding
transmission line (FTL) is sketched on the other part of the
substrate. This configuration has quite a lot of amenities
which are discussed in this study. The resonator based
metamaterials are not new and unique. Some of the
examples are discussed in the literature review. The reason
to choose the proposed resonator for the metamaterial is its
simplicity in design and ease to fabricate. The proposed
structure is based on the microstrip technology. The
effective metamaterial characteristics for both the simulated
and experimented results are fetched and analyzed. Both the
results are very much close to each other. The proposed
metamaterial can be used in various applications such as
antennas, filters, sensors, imaging systems, etc. In this
study, the proposed metamaterial is used in sensor
applications in the GHz operating band. This study is
organized in some sections. In the first section, the design,
simulations, fabrication, and measurement technique of the
metamaterial is discussed. The second section describes the
metamaterial characteristics of the proposed prototype. In
section three, the surface current distribution and the field
distributions are described. Finally, the sensor application of
the proposed metamaterial is discussed in section four.

Figure 3 shows the reflection and transmission
coefficients of the metamaterial. The resonances are found
at 2.30 GHz and 7.10 GHz where the reflections are
minimum and the transmissions are maximum. The
transmission resonance frequency is found at 6.30 GHz.
Though there is a little disagreement between the reflection
and transmission coefficients between the simulated and
measured results, the two results are uniform over the
operating band. The disagreement between the simulated
and measured results occurs because of the fabrication
tolerance, the soldering inaccuracies, and the external
reflections.

2. Design, Simulation, Fabrication, and
Measurement
The metamaterial characteristics are unavailable in
conventional materials in nature. In this study, a resonator,
ground frame along with an FTL are used to make a
metamaterial device which depicts all the metamaterial
properties. The proposed structure is designed on Rogers
RO3010 (tm) substrate with a thickness of 1.28 mm. The
substrate has 10.2 relative permittivity with a loss tangent of
0.0035. The resonator and the ground frame are sketched on
the same portion of the substrate. The feeding transmission
line (FTL) is sketched on the opposite portion of the
substrate. The metamaterial structure is simulated and
analyzed by using the High-Frequency Structural Simulator
(HFSS). The excitation is supplied to the resonator through
the FTL. For the proposed structure, the electric, magnetic,
boundary condition is used so that the electromagnetic wave
propagates through FTL. Figure 1 shows the layout of the
proposed metamaterial.

(a)

Figure 3: Simulated and measured magnitude of the Sparameter.

(b)

Figure 1: Geometric layout of the Metamaterial structure. (a)
top view and (b) bottom view.

3. Metamaterial Characterization

The proposed metamaterial structure is fabricated on the
printed circuit board for practical observation. The
metamaterial is fabricated using a circuit plotter LPKF, S63.
The fabricated prototype of the proposed resonator based
metamaterial is illustrated in Figure 2. The measurement
was performed in the microwave laboratory at the
Department of Electrical, Electronic and Systems
Engineering (JKEES), UKM, Malaysia. For the
measurement of the proposed antenna, N5227A PNA
Microwave Network Analyzer (10MHz- 67GHz) was used.
The simulated and measured data are plotted by using data
analysis software Origin Pro.

To characterize the metamaterial, the effective metamaterial
characteristics are extracted by the Nicolson-Ross-Weir
(NRW) method. The method uses the S-parameters of the
metamaterial to extract the characteristics. The NRW
method is a simple and familiar method to characterize the
unknown materials which are utilized for characterizing
metamaterials. The refractive index depends on the
effective permeability and effective permittivity, but not on
reflection and transmission parameters in NRW method.
The NRW method is mathematically represented by
following equations [12].
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Where µr, !r, η, d, and k0 corresponds effective
permeability, effective permittivity, refractive index,
substrate thickness, and propagation constant, respectively.
In NRW method, the calculation of the parameters is based

Figure 2: Picture of the fabricated metamaterial prototype.
(a) Top view and (b) bottom view.
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on the S-parameter. The method does not depend on the
calculation of the impedance.

exists a variation between the permittivity and permeability
due to the polarization effect. This effect happens because
of the construction of the metamaterial structure. The
permittivity and permeability changes because of the
change in design. This is for the unequal distribution of
electromagnetic waves on the material which affects the
properties of the material by the polarization. The refractive
index is also affected by the polarization through the same
technique. The refractive index will be negative when the
permittivity and the permeability become negative. Figure 4
(c) shows the negative refractive index from 2.0 GHz to
2.80 GHz and from 4.90 GHz to 5.20 GHz. Thus, the
proposed metamaterial structure shows double negative
characteristics as the permittivity, permeability, and the
refractive index is negative in the operating bandwidth.

(a)

4. Surface Current Distribution and Field
Distribution
Surface current distribution is an important parameter to
describe the resonance type of the metamaterial. Figure 5
displays the surface current distribution of the proposed
resonator based metamaterial.

(b)

(a)

(c)
Figure 4: Simulated and measured effective constitutive
parameters of the proposed metamaterial. (a) Effective
permittivity, (b) Effective permeability, and (c) Effective
refractive index.
At the peak of the transmission coefficient (S21), the
effective permittivity and effective permeability should be
negative, which is observed from the Figure 4 (a) and
Figure 4 (b). From the Figure 4 (a), the effective
permittivity is negative from 2.0 GHz to 2.80 GHz, from
4.90 GHz to 5.20 GHz, and from 6.60 GHz to 7.0 GHz. The
simulated and measured data are a little bit dissimilar, but
two results are unique throughout the operating frequency.
Figure 4 (b) shows the negative permeability from 1.40
GHz to 1.80 GHz, from 2.0 GHz to 3.90 GHz, and from
4.90 GHz to 5.20 GHz. Again, there exists a little
discrepancy between simulation and measurement. There

(b)
Figure 5: Distribution of currents of the metamaterial at the
resonance frequency. (a) At 2.30 GHz (b) At 7.10 GHz.
From the figure, it is observed that the current density is
mainly concentrated on the resonator and the FTL. Two
opposite directional magnetic dipoles are formed on the
ground frame due to symmetrical rotation of the surface
currents on the resonator. Figure 6 shows the induced
magnetic field of the metamaterial structure.

3

distributions. The electric field is distributed on the
resonator, ground frame, and the FTL. The intensity of the
electric field is enhanced at the higher frequency.

(a)
(a)

(b)
Figure 6: Distribution of magnetic field of the metamaterial
at the resonance frequency. (a) At 2.30 GHz (b) At 7.10
GHz.

(b)
Figure 7: Electric field distribution of the proposed
metamaterial at the resonance frequency. (a) At 2.30 GHz
(b) At 7.10 GHz.

From the figure, it is investigated that at the resonance
frequency, the FTL is coupled to the ground frame and the
resonator with its electric field. At this point, the
metamaterial structure shows the inductive and capacitive
behavior due to the ground frame and the space between the
ground frame and the resonator. The induced magnetic field
is opposite to the external magnetic field and hence
diamagnetism is generated. Due to the diamagnetism
property, the negative permeability is extracted by the
metamaterial structure. The magnetic field is vertical to the
ground frame and the resonator. Thus, the negative
permeability rises through the magnetic field, ground frame,
and the resonator. As the metamaterial structure shows
negative permittivity as well, the metamaterial gives a
negative refractive index which is shown in Figure 4. Due
to the collateral combination of the electric field of the
structure to the ground frame, resonator, and the FTL, the
negative permittivity rises. The presence of the ground
frame around the resonator produces additional inductance
and capacitance to the metamaterial structure and hence it
becomes a crucial factor to create resonance. Moreover, the
ground frame also serves as the ground plane, which
provides the negative permittivity and negative permeability
through the inductive-capacitive properties of the proposed
structure.
The electric field distribution of the proposed resonator
based metamaterial is shown in Figure 7. According to the
figure, the electric field distributions are quite consistent
with the surface current distribution and the magnetic field

5. Metamaterial Sensor Application
The proposed resonator based metamaterial structure is used
for the double-sided sensing system. The both front and
back side of the proposed metamaterial is used in the
sensing application. The unknown material which is to be
detected is taken as the overlayer. By changing the
thickness and the dielectric constant of the unknown
material, the frequency response of the metamaterial
sensing device is experimented.

(a)
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(a)

(b)

Figure 9: Picture of the sensing device. (a) Rogers TMM 10i
as overlayer (b) Rogers RO3010 as overlayer.
(a)

The measured results of the proposed resonator based
metamaterial as a sensor along with the simulated results
are displayed in Figure 10.

Figure 8: Change of transmission resonance. (a) for
changing overlayer thickness (b) for changing overlayer
permittivity.
Firstly, the effect of changing the overlayer thickness is
considered to observe the frequency response. For the
simulations, an overlayer with dielectric constant 10.0 and
0.0035 loss tangent is considered as it is close to the
parameter of the Rogers RO3010 substrate which is used in
the proposed metamaterial. Figure 8 (a) shows the simulated
results after changing the thickness of the overlayer. From
the figure, it is clearly observed that the transmission
resonance shifts downward with the increase of the
overlayer thickness. The sensing device along with the
overlayer can be considered as the RLC resonant circuit in
which the resonance frequency is calculated by the effective
capacitance and the effective inductance. With the
increment of the overlayer thickness, the effective
inductance, and capacitance changes. Due to this, the
transmission resonance shifts downward as the resonance
frequency are directly related to the effective capacitance
and the effective inductance. Thus, the proposed
metamaterial structure can be effectively used in sensing
application in the GHz region.
The frequency response due to changing the overlayer
relative permittivity is simulated and analyzed. Figure 8 (b)
illustrates the effects of the variation of the overlayer
relative permittivity. When the relative permittivity is
increasing, the transmission resonance downshifts as well.
The higher overlayer permittivity corresponds to a larger
downshift of the transmission resonance. Hence, the
sensitivity of the metamaterial increases, according to the
increment of the overlayer relative permittivity.
For the validation of the simulation, the practical
experiments have been performed and the measured results
are compared to the simulated results. In the practical
observations, the Rogers RO3010 material having a relative
permittivity of 10.2 with 0.0035 loss tangent and Rogers
TMM 10i material having a relative permittivity of 9.8 with
0.02 loss tangent are used as the overlayers. The thickness
of the materials is 1.28 mm and 1.27 mm respectively. The
metallic ledge on both portions of the substrates is abolished
to have the overlayer having the dielectric materials only.
The proposed metamaterial structure with the overlayers is
shown in Figure 9.

Figure 10: Simulated and measured transmission response
with Rogers RO3010 and Rogers TMM 10i overlayer.
From the figure, it is clearly investigated that the
resonance frequency shifts downward with the increment of
the thickness and the overlayer relative permittivity. As the
Rogers RO3010 has a larger thickness and higher relative
permittivity than the Rogers TMM 10i material, Rogers
RO3010 shifts more downward than the Rogers TMM 10i
overlayer with reference to no overlayers which is shown in
Figure 3. More specifically, with no overlayer, the
transmission resonance is at 6.30 GHz, but using the Rogers
TMM 10i and Rogers RO3010 overlayers, the transmission
resonance shifts to 6.0 GHz and 5.90 GHz, respectively.
To extend the experiment, double-overlayer structures
are considered for perplexing situations. In this scenario,
Rogers RO3010+Rogers RO3010 and Rogers TMM
10i+Rogers TMM 10i double-overlayers are used. The
simulation and practical investigations are conducted by the
similar procedure as described in the previous section. The
simulated and measured frequency responses for the
double-overlayers are illustrated in Figure 11.

5

Acknowledgements
The authors would like to thank the Department of
Electrical, Electronic and Systems Engineering (JKEES),
Universiti Kebangsaan Malaysia (UKM) and Ministry of
Higher Education Malaysia (Grant No. AP-2015-007), for
the sponsor of this work.

References
[1]

[2]

Figure 11: Simulated and measured transmission response
with Rogers RO3010+Rogers RO3010 and Rogers TMM
10i+Rogers TMM 10i double-overlayers.
From the figure, it is clear that the resonance frequency
shifts downward with the increment of the thickness and the
overlayer relative permittivity. With no overlayer, the
transmission resonance is at 6.30 GHz, but using the Rogers
TMM 10i+Rogers TMM 10i and Rogers RO3010+Rogers
RO3010 double-overlayers, the transmission resonance
shifts to 6.20 GHz and 6.10 GHz, respectively.
Both in the overlayer and double-overlayer cases, the
simulated results vary a little with the measured results. This
could be due to the mechanical etching of the metallic layer
of the dielectric materials, external reflections during
measurements, and soldering inaccuracies. Based on the
simulations and measurements performed above, the
proposed resonator based metamaterial can detect materials
having different values of thickness and relative
permittivity. The proposed metamaterial can be used as a
sensor in various applications.

[3]

[4]
[5]

[6]

[7]

6. Conclusions
[8]

In this paper, a metamaterial structure on the basis of the
resonator is designed, simulated, fabricated, and
investigated as a sensor. The resonator is surrounded by a
ground frame and is fed by a 50Ω feeding transmission line
on the rear side of the substrate. The metamaterial is
measured by using common laboratory facilities rather than
using of waveguides. Both the results found in the
simulation and measurements agree quite well and the
proposed metamaterial reveals negative permittivity and
negative permeability in the operating band. The proposed
metamaterial can be used in various applications including
antennas, filters, sensors, imaging systems, etc. In this work,
the metamaterial structure is utilized in sensor application
where it can detect unknown overlayer materials with good
sensitivity. The metamaterial properties with an
uncomplicated design, using only one metamaterial unit cell
make the structure competent to be used where metamaterial
properties are essential.

[9]
[10]

[11]

[12]

6

C.
Sabah,
T.
Nesimoglu,
Design
and
characterization of a resonator-based metamaterial
and its sensor application using microstrip
technology, Optical Engineering 55: 027107027107, 2016.
M. M. Islam, M. T. Islam, M. Samsuzzaman, M. R.
I. Faruque, N. Misran, M. F. Mansor, A
miniaturized antenna with negative index
metamaterial based on modified SRR and CLS unit
cell for UWB microwave imaging applications,
Materials 8: 392-407, 2015.
V. Rawat, V. Nadkarni, S. Kale, ISM (Industrial
Scientific and Medical standard) band flex fuel
sensor using electrical metamaterial device,
Applied Physics A 123: 75, 2017.
C. Sabah, H. Roskos, Terahertz sensing application
by using planar split-ring-resonator structures,
Microsystem technologies18: 2071-2076, 2012.
C. Sabah, H. G. Roskos, Broadside-coupled
triangular split-ring-resonators for terahertz
sensing, The European Physical Journal Applied
Physics 61: 30402, 2013.
H. Odabasi, F. Teixeira, D. Guney, Electrically
small,
complementary
electric-field-coupled
resonator antennas, Journal of Applied Physics 113:
084903, 2013.
M. Schueler, C. Mandel, M. Puentes, R. Jakoby,
Metamaterial inspired microwave sensors, IEEE
Microwave Magazine 13: 57-68, 2012.
M. S. Boybay, O. M. Ramahi, Material
characterization using complementary split-ring
resonators, IEEE Transactions on Instrumentation
and Measurement 61: 3039-3046, 2012.
T. Chen, S. Li, H. Sun, Metamaterials application in
sensing, Sensors 12: 2742-2765, 2012.
A. Ebrahimi, W. Withayachumnankul, S. AlSarawi, D. Abbott, High-sensitivity metamaterialinspired sensor for microfluidic dielectric
characterization, IEEE Sensors Journal 14: 13451351, 2014.
I. A. I. Al-Naib, C. Jansen, M. Koch, Thin-film
sensing with planar asymmetric metamaterial
resonators, Applied Physics Letters 93: 083507,
2008.
S. S. Islam, M. R. I. Faruque, M. T. Islam, A new
direct retrieval method of refractive index for the
metamaterial, Current Science 109: 337-342, 2015.

Unloaded-Dodecagon-Shaped Flexible Linear to Circular Polarizer using PDMS
Hidayath Mirza1, 2, Ping Jack Soh1, 3*, Mohd Faizal Jamlos1, Muhammad Nazrin Ramli1, Azremi
Abdullah Al-Hadi1, R.Ahmad Sheik2, Emad S. Hassan2, and Sen Yan3
1

Advance Communication Engineering (ACE) CoE, School of Computer and Communication Engineering, Universiti
Malaysia Perlis (UniMAP), Pauh Putra, 02600, Arau, Perlis, Malaysia.

2

Dept. of Electrical Engineering, College of Engineering, Jazan University, P. O. Box 706, Jazan 45142 Kingdom of Saudi
Arabia.
3

ESAT-TELEMIC, KU Leuven, Kasteelpark Arenberg 10, Box 2444, 3001 Leuven, Belgium
*corresponding author: pjsoh@unimap.edu.my

Abstract

and ShieldIt Super conductive fabric. This enables the

This paper presents the design of a flexible

structure to be flexible and robust (waterproof, dust-proof).

and robust linear to circular polarizer using
Polydimethylsiloxane (PDMS) and ShieldIt

2. Unit cell design

fabric. The size of the unit cell is 58 x 48 x
3.17 mm3, which is about 0.3757 x 0.3109 x

A unit cell of the polarizer is modeled and simulated using

0.0205 in terms of wavelength for operation

the frequency domain solver in CST Microwave Studio.

at 1.94 GHz. The simulated structure

Unit cell boundaries, Floquet ports and template based

demonstrated a 3 dB axial ratio bandwidth of

processing are used in the modeling. To extract the CP

34.53 % ranging from 1.63 GHz to 2.31

wave, the ABS(Tx)=ABS(Ty) criterion has to be meet, as

GHz.

presented in Fig. 2. At the same frequency (1.94 GHz) a
phase difference of -89.500 is observed in Fig. 3, indicating
above 99 % of conversion efficiency. Fig. 4 depicts the

1. Introduction

axial ratio with its 3 dB bandwidth shown inset, with a
minimum AR value of 0.08 dB at 1.94 GHz. It can be

Polarization can be classified into three types, a) linear, b)

concluded that the performance of the polarizer is suited

circular and d) elliptical [1]. In satellite communication,

for the conversion of linear to circular polarization for a

RFID, etc., polarization is pivotal as these systems

flexible antenna.

typically use circularly polarized waves for wireless

3. Conclusions

communication. The polarization of transmitter and the
receiver has to be identical to polarization losses [2].

In this paper, a new flexible, single layered, linear to

Polarizers have been realized using different shapes,

circular polarizer has been designed for S-Band operation

thicknesses and topologies using frequency selective

based on PDMS and ShiedIt conducting fabric. The

structures (FSS). It is a type of planar metamaterial. Most

simulated structure demonstrated a 3 dB axial ratio

of these structures originated from meander lines, loops,

bandwidth of 34.53 % ranging from 1.63 GHz to 2.31 GHz.

dipoles, or the combination of them [3-7]. The main
innovativeness of the proposed work are as follows. The
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Abstract
Unit Cell Design

In this paper, a flexible linear to circular polarizer
(LCP) using Felt as substrate and Shieldit fabric its

To realize the flexible polarizer, Felt is used as its

conducting material is designed. The simulated

substrate and ShiledIt Super as its conducting fabric. It is

structure

fractional

designed using CST Microwave Studio’s frequency

bandwidth (FBW) of 13.17 %. Meanwhile, its 3dB

demonstrates

a

10

dB

domain solver and excited using Floquet ports. To create

axial ratio bandwidth ranges from 2.01 GHz to 2.29

pure circular polarization using linear polarized antennas,

3

the criteria in equation (1) needs to be met, and its phase

which is about 0.4067 x 0.4881 x 0.0218 λ at 2.04

difference between Ty and Tx components must be ± 900

GHz. A phase difference of 81.78o is observed,

as per equation (2), (3)[3]. A phase difference of 81.780,

GHz. The size of the unit cell is 56 x 67.2 x 3mm

which is equal to about 91 % in terms of

which is equivalent to 90.86 % in conversion ratio (CR) is

conversion ratio.

achieved at 2.18 GHz, see Figure 4. Figure 5 represents the
3dB AR BW of 13.17 % with a reflection coefficient of at

Introduction

least -10 dB. This indicates its suitability to function as a

Traditionally, antennas are designed and operated in

linear-to-circular polarizer for applications requiring

linear

polarization

[1,2].

However,

several

material flexibility.

other

applications such as GPS and satellite communication
require the use of circular polarized antennas [3-5]. This is
especially relevant when such antennas are required to

Tx = T y

support location tracking in a wearable format [6,7]. A
simple method to enabling circular polarization is to place

⎛ ∠T y ⎞
PD (ϕ) = ⎜
⎟ (degrees)
⎝ ∠T x ⎠
⎛ PD ⎞
CR = ⎜ 0 ⎟ *100 (%)
⎝ 90 ⎠

a linear-to-circular polarization converter in front of a
linearly polarized antenna.
In this paper, an innovative linear to circular polarizer
is proposed and designed using such flexible materials.

1

(1)

(2)

Figure 1 Topology of the swastika-shaped LCP

Figure 2 Topology of the swastika-shaped LCP

(front view).

(back view).

Figure 4 Phase difference and conversion ratio

Figure 3 Tx and Ty components

Figure 5 Axial Ratio with 3dB bandwidth

Conclusion
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Abstract

reducing multipath and causes smaller changes to signals

In this paper, a flexible linear to circular
polarizer

designed

on

when propagating in rain and fog [1-5].

flexible

In this paper, two unit cell designs are proposed and

Polydimethylsiloxane (PDMS) and textiles

investigated as follows: a) a circular patch inscribed with

is proposed. PDMS is used as the substrate

unloaded circles (denoted as “unloaded” in Figure 1) and b)

while the conducting elements are made

a circular patch inscribed with loaded circles (denoted as

using a commercial conductive textile,

“loaded” in Figure 2)[6-7].

ShieldIt Super. Two structures consisting of

Unit Cell Design

loaded and unloaded circular unit elements
are proposed. The unloaded circular unit cell
design is sized at 46 x 56 x 3 mm3 to operate

The polarizer has been designed using the frequency

at 2.04 GHz, while the loaded version is

domain solver in CST Microwave Studio and is excited

3

sized at 68 x 58 x 3 mm for operation at

using Floquet ports. To create circular polarization using

2.58 GHz. Both structures exhibited 3 dB

linear polarization, the phase difference between the phase

axial ratio bandwidths of 33.17 % (1.99 GHz

of Ty and Tx components must be ±900 as in equations (1)

to 2.79 GHz) for the unloaded circular and

and (2) [8-9]. A phase difference of about -940 and +900 is

19.51 % (2.54 GHz to 3.09 GHz) for the

obtained

loaded circular-shaped element inscribed in

respectively, see Figure 4. Meanwhile, Figure 5 illustrates

a circular patch.

its 3 dB axial ratio (AR) bandwidth, indicating a bandwidth

for

the

unloaded

and

loaded

structure,

of 33.17 % and 19.51 % for the unloaded and loaded

Introduction

structure, respectively.

The use of circular polarization has become an essential
in satellite communication, global positioning system,

Tx = T y

radar, weather forecasting and RFID. Due to its unique
characteristics,

propagation

using

circular

polarized

⎛ ∠T y ⎞
PD (ϕ) = ⎜
⎟ (degrees)
⎝ ∠T x ⎠

antennas minimizes noise interference, enables greater
penetration into buildings, reaching difficult areas,

1

(1)

(2)

(a)
(a)

(b)
(b)
Figure 1 Topology of the unloaded circles inscribed in a

Figure 2 Topology of the loaded circular shaped

circular-shaped polarizer (a)front view (b) back view

polarizer (a)front view (b) back view

Figure 3 Tx and Ty components
Figure 4 Phase difference

Figure 5 Axial ratio bandwidth

Conclusion

polarizer to exhibit a wider AR bandwidth compared to the

The use of the loaded circular patch unit cell enabled the

unloaded version. Despite that, both structures exhibited a

2

satisfactory functionality as a linear-to-circular polarizer at

Conference

in

the center frequency of 2.60 GHz and 2.04 GHz for loaded

Engineering,

and unloaded circles, respectively.
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Abstract
This paper presents an approach to enable a typical GPS
receiver to be much less susceptible to intentional
disruption such as jamming and change in link environment.
In order for the GPS receiver to cope with jamming and to
get adaptivity, 4x4 or 8x8 elements beamforming antenna is
designed using metamaterials. The design results show the
antenna gain much higher than 5dBi and the movable
various beam patterns.

1. Introduction
Recently, as the necessity of location information has been
expanded in all industries where IT is applied such as
defense, construction, traffic and etc., the demand of
GPS(Global Positioning System) antenna is steadily
increasing. The Frequency blocks of GPS system are
classified into five types and are named L1, L2, L3, L4 and
L5 blocks. Among them, the L1 and L2 block can be used
for civil use, and the L1 block is in general use for the
navigation message signal.
As a typical GPS receiver has a fixed and wide angular
beam, when the receiver is mounted on a vehicle or aircraft
that moves, it does not have the adaptivity in beam. To
overcome the weakness, the beam can be steered by
controlling the electrical phase. The electrical phase of each
element is controlled with metamaterial phase shifters.

2.

Design procedures

The design starts with the element which is going to be
extended to a 4x4 matrix. Coaxial-fed patch antennas are
placed periodically, and denoted as (1,1) through (4,4) from
left to right in the descending order from the top row.

Fig. 2. Adaptivity of the GPS receiver
Fig. 1. An adaptable GPS antenna to be designed

Fig. 4. Design results of GPS array antenna (a)Return loss
(b)Radiation pattern(2D) (c)Radiation pattern(3D)

2.1. Basic design array antenna
Figure 3 shows the 4X4 Array antenna and 16 ways power
divider. For ease of matching, the radiator and the feeder
line are designed to be connected in aperture coupling. Also,
in order to reduce the required area and the convenience of
the design, the line at the end connected to the antenna was
matched with 100 ohms.

Simulation results is in the figure 4. The antenna gain is
13.79dBi and efficiency is 50.2%. Also, it shows that the
direction of the antenna beam is directed to the vertical
direction(+z) because of the in-phase feeding.
2.2. Design metamaterial phase shifter

(a)

In order for the array antenna to electrically steer the
antenna beam, a different phase difference feed must be
applied to each radiating element. In order to realize the
metamaterial phase shifter, the combination of the RH
transmission characteristic component and the LH
transmission characteristic component by combining the
lumped element and the shorting pin in the microstrip
transmission line. The metamaterial phase shifter has
different output phases according to the lumped element
combination value.

(b)

Fig. 3. The designed array antenna and feed network

(a)
Fig. 5. The proposed metamaterial phase shifter

(b)

Fig. 6. The phase distribution curve of the proposed CRLH
phase shifter
2.3. Combining the array antenna and phase shifter
When azimuth and elevation angle of the main beam are set
to 45 degrees, each array elements should have 90 degrees
phase differences.

(c)

2

As figure 7 shows, the CRLH phase shifter is combined to
the feed network. The results show that the return loss and
low mutual coupling are obtained at the L1-band. The
antenna gain is 12.54dBi and efficiency is 58.7%. Also
when the power was fed so that each adjacent radiator
element had a phase difference of 90 degrees, the main
beam of the antenna was tilted 43 degrees in the direction of
+Theta and +Phi. As well as the null point moved together
with the main beam. Thus, by adjusting the appropriate the
lumped element value, the beam of the antenna can be
steered at various angles and it can increase adaptivity of
the antenna.
(c)
Fig. 8. The simulation results (a)Return loss (b)Radiation
pattern(2D) (c)Radiation pattern(3D)

3. Conclusions
In this paper, we have studied beam tilting method for the
antenna beam adaptivity and anti-jamming function of GPS
receiver used in vehicle or payload, and verified it by
simulation. The results show that the main beam of the GPS
receiving antenna can be steered by the CRLH phase shifter.
The proposed CRLH phase shifter can output various phase
according to the lumped element C value. If the CRLH
phase shifter is combined with varactor diode, it can steer
the antenna beam in realtime.

Fig. 7. Combination of array antenna and CRLH phase
shifter
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Abstract
A flexible dual band Artificial Magnetic Conductor (AMC)
operating in the two Ultra Wideband (UWB) mandatory
channels is proposed. Operations are centered at 4 GHz
(channel 1) and 8 GHz (channel 6) based on the IEEE
802.15.4 standard for Wireless Body Area Network
(WBAN). Upon validation of its dual-UWB performance,
the proposed AMC is subsequently incorporated on a quasicircular patch antenna to determine its contribution in
improving the antenna’s reflection coefficient and
impedance bandwidth.

1. Introduction
Artificial Magnetic Conductor (AMC) is a metamaterial
which exhibits a perfect magnetic conductor’s (PMC)
characteristics within a certain frequency band [1-10]. AMC
is an effective approach to significantly widen the
bandwidth [4], [7], [8], for radiation suppression towards a
certain direction [1], [6], transmission enhancement [3],
impedance matching improvement [8] and gain
enhancement [2]. Recently, work in [10] presented AMCintegrated antenna for operation of Ultra Wideband (UWB)
mandatory channel 6 centered at 8 GHz with combination
of upper Wireless Local Area Netwrok (WLAN) band at 5.5
GHz. On the other hand, a T-slotted rectangular AMC
element is proposed in this paper to improve the impedance
matching and bandwidth of a dual band UWB antenna in
the mandatory channels. The proposed antenna is quasicircular, comprising of two semicircles with different radii
to radiate at 4 GHz and 8 GHz. In comparison, the
standalone antenna without the AMC plane is poor in terms
of impedance matching due to the use of a closely-located
ground plane to the radiator. This can be approximated as a
perfect electric conductor (PEC) which introduces a
negative image current to that of a source.

2. AMC and Antenna Design
In this work, a rectangular T-slot unit cell is designed and
optimized before being duplicated and placed periodically
to the complete AMC plane. Fig. 1 illustrate the AMC unit
cell operation centered at 4 GHz and 8 GHz with about
222.95 MHz and 561.38 MHz of phase reflection
bandwidth, respectively, determined within ±90° from the

zero-phase reflection (PMC) point. The planar AMC unit
cell is then multiplied to form a 3 x 3 AMC plane layer.
The geometry of the proposed quasi-circular patch
antenna and the AMC plane layer is shown in Fig. 2(a) and
2(b) respectively. The full structure consists of the AMC
plane which is placed underneath the same 1.5 mm thick
felt substrate consisting of a radiating patch made from the
ShieldIt. Fig. 2(c) shows the cross-section of the integrated
AMC-antenna structure.
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Figure 1: The reflection phase of the AMC unit cell

(a)

(b)

(c)
Figure 2: The quasi-circular patch, (b) 3 x 3 array AMC
layer, and (c) overall antenna’s cross-section

magnetic conductor waveguide sheet,” Electron. Lett.,
vol. 51, no. 9, pp. 671–673, 2015.
[4] R. Dewan, S. K. A. Rahim, S. F. Ausordin, M. Z. M.
Nor, and B. M. Saad, “Crescent moon-shaped artificial
magnetic conductor ground plane for patch antenna
application,” 2013 IEEE Symp. Wirel. Technol. Appl.
ISWTA., Kuching, Malaysia, pp. 254–258, 2013.
[5] F. Rahmadani and A. Munir, “Microstrip patch antenna
miniaturization using artificial magnetic conductor,”
2011 6th Int. Conf. Telecommun. Syst. Serv. Appl., Bali,
Indonesia, pp. 219–223, 2011.
[6] H. R. Raad, A. I. Abbosh, H. M. Al-Rizzo, and D. G.
Rucker, “Flexible and compact AMC based antenna for
telemedicine applications,” IEEE Trans. Antennas
Propag., vol. 61, no. 2, pp. 524–531, 2013.
[7] P. Lu, “Combination of Bow-tie Shaped Meander Slot
Antenna with Wideband AMC Structure,” 2014 IEEE
Antennas and Propagation Society International
Symposium (APSURSI)., Memphis, Tennessee, pp.
2066–2067, 2014.
[8] R. R. Ihsan and A. Munir, “Utilization of artificial
magnetic conductor for bandwidth enhancement of
square patch antenna,” 2012 7th Int. Conf. Telecommun.
Syst. Serv. Appl. TSSA 2012., Bali, Indonesia, no. 003,
pp. 192–195, 2012.
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International, 9-11 Dec 2013.
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Rectangular Ring Antenna”, 7th International
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Plasmonic (META 2016), 25-28 July 2016, Malaga,
Spain.

3. Results and Discussion
As depicted in Fig. 3, the incorporation of the AMC plane
into the antenna improved its reflection coefficients.
Minimum values of -16.08 dB and -12.22 dB are achieved
at 4 GHz and 8 GHz. The performance of the standalone
antenna is also provided as a comparison.
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Figure 3: Reflection coefficients of the standalone patch
antenna with and without AMC

4. Conclusions
An AMC unit cell based on rectangular patches integrated
with T-slots is proposed in this work. Its dual band
operation is centered at 4 GHz and 8 GHz with reflection
phase bandwidths of 222.95 MHz and 561.38 MHz,
respectively. The inclusion of the AMC structure onto a
conventional slotted quasi-circular patch antenna
successfully lowered its resonances and improved
impedance matching at 4 GHz and 8 GHz.
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Abstract
A resonator based metamaterial for sensor application is
studied in this paper. The resonator is encompassed by a
partial ground plane and excited by a microstrip feed-line.
As the resonator, partial ground frame, and the feeding
transmission line (FTL) are on the same microstrip, the
measurement can be executed by using the common
laboratory facility instead of using the waveguide. The
proposed metamaterial occupies a compact size of 20 mm ×
20 mm and is imprinted on a low-cost FR4 substrate. The
substrate has a relative permittivity of 4.6 with adielectric
loss tangent of 0.02. The resonator and the ground frame are
placed on the similar part of the substrate and the feed-line
is placed on the other part of the substrate. In metamaterial
design, normally arrays of metamaterial unit cells are
needed, whereas this study presents only one cell which can
achieve the metamaterial properties. The characteristic
parameters are fetched and analyzed to find the concurrency
between the simulated and measured results. The presented
metamaterial is applied in sensor applications where the
simulated and measured results reveal considerable
agreement.

1. Introduction
Metamaterials were first to come into focus by Veselago in
1968. From the introduction, metamaterials became an
interesting field of research for industry and researchers
who are devoted in metamaterial characteristics such as
negative permeability and negative permittivity. Since then,
researchers have suggested lots of resonator based
metamaterials for different operating frequencies [1]. These
metamaterials are designed, analyzed, validated and
manufactured for practical observations [2-11]. A split ring
resonator (SRR) and capacitance loaded strip (CLS) unit
cell inspired metamaterial antenna has been reported in [2]
for UWB microwave imaging applications. A metamaterial
based fuel sensor has been mentioned in [3] which operates
in the ISM (Industrial Scientific and Medical Standard)
band. A split ring resonator based metamaterial for terahertz
sensing applications has been referenced in [4]. A
metamaterial using broadside-coupled triangular split-ringresonators for terahertz sensing applications has been
mentioned in [5]. An electric field coupled resonator
antenna has been described in [6] where the comparison
among the traditional split ring resonator based devices and
the electric-field-coupled (ELC) and complementary

electric-field-coupled (CELC) resonators based devices has
been addressed. Referenced in [7], a metamaterial based
microwave sensor has been focused in which the
transmission lines (TL) act as a building block for
microwave sensors. In [8], the dielectric characterization of
a metamaterial based on the complementary, split ring
resonators (CSRR) has been discussed. Having the shape of
CSRR, the sensor operates at a 0.8-1.3 GHz band. In [9],
the performance characteristics and the comparisons of
different metamaterial sensors have been reviewed and
summarized. A high sensitive metamaterial sensor has been
rendered in [10] for the dielectric characterization of
microfluidics. A thin film metamaterial sensor using
rectangular asymmetric double split resonators has been
reported in [11].
In this study, a metamaterial based on resonator has
been introduced. The proposed metamaterial is based on a
single unit cell which depicts all the metamaterial
characteristics. In the proposed configuration, the resonator
and the ground frame are sketched on one part of the
substrate. The feeding transmission line (FTL) is sketched
on the other part of the substrate. This configuration has
quite a lot of amenities which are discussed in this study.
The resonator based metamaterials are not new and unique.
Some of the examples are discussed in the literature review.
The reason to choose the presented resonator for the
proposed metamaterial is its simplicity in design and ease to
fabricate. The proposed structure is based on the microstrip
technology. The effective metamaterial characteristics for
both the simulated and experimented results are fetched and
analyzed. Both the results are very much close to each
other.The proposed metamaterial can be used in various
applications such as antennas, filters, sensors, imaging
systems, etc. In this study, the proposed metamaterial is
used in sensor applications in the GHz operating band. This
study is organized in some sections. In the first section, the
design, simulations, fabrication, and measurement
technique of the metamaterial is discussed. The second
section describes the metamaterial characteristics of the
proposed prototype. In section three, the surface current
distribution and the field distributions are described.
Finally, the sensor application of the proposed metamaterial
is discussed in section four.

Figure 3 shows the reflection and transmission
coefficients of the metamaterial. The resonances are found
at 4.90 GHz and 9.30 GHz where the reflections are
minimum and the transmissions are maximum. The
transmission resonance frequency is found at 7.60 GHz.
Though there is a little disagreement between the reflection
and transmission coefficients between the simulated and
measured results, the two results are uniform over the
operating band. The disagreement between the simulated
and measured results occurs because of the fabrication
tolerance, the soldering inaccuracies, and the external
reflections.

2. Design, Simulation, Fabrication, and
Measurement
The metamaterial characteristics are unavailable in
conventional materials in nature. In this study, a resonator,
ground frame along with an FTL are used to make a
metamaterial device which depicts all the metamaterial
properties. The proposed structure is designed on a low-cost
FR4 dielectric substrate with a thickness of 1.6 mm. The
substrate has 4.6 relative permittivity with a loss tangent of
0.02. The resonator and the ground frame are sketched on
the same portion of the substrate. The feeding transmission
line (FTL) is sketched on the opposite portion of the
substrate. The metamaterial structure is simulated and
analyzed by using the High-Frequency Structural Simulator
(HFSS). The excitation is supplied to the resonator through
the FTL. For the proposed structure, the electric, magnetic,
boundary condition is used so that the electromagnetic wave
propagates through FTL. Figure 1 shows the layout of the
proposed metamaterial.

Figure 3:Simulated and measured magnitude of the Sparameter.

(a)(b)

3. Metamaterial Characterization

Figure 1: Geometric layout of the Metamaterial structure. (a)
top view and (b) bottom view.

To characterize the metamaterial, the effective metamaterial
characteristics are extracted by the Nicolson-Ross-Weir
(NRW) method. The method uses the S-parameters of the
metamaterial to extract the characteristics. The NRW
method is a simple and familiar method to characterize the
unknown materials which are utilized for characterizing
metamaterials. The refractive index depends on the
effective permeability and effective permittivity, but not on
reflection and transmission parameters in NRW method.
The NRW method is mathematically represented by
following equations [12].

The proposed metamaterial structure is fabricated on the
printed circuit board for practical observation. The
metamaterial is fabricated using a circuit plotter LPKF, S63.
The fabricated prototype of the proposed resonator based
metamaterial is illustrated in Figure 2. The measurement
was performed in the microwave laboratory at the
Department of Electrical, Electronic and Systems
Engineering (JKEES), UKM, Malaysia. For the
measurement of the proposed antenna, N5227A PNA
Microwave Network Analyzer (10MHz- 67GHz) was used.
The simulated and measured data are plotted by using data
analysis software Origin Pro.
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!! = !!" − !!!
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!! ≈
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!

!!!!

!!! ! !!!!
!
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Where µr, !r, η, d, and k0 corresponds effective
permeability, effective permittivity, refractive index,
substrate thickness, and propagation constant, respectively.
In NRW method, the calculation of the parameters is based

(a)(b)
Figure 2:Picture of the fabricatedmetamaterial prototype. (a)
Top view and (b) bottom view.

2

on the S-parameter. The method does not depend on the
calculation of the impedance.

due to the polarization effect. This effect happens because
of the construction of the metamaterial structure. The
permittivity and permeability changes because of the
change in design. This is for the unequal distribution of
electromagnetic waves on the material which affects the
properties of the material by the polarization. The refractive
index is also affected by the polarization through the same
technique. The refractive index will be negative when the
permittivity and the permeability become negative. Figure 4
(c) shows the negative refractive index from 4.20 GHz to
6.30 GHz and from 8.0 GHz to 8.60 GHz. Thus, the
proposed metamaterial structure shows double negative
characteristics as the permittivity, permeability, and the
refractive index is negative in the operating bandwidth.

(a)

4. Surface Current Distribution and Field
Distribution
Surface current distribution is an important parameter to
describe the resonance type of the metamaterial. Figure 5
displays the surface current distribution of the proposed
resonator based metamaterial.

(b)

(a)

(c)
Figure 4: Simulated and measured effective constitutive
parameters of the proposed metamaterial. (a) Effective
permittivity, (b) Effective permeability, and (c) Effective
refractive index.
(b)

At the peak of the transmission coefficient (S21), the
effective permittivity and effective permeability should be
negative, which is observed from the Figure 4 (a) and
Figure 4 (b). From the Figure 4 (a), the effective
permittivity is negative from 4.40 GHz to 6.0 GHz and from
7.65 GHz to 8.30 GHz. The simulated and measured data
are a little bit dissimilar, but two results are unique
throughout the operating frequency. Figure 4 (b) shows the
negative permeability from 4.0 GHz to 7.50 GHz and from
8.20 GHz to 8.80 GHz. Again, there exists a little
discrepancy between simulation and measurement. There
exists a variation between the permittivity and permeability

Figure 5: Distribution of currents of the metamaterial at the
resonance frequency. (a) At 4.90 GHz (b) At 9.30 GHz.
From the figure, it is observed that the current density is
mainly concentrated on the resonator and the FTL. Two
opposite directional magnetic dipoles are formed on the
ground frame due to symmetrical rotation of the surface
currents on the resonator. Figure 6 shows the induced
magnetic field of the metamaterial structure.

3

distributions. The electric field is distributed on the
resonator, ground frame, and the FTL. The intensity of the
electric field is enhanced at the higher frequency.

(a)

(a)

(b)
Figure 6: Distribution of magnetic field of the metamaterial
at the resonance frequency. (a) At 4.90 GHz (b) At 9.30
GHz.

(b)
Figure 7: Electric field distribution of the proposed
metamaterial at the resonance frequency. (a) At 4.90 GHz
(b) At 9.30 GHz.

From the figure, it is investigated that at the resonance
frequency, the FTL is coupled to the ground frame and the
resonator with its electric field. At this point, the
metamaterial structure shows the inductive and capacitive
behavior due to the ground frame and the space between the
ground frame and the resonator. The induced magnetic field
is opposite to the external magnetic field and hence
diamagnetism is generated. Due to the diamagnetism
property, the negative permeability is extracted by the
metamaterial structure. The magnetic field is vertical to the
ground frame and the resonator. Thus, the negative
permeability rises through the magnetic field, ground frame,
and the resonator. As the metamaterial structure shows
negative permittivity as well, the metamaterial gives a
negative refractive index which is shown in Figure 4. Due
to the collateral combination of the electric field of the
structure to the ground frame, resonator, and the FTL, the
negative permittivity rises. The presence of the ground
frame around the resonator produces additional inductance
and capacitance to the metamaterial structure and hence it
becomes a crucial factor to create resonance. Moreover, the
ground frame also serves as the ground plane, which
provides the negative permittivity and negative permeability
through the inductive-capacitive properties of the proposed
structure.
The electric field distribution of the proposed resonator
based metamaterial is shown in Figure 7. According to the
figure, the electric field distributions are quite consistent
with the surface current distribution and the magnetic field

5. Metamaterial Sensor Application
The proposed resonator based metamaterial structure is used
for the double-sided sensing system. The both front and
back side of the proposed metamaterial is used in the
sensing application. The unknown material which is to be
detected is taken as the over-layer. By changing the
thickness and the dielectric constant of the unknown
material, the frequency response of the metamaterial
sensing device is experimented.

(a)
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(a)

(b)

Figure 9:Picture of the sensing device. (a) FR4 as over-layer
(b) Rogers RO4350 as over-layer.
(a)

The measured results of the proposed resonator based
metamaterial as a sensor along with the simulated results
are displayed in Figure 10.

Figure 8:Change of transmission resonance. (a) for changing
overlayerthickness (b) for changing overlayer permittivity.
Firstly, the effect of changing the overlayer thickness is
considered to observe the frequency response. For the
simulations, an over-layer with dielectric constant 4.4 and
0.025 loss tangent is considered as it is close to the
parameter of the FR4 substrate which is used in the
proposed metamaterial. Figure 8 (a) shows the simulated
results after changing the thickness of the over-layer. From
the figure, it is clearly observed that the transmission
resonance shifts downward with the increase of the
overlayer thickness. The sensing device along with the
over-layer can be considered as the RLC resonant circuit in
which the resonance frequency is calculated by the effective
capacitance and the effective inductance. With the
increment of the overlayer thickness, the effective
inductance, and capacitance changes. Due to this, the
transmission resonance shifts downward as the resonance
frequency are directly related to the effective capacitance
and the effective inductance. Thus, the proposed
metamaterial structure can be effectively used in sensing
application in the GHz region.
The frequency response due to changing the overlayer
relative permittivity is simulated and analyzed. Figure 8 (b)
illustrates the effects of the variation of the overlayer
relative permittivity. When the relative permittivity is
increasing, the transmission resonance downshifts as well.
The higher overlayer permittivity corresponds to a larger
downshift of the transmission resonance. Hence, the
sensitivity of the metamaterial increases, according to the
increment of the overlayer relative permittivity.
For the validation of the simulation, the practical
experiments have been performed and the measured results
are compared to the simulated results. In the practical
observations, the FR4 material having a relative permittivity
of 4.6 with 0.02 loss tangent and Rogers RO4350 material
having a relative permittivity of 3.66 with 0.004 loss
tangent are used as the over-layers. The thickness of the
materials is 1.60 mm and 1.53 mm respectively. The
metallic ledge on both portions of the substrates is abolished
to have the over-layer having the dielectric materials only.
The proposed metamaterial structure with the over-layers
are shown in Figure 9.

Figure 10:Simulated and measured transmission response
with FR4 andRogers RO4350 over-layers.
From the figure, it is clearly investigated that the
resonance frequency shifts downward with the increment of
the thickness and the overlayer relative permittivity. As the
FR4 has a larger thickness and higher relative permittivity
than the Rogers RO4350 material, FR4 shifts more
downward than the Rogers RO4350 overlayer with
reference to no overlayers which is shown in Figure 3. More
specifically, with no over-layer, the transmission resonance
is at 7.60 GHz, but using the Rogers RO4350 and FR4 overlayers, the transmission resonance shifts to 6.20 GHz and
5.90 GHz, respectively.
To extend the experiment, double-overlayer structures
are considered for perplexing situations. In this scenario,
FR4+FR4 and Rogers RO4350+Rogers RO4350 doubleover-layers are used. The simulation and practical
investigations are conducted by the similar procedure as
described in the previous section. The simulated and
measured frequency responses for the double-over-layers is
illustrated in Figure 11.
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Abstract
The aim of this paper is to investigate the inter-relation
between lateral displacement and desired axial distance in
an integrated planar loop with mu near zero (MNZ) spiral
resonators on establishing sustained energy efficiency for
low power wireless energy transfer application. The
proposed study is done by utilizing RO 4350 from Rogers
with dielectric constant of 3.66. Variation ratio of up to
0.37 is observed for operating distance between 20mm to
25mm within quotient value of lateral displacement and
distance. It can be discerned that there is potential to
achieve robustness towards misalignment with MNZ
metamaterials.

A single turn planar loop with inner diameter length, Di of
58.80mm and loop width, w of 0.85mm is designed on the
bottom layer of the substrate as depicted in Figure 1(c).
Simulations for axial distances ranging from 20mm till
25mm are performed with the aid from full wave finite
element simulator. PTE is derived from s-parameters as
|S21|2. Figure 2 reveals that consistency of peak transfer
efficiency above 65% is feasible for operating distance
between 20mm to 25mm within quotient value up to 0.4.
The variation ratios of peak transfer efficiency are tabulated
in Table 1. It is observed that optimal axial distance to
compensate for lateral displacement, ay for this proposed
design is at 20mm with lowest peak transfer efficiency
variation ratio of 0.19.

1. Introduction
Besides the operating distance between inductive loops,
alignment between the transmitter and receiver is also a
crucial feature in wireless power transfer as link transfer
efficiency is reduced significantly under lateral
misalignment condition [1]. Stable power transfer efficiency
(PTE) within distance of up to 30 mm is reported in [2] by
employing 3 by 3 array of negative permeability
metamaterial. This paper provides the examination on the
influence of axial distance, z towards efficiency upon
integration with metamaterial that possess permeability
close to zero. The proposed design is etched on RO 4350
substrate with dielectric constant of 3.66 and thickness of
0.254 mm. The double-sided RO 4350 with the 0.035 mm
copper deposited on top is used. The overall dimension of
the proposed design is 70 X 70 mm.

2. Design and Output
As shown in Figure 1 (a), inner length of metamaterial unit
cell, Ui is 13.78 mm whereas the width, wu is 1.02 mm. The
proposed five turns square spiral resonator is completed
with lumped element of 200 pF capacitor to facilitate
frequency resonance tuning. The extraction of permeability
from single unit cell is retrieved by employing robust
method [3, 4]. Figure 1(b) indicates that the permeability is
near zero around desired operating frequency of 13.56MHz.

Figure 1(a): Unit cell

3. Conclusions
A single turn planar loop incorporating permeability near
zero metamaterial is proposed and analyzed. The capability
of permeability near zero metamaterial in enhancing
coupling allows a uniform magnetic field and sustained
energy efficiency for wireless energy transfer application
under lateral displacements condition. This analysis can be
further extended to longer axial distances.
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Figure 1(c): Front and bottom layer of proposed design

Figure 2: Peak power transfer efficiencies

Table 1: Variation ratio of peak transfer efficiency.
Axial
20
21
22
23
24
25
distance
(mm)
Variation 0.19
0.23
0.25 0.31 0.34 0.37
ratio
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Abstract
A high gain circular split-ring resonator (CSRR) based

enhance the performance of a dual band monopole antenna

triple band antenna with Frequency Selective Surface (FSS)

in [8]. In this paper, a S-shaped meandered line FSS

is presented in this paper. The proposed FSS structure is

structure is presented for gain enhancement along with

used to enhance the gain of the antenna. Significant

performance verification using a circular split-ring patch

improvement in gain has been noticed after implementing

antenna.

the proposed FSS layer. The antenna achieved realized gain
of 3.5 dBi without the FSS where the same antenna with

2.

FSS attained 6.0 dBi of realized gain at the resonant

Unit cell and Antenna configuration

frequency. The reflection coefficient has good agreement of

The unit cell and the array of the proposed FSS structure is

the antenna with the FSS structure. The antenna also

shown in figure 1. The unit cell consists of S-shaped

exhibited directive radiation pattern after using FSS. The

meandered line. The dimension of unit cell is 10 mm×10

proposed unit cell is structured with S-shaped meandered

mm. The length of each line is 5 mm and width is .5 mm.

line on FR4 substrate. The dimension of proposed FSS

The array of unit cell used to form a frequency selective

structure’s unit cell is 10 mm×10mm. The design and

surface. The size of array is 3×4 with 41.5 mm length and

simulation of the proposed antenna and the FSS structure is

31 mm width. The gap between each unit cell is 5.5 mm.

performed in CST Microwave Studio.

1.

Introduction

At presents antenna with high gain, wide bandwidth,
directive radiation and low cost are some the prime interests
of the researchers in wireless communication. Several
versatile methods are being used to enhance the
performance of antenna parameters like tapered shaped
slot[1],modified ground plane[2], using coupled resonator[3]
and many more. Use of frequency selective surfaces (FSS)
is one of the most effective technique to enhance the
antenna performance. A number of antenna are presented

(a)

in[4-6] using FSS to enhance the antenna characteristics. In
[7], FSS structure is used to aid the bandwidth backing
reflector functions. FSS based corner reflector is used to

1
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(b)
Figure 2. (a) Antenna without FSS (b) Antenna with
Proposed FSS structure.

(b)
Figure 1. (a) Unit cell (b) FSS structure

3.

Antenna Performance Analysis

The layout of proposed triple band CSRR antenna is

Significant improvement in gain of the antenna is observed

depicted in figure 2(a). The parametric values of propose

after using proposed FSS structure shown in figure 3.

antenna is illustrated in table 1.

Without FSS the realized gain is around 4 dBi, where using
FSS the realized gain is reached up to more than 6 dBi. This

Table 1: Design parameters of propose antenna.
Parameter

Value [mm]

Parameter

Value [mm]

L

35

p

1

W

30

D

24

d

5

g

0.25

n

0.5

h

9.63

f

10.04

gain enhancement proofs the effectiveness of FSS structure.

The perspective view of the proposed FSS structure with the
antenna is represented in figure 2(b). The antenna and the
FSS are combined in a single unit using a spacer vacuum
box. The vacuum space between these two layers is 11.85
mm. The appropriate selection of surface-state and accuracy

Figure 3. Gain enhancement of proposed antenna using FSS

of spacer enhance the antenna performance specially the

Structure

gain.

The reflection co-efficient of proposed antenna is shown in
figure 4(a), which shows triple band of -10dB impedance
bandwidth from 2.6 GHz to 3.6 GHz, 5.6 GHz to 6.7 GHz
and the final band is from 7.9 GHz to 14.3 GHz. The
multiband characteristics ensure the use of proposed
prototype for multifunctional devices. The proposed CSRR
antenna have three working resonance at 3.3, 6, 8.5 and
12.83 GHz.

(a)

2
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(c)

(d)

Figure 5. Surface current of CSRR antenna (a) 3.3 GHz (b)
6 GHz (c) 8.5 GHz (d) 12.83 GHz

(a)

The surface current distribution of proposed antenna is
shown in figure 5(a-d) at four resonant frequency. The most
current conducting area of the proposed prototype is around
fed line and lower part of patch. At higher frequencies,
there exist few nulls on the patch due to the higher order
current mode. The radiation pattern of proposed antenna is
presented in figure 6. The antenna is directive to the z
direction and at higher frequency the directivity is moves to
the phi direction due to the change of current conducting
area on the surface.
(b)
Figure 4. (a) Reflection co-efficient (b) Efficiency
The efficiency of antenna with FSS structure is depicted in
figure 4(b). Overall efficiency is more than 80%. The
efficiency is less than 60% in the area where the reflection
co-efficient shows out of band.
(a)

(a)

(b)
(b)
Figure 6. Radiation pattern (a)3.3 GHz and (b) 6 GHz
4.

Conclusion

A triple band frequency selective surface based spit ring
3
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resonator antenna is presented having dimensions 30 mm×

bandwidth backing reflector functions," IEEE

35 mm. FSS structure is implemented with CSRR antenna

Transactions on Antennas and Propagation, vol.

to enhance the gain. The antenna gain is significantly

58, pp. 43-50, 2010.
[8]

improved from 3.5 dBi to 6.0 dBi. The antenna also

A. Chatterjee and S. K. Parui, "Performance

exhibited directive radiation pattern after using FSS. The

Enhancement of a Dual-Band Monopole Antenna

design and simulation of the proposed antenna and the FSS

by Using a Frequency-Selective Surface-Based

structure is performed in CST Microwave Studio. The

Corner Reflector," IEEE Transactions on Antennas

antenna provides triple band over UWB band and be

and Propagation, vol. 64, pp. 2165-2171, 2016.

potential candidate for multiband applications.
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Abstract
A dual band sub-loaded artificial magnetic conductor (AMC)
structure is presented for dual band WLAN application.
Detailed evolution of our design has been discussed. It has
been shown that the upper AMC band can be tuned by varying
the stub length of the structure. The array of the proposed
AMC unit cell is then used as a reflector for a monopole
antenna. It has been shown that the gain of the antenna is
improved up to 6.3 dBi, whereas fractional impedance
bandwidth has increased from 14.68 % to 33.87%.
Index Terms—Gain, FBR, SAR.

1.

Introduction

Exponential growth of communication systems in real life has
necessitate the enhancements of planar antenna performance
besides their readily available features such as low profile,
light weight, and compliance to rapid prototyping methods
which make them easily conformal to the host surface.
However, such antennas suffer from several disadvantages
such as narrow operational bandwidths, low gains and
excitation of surface waves which eventually reduces its
radiation efficiencies. Many techniques have been proposed in
the literature to overcome these drawbacks such as
introducing slots in the patch[1], utilizing thick substrates [2],
and employing non-symmetrical CPW feeding[3]. Recently,
metasurfaces have also been utilized to increase the radiation
performance of microstrip antennas[4]. Among them,
AMC/EGBs have gained much attention due to their ability in
suppressing surface waves and exhibiting High Impedance
Surfaces (HIS) characteristics within their operational
frequency bands [5, 6]. AMCs are periodic arrangement of unit
cells used as antenna backing surfaces to enhance gain[7], or
to improve impedance bandwidth of these antennas[8]. They
are also used to mitigate back radiations effects towards
human body for wearable antenna applications [8-10].
The most prominent property of the AMC, also known as
HIS, is that it exhibits the characteristics of PMC (Perfect

Magnetic Conductor) surface reflecting the incident wave with
almost zero reflection phase [7]. It is pertinent to note that the
opposite of PMC is Perfect Electric Conductor (PEC) plane
which exhibits 1800 phase reflection. The useful bandwidth of
AMC is generally defined as the reflection phase between -900
to 900 on both sides of the zero-phase reflection. Within this
phase reflection band, a non-destructive interference between
incident and reflected waves [11] occurs, resulting in the
impedance bandwidth and gain increase of the antenna, and
consequently reducing the back radiation towards the human
body for wearable application as reported in [12] .
The AMC design presented in this work enables the higher
band to be tuned from 5.2 to 5.8 GHz frequencies with zero
reflection phase by increasing only the stubs length. This
frequency band is chosen considering its applicability in the
WLAN frequencies. Meanwhile, the risk of electromagnetic
(EM) radiation towards the human body, defined in terms of
the Specific Absorption Rate (SAR) is also evaluated. This
limit is defined by the International Commission on NonIonizing Radiation Protection (ICNIRP) to be 1.6 W/kg
averaged over a 1g of tissue [13-15] in North America and
several other countries. The contribution of the AMC array in
reducing backward radiation and EM absorption in the human
body when worn is assessed using SAR. [9, 10].
In this work, a dual band AMC unit cell to enhance the gain
and impedance bandwidth of a monopole antenna with
reduced SAR is proposed. The unit cell, as shown in Fig. 1(a),
consists of an annular slot loaded with four perpendicular
stubs on a simple rectangular patch. Due to inclusion of the
stubs in the annular slot, the proposed unit cell reduced
resonant frequency from 5.93 to 4.82 GHz (18.72%)
compared to the structure consisting of only an annular slot
with a radius (r1) of 5.5 mm on the patch resonating at 6.14
GHz with the same radial length. Impedance bandwidth and
gain of the monopole antenna is increased by using our
proposed unit-cell as backplane of the antenna. Moreover,
reduced values of SAR have been observed due to reduction
of back radiations from the antenna.
This paper is organized as follows: the design procedure of

the stub loaded unit cell will be presented in the next section,
followed by the CPW-monopole antenna design backed by a
4 x 4-unit cell AMC plane. To validate the safety of the
antenna, a SAR analysis to investigate the back-radiation
towards the human body is performed prior to the concluding
remarks.
2 Unit cell and antenna design
The unit cell and monopole antenna backed by the AMC
plane are designed using Computer Simulation Technology
(CST) software, which uses the Finite Integration Technique
(FIT) for solving Maxwell’s equations.
2.1. AMC design
The unit cell of AMC structure is designed on a FR4 substrate
with a relative permittivity (εr) of 4.5 and a loss tangent (tan δ)
of 0.019. It is 3.2 mm thick and sized at 12 x 12 mm2. The
design is based on a simple rectangular patch structure prior to
the introduction of an annular ring slot in the patch to enable
dual band behavior. Finally, four perpendicular rectangular
stubs in the circular patch is added to reduce the second
resonant frequency of the structure as shown in the Fig. 1(b).
The decrease in the upper frequency band results from the
rectangular stubs behaving as interdigital capacitors in the
structure. It can be seen in Fig.1(c) that as the length of the
rectangular stub is increased from 1 to 3 mm, the higher band
of our structure decreased from 5.67 GHz to 4.62 GHz (18.52
%) with slight perturbation (only 3.21 %) in the lower band.
This also indicates the miniaturization of the structure with
reduced AMC operational bandwidth in the upper band from
656 MHz to 524 MHz with the variation of the stub length.

Figure 1:(b) Simulated reflection phase characteristics of the
three structures in the design evolution of the proposed unit
cell.

Figure 1:(c) Effect of stub lengths on the upper band of the
AMC structure
2.2. AMC backed monopole antenna

Figure 1:(a) Proposed AMC unit cell
Angular stability is also investigated using a constant stub
length of 2 mm. It is observed that for a varying θ angle of the
incident TE mode waves, the angular stability of the proposed
structure is up to 750 for the polarization angle of φ=00.

A CPW monopole patch antenna is then designed on a 1.6 mm
FR4 substrate to validate the functionality of the proposed unit
cell design acting as a reflector. Using a 4 x 4-unit cell array
to form the AMC plane, a dual band behavior is exhibited to
mainly provide operation at 5.2 GHz (upper band) due to the
narrow bandwidth in the lower frequency band. The overall
size of the AMC backed antenna is 48 x 48 x 9.76 mm3
including a 4 mm of spacer used to separate the antenna from
AMC structure for better impedance matching.
2.3. Results and discussion
The impedance bandwidth of the monopole antenna, as shown
in Fig. 2, has been improved from 0.762 GHz (14.68 %) to
1.54 GHz (33.87%) using the proposed AMC structure.
Moreover, the gain of the AMC backed antenna increased
significantly from 1.07 dBi to 6.3 dBi at 5.2 GHz, which is
within the AMC operational bandwidth. This proves that the

proposed structure is behaving as a PMC plane for the
monopole antenna. This increased its impedance bandwidth
and gain of the antenna.

Figure 3:(b) Comparison of the FBR of monopole antenna
with AMC-backed Monopole
2.4. Specific Absorption Rate

Figure 2: Simulated reflection coefficient of the monopole
antenna in free space with and without AMC.
As can be seen in the Fig. 3, the gain of the AMC-backed
antenna increased up to 6.3 dBi. The front to back ratio is
observed to be more than 12 dB throughout the operational
bandwidth of the AMC (4.89-5.45 GHz) with a maximum
FBR of 25 dB observed at 4.8 GHz. This indicates its
effectiveness in back radiation reduction for wearable
antennas.

Due to health concerns resulting from EM radiation towards
human body, it is imperative that the SAR of this antenna is
evaluated when placed on the human body. For that reason, a
series of simulations is performed using a numerical human
model consisting of a layer of skin (3 mm thick), fat (7 mm
thick), and muscles (60 mm thick). To ensure the λ/4 margin
between the antenna and human tissue model edges, the total
volume of the model is taken as 150 x 150 x 80 mm3. The
model and its dielectric properties at 5.2 GHz has been
validated in [16, 17]. It has been assigned dielectric values
from [18]. The antenna is placed on the body model with and
without AMC. The proposed AMC-backed antenna indicated
less EM radiation influence on the human body tissues due to
the zero-phase reflection provided by the AMC. It can be
observed that the maximum SAR is 0.68 kg/W averaged over
1g of tissue, in compliance with the ICNIRP limit of 1.6 kg/W.
Generally, the SAR values at the higher frequencies is
relatively higher due to the increased conductivity of the
human body. Thus it can be expected that the SAR value in the
lower ISM band (2.45 GHz) is also relatively lower. The total
dimension of the structure also complies with the
recommended wearable devices size of 50 x 50 mm2 [19].

3. Conclusion

Figure 3:(a) Comparison of the IEEE gain of monopole
antenna with AMC-backed Monopole

A dual band sub-loaded AMC-based structure is proposed and
evaluated. It is shown that by varying the stub length of the
structure, the higher AMC band can be tuned. The proposed
AMC is effective in functioning as a reflector, improving
antenna gain up to 6.3 dBi and increasing fractional impedance
bandwidth has increased from 14.68 % to 33.87% GHz. It is
also validated that the SAR value evaluated in proximity of a
simplified human body model is well below the regulatory
limits.

References
[1] A. T. Hussein and S. Luhaib, Designing E-Shape
microstrip patch antenna in multilayer structures for
WiFi 5GHz network, 20th Telecommunications Forum
(Telfor), pp. 366-368, 2012.
[2] H. Malekpoor and S. Jam, Miniaturised asymmetric Eshaped microstrip patch antenna with folded-patch feed,
IET Microwaves, Antennas & Propagation, vol. 7, pp.
85-91, 2013.
[3] R.-C. Han and S.-S. Zhong, Broadband circularlypolarised chifre-shaped monopole antenna with
asymmetric feed, Electronics Letters, vol. 52, pp. 256258, 2016.
[4] D. Yuandan and T. Itoh, Metamaterial based antennas,
Proceedings of the IEEE, vol. 100, pp. 2271-2285, 2012.
[5] L. Yousefi, B. Mohajer-Iravani, and O. M. Ramahi,
Enhanced bandwidth artificial magnetic ground plane for
low-profile antennas, Antennas and Wireless
Propagation Letters, vol. 6, pp. 289-292, 2007.
[6] R. Dewan, M. K. A. Rahim, M. R. Hamid, and M. F. M.
Yusoff, Analysis of wideband antenna performance over
dual band Artificial Magnetic Conductor (AMC) ground
plane, Applied Mechanics and Materials, vol. 735, pp.
273-277, 2015.
[7] P. Prakash, M. P. Abegaonkar, A. Basu, and S. K. Koul,
Gain enhancement of a CPW-Fed monopole antenna
using polarization-insensitive AMC structure, IEEE
Antennas and Wireless Propagation Letters, vol. 12, pp.
1315-1318, 2013.
[8] H. Malekpoor and S. Jam, Improved radiation
performance of low profile printed slot antenna using
wideband planar AMC surface, IEEE Transactions on
Antennas and Propagation, vol. 64, pp. 4626-4638,
2016.
[9] Z. H. Jiang, D. E. Brocker, P. E. Sieber, and D. H.
Werner, A compact, low-profile metasurface-enabled
antenna for wearable medical body-area network
devices, IEEE Transactions on Antennas and
Propagation, vol. 62, pp. 4021-4030, 2014.
[10] G. K. Pandey, H. S. Singh, and M. K. Meshram, Platform
tolerant UWB antenna over multi-band AMC structure,
Microwave and Optical Technology Letters, vol. 58, pp.
1052-1059, 2016.
[11] J. R. Sohn, K. Y. Kim, and H. S. Tae, Comparative study
on various artificial magnetic conductors for low-profile
antenna, Progress in Electromagnetics Research-Pier,
vol. 61, pp. 27-37, 2006.
[12] M. A. B. Abbasi, S. S. Nikolaou, M. A. Antoniades, M.
N. Stevanović, and P. Vryonides, Compact EBG-Backed
planar monopole for BAN wearable applications, IEEE
Transactions on Antennas and Propagation, vol. 65, pp.
453-463, 2017.
[13] A. Ahlbom, U. Bergqvist, J. Bernhardt, J. Cesarini, M.
Grandolfo, M. Hietanen, Guidelines for limiting
exposure to time-varying electric, magnetic, and
electromagnetic fields (up to 300 GHz), Health physics,
vol. 74, pp. 494-521, 1998.

[14] P. J. Soh, G. Vandenbosch, F. H. Wee, A. van den Bosch,
M. Martinez-Vazquez, and D. Schreurs, Specific
absorption rate (SAR) evaluation of textile antennas,
IEEE Antennas and Propagation Magazine, vol. 57, pp.
229-240, 2015.
[15] M. R. Faruque, M. I. Hossain, N. Misran, M. Singh, and
M. T. Islam, Metamaterial-Embedded low SAR PIFA for
cellular phone, PLoS One, vol. 10, p. e0142663, 2015.
[16] J. Gemio, J. Parron, and J. Soler, Human body effects on
implantable antennas for ISM bands applications: models
comparison and propagation losses study, Progress In
Electromagnetics Research, vol. 110, pp. 437-452, 2010.
[17] C. Gabriel, S. Gabriel, and E. Corthout, The dielectric
properties of biological tissues: I. Literature survey,
Physics in medicine and biology, vol. 41, p. 2231, 1996.
[18] S. Nikolaou and M. A. B. Abbasi, Design and
development of a compact UWB monopole antenna with
easily-controllable return loss, IEEE Transactions on
Antennas and Propagation, pp. 1-1, 2017.
[19] M. K. Khattak and S. Kahng, A novel dipole antenna
backed by a thin and small-area AMC for good
impedance match and low SAR on human tissue, Journal
of Electromagnetic Waves and Applications, vol. 30, pp.
1591-1602, 2016.

META 2017 CONFERENCE, 25 – 28 JULY 2017, INCHEON - KOREA

Wearable Textile Antenna with a Dual-band AMC Plane for GPS and WLAN
Applications
Ezzaty Faridah Nor Mohd Hussin1, Ping Jack Soh1*, Mohd Faizal Jamlos1, Herwansyah Lago1,
Azremi Abdullah Al-Hadi1, Mariana Ricca2, Sven Kuhn2, Niels Kuster2
Advanced Communication Engineering (ACE) CoE, School of Computer and Communication Engineering, Universiti
Malaysia Perlis, Pauh Putra Campus, Arau, Perlis 02600, Malaysia
2
IT’IS Foundation, Swiss Federal Institute of Technology (ETH) Zurich, Konradstrasse 28, 8005 Zurich, Switzerland
*Corresponding author: pjsoh@unimap.edu.my

Abstract
A wearable planar textile antenna with dual-band AMC
plane for GPS and WLAN applications is presented. The
antenna design begins with two rectangular slotted
octagonal patch to enable miniaturization. This radiator is
placed on top of a Kevlar substrate and integrated with an
AMC plane beneath it. The AMC unit cells are formed
using a corner-truncated square patch with dodecagonal ring
for dual-band operation at 1.575 GHz and 2.45 GHz,
resulting gain enhancement to 3.05 dB and 3.897 dB,
respectively.

1. Introduction

3. Antenna Design
The proposed AMC unit cell is based on a hexagonal patch
formed from a square patch and truncated at all corners. A
dodecagonal ring slot is then added, as shown in Figure 1.
Its resulting reflection phase is plotted in Figure 2,
indicating operation at 1.575 GHz and 2.45 GHz. The unit
cell is then multiplied to form a 3 x 3 array to form the
AMC plane. It is then integrated beneath the optimized
antenna as illustrated in Figure 3, resulting in the reflection
coefficient seen in Figure 4. This antenna operates at 1.575
GHz and 2.45 GHz.

Figure 1: The unit cell of dual-band AMC (all dimension in mm).
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Metamaterial is an artificial structure that is designed to
obtain specific characteristics which are not naturally
available in nature [1-2]. The unique characteristics of
metamaterial have been used extensively in antennas and
microwave applications for performance improvement [3].
Artificial magnetic conductor (AMC) has been widely
used as a mechanism to enhance antenna performance [1]
such as its radiation characteristics on a wideband textile
planar antenna [2-5], gain, bandwidth [2-4] and directivity
[3, 5]. Many applications also require their antenna to work
at two different frequencies simultaneously, resulting in the
same requirements for the AMC plane [6]. In this work, a
wearable antenna with an AMC plane is designed using
textile materials to operate at 1.575 GHz and 2.45 GHz.
This paper is organized as follows. Section 2 presents a
description of the materials used in the proposed antenna.
Antenna design and results of simulations are presented in
Section 3 and finally concluded in Section 4.

CST Microwave Studio software is used for the numerical
simulations.

Reflection Phase ( )

1

2. Textile Materials
Two textiles types were used in this design; ShieldIt Super
(as its conductor) and Kevlar (as its substrate). ShieldIt
Super is 0.17 mm thick with a conductivity of 1.18 x 105
S/m, whereas Kevlar is a 0.4 mm thick textile with a relative
permittivity, (ԑr) of 1.56 and loss tangent (tan- δ) of 0.0612.
The proposed antenna is fed using a 50 Ω SMA connector.
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Figure 2: Reflection phase of the proposed unit cell.
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Figure 3: Dual-band textile antenna (all dimensions in mm).
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Figure 4: Reflection coefficient of the proposed antenna.

4. Conclusions
A wearable textile antenna with dual-band AMC plane is
presented. The radiator is designed using a slotted octagon
ring to operate at 1.575 GHz and 2.45 GHz. The AMC plane
consisting of 3 x 3 octagon patches slotted with a dodecagon
ring operates at 1.575 GHz and 2.45 GHz resulting gain
enhancements to 3.05 dB and 3.897 dB in the lower and
upper band, respectively.
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Abstract
A single rectangular gap-coupled resonator inspired mobile
wireless antenna is presented for low specific absorption
rate applications. The proposed antenna consists of a
microstrip fed rectangular with a slotted partial ground
plane. The antenna achieves multiband characteristics,
which can operate at PCS 1900, WCDMA, Bluetooth,
WLAN 2400, WiMAX 2.5 and WLAN 5 GHz frequency
band applications. The antenna is fabricated on copper clad
bio-degradable substrate material, made of biomass, organic
source material, moulding ceramic powder and polymeric
binder. The perceptible novelties of the proposed antenna is
appreciable SAR reduction with covering most widely used
mobile communication bands.

1. Introduction
With the recent advances in wireless technology system,
antenna researchers are facing challenges to design antenna
for next generation multifunctional mobile applications.
Nowadays, antenna researchers have to concentrate on EM
radiation from wireless devices and using environment
friendly composite material for ensuring safer use of
wireless devices.
In recent years, several planar antennas with different
shapes and sizes have been introduced for mobile wireless
applications [1-9], like slot antenna [1], metamaterial
antenna [2], coupled resonator antenna [3], etc. Alam et al.
proposed metamaterial unit cell based antenna for wireless
mobile application with the 0.26 λ × 0.26 λ× 0.0084 λ at 1.6
GHz lower frequency band [2]. A coupled resonator
concept has been adopted in antenna, which has achieved a
significant reduction in antenna dimension with satisfying
antenna performances [9]. A metamaterial inspired dual
frequency bands antenna has been proposed for mobile
applications in [10], which can cover DCS, GSM1800,
WCDMA, and Bluetooth frequency bands with dimension
of 50×50×1.6 mm3.
Moreover, organic multilayer substrate has been introduced
in antenna design, where, conventional fossil petroleumbased material is replaced by bio-based substrate materials
[11]. Alam et al. developed a bio-substrate based material
for wireless mobile communication [11], which can operate

at GSM 1800, UMTS (1.92-2.17 GHz), LTE 40 frequency
band with antenna size of 48×48×1.95 mm3.
In this communication, we propose a bio-substrate based
coupled resonator antenna for multifunctional mobile
applications. In order to satisfy the requirement of the nextgeneration wireless communication, the EM absorption rate
of the proposed antenna has also been analyzed with human
head phantom.

2. Antenna Design
The geometrical layout of the proposed coupled resonator
inspired antenna is shown in Figure. 1. Commercially
available CST microwave studio software has been adopted
to design and investigate the antenna performances. The
antenna is designed on organic or bio plastic-based
substrate with dielectric constant of 15.0. The bio-plastic
substrate material made of biomass organic source material,
molding ceramic powder and polymeric binder. The
antenna consists of a rectangular frame shape radiator and
inverted L shape slotted ground plane. The antenna is fed by
a 1.5 mm L-shape microstrip line. The input impedance of
the microstrip line is 50Ω. All the design parameters are
listed in Table 1.

Figure. 1. Schematic design of the proposed antenna

Table 1. The proposed antenna design parameters.
Parameter
Dimension
Parameter
Dimension
(mm)
(mm)
L
W
h
W1
W2
W3
W4
Wf

33
32
1.6
1.0
0.5
9.0
11.5
1.5

S1
S2
L1
L2
L3
L4
L5
L6

From Figure 4, it is seen that at lower frequency the
maximum current flows at the rectangular frame patch and
for higher order of frequency the main patch has less effect.
The far-field radiation pattern of the proposed antenna with
human head phantom is shown in Figure 5. The antenna
shows directional radiation patterns. The antenna exhibit
4.57 dBi of far-field directivity away from head phantom at
1.90 GHz and 6.81 dBi at 2.4 GHz .

0.6
2.0
28.5
9.5
14.5
16.0
22.0
28.0

3. Antenna Performances
The fabrication of the desired antenna has been performed
using a PCB prototyping machine named Protomat S63
from LPKF as depicted in Figure 2. Performance Network
Analyzer (PNA Agilent N5227A) has been used to perform
the antenna reflection coefficient measurement. The
reflection coefficient of the proposed antenna is presented
in Figure 3. It is shown from Figure 3 that the measured and
simulated reflection coefficients are nearly identical. There
is a slight discrepancy between simulation and measurement
results, possibly caused by SMA soldering in manual. The
antenna shows multi-resonant, which can be used for multiapplication of wireless communication. The antenna has
achieved two wide impedance bandwidths as, 1.89-4.4 GHz
and 4.87-5.84 GHz.

(a)
(b)
Figure 4: Surface current distribution of the proposed
antenna (a). 1.9 and (c) 2.4 GHz

(a)

Figure 2: Prototype of the proposed antenna

(b)
Figure 5: Far Field radiation pattern of the proposed antenna
at (a). 1.9 and (c) 2.4 GHz
In modern society, the wide use of mobile phone can be
resulted inimical radiation from the devices. There are
several myths about the biological effect for using a mobile
phone. Tissue heating is one of them[12-13]. The principal
mechanism of tissue heating is the interaction between radio
frequency energy and the human body. The specific
absorption rate is defined by the power absorbed per unit of
mass of biological tissues, which is the measurement
system of tissue heating due to RF energy absorption. At
present, two established institutions have developed
exposure guidelines: IEEE and ICNIRP. The SAR limit

Figure 3: Reflection Coefficients of the proposed antenna
Moreover, the surface current distribution of the proposed
antenna at 1.90 and 2.40 GHz are illustrated in Figure 4.

2

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 [14]. To comply with the guidelines, the specific
absorption rates of the proposed antenna have been
investigated. The simulated SAR analysis is presented in
Figure 6. And measured result is in Figure 7. It is shown
from Figure 6 that the proposed antenna shows 1.21 w/kg
and 1.19 w/kg of 1g SAR at 1.9 and 2.4 GHz, respectively.
Besides this the measured SAR values of the proposed
antenna shows 1.34w/kg and 0.98 w/kg of 1g SAR at 1.9
and 2.4 GHz, respectively. There is a discrepancy is
observed between simulation and measurement results due
to measurement setup and used measurement liquid. But it
is observed from both measured and simulated results that
the proposed antenna exposed lower SAR values than
standard SAR guidelines.

4. Conclusions
A coupled resonator based antenna is proposed for
multifunctional wireless applications. The antenna enables
to operate in the frequency bands of the upper GSM band,
Bluetooth, WLAN 2400, WiMAX 2.5 and WLAN 5 band
with satisfactory antenna performances. Moreover, the
antenna satisfies the EM absorption guidelines established
by IEEE and ICNIRP without degrading other antenna
performances.
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Abstract
A 3D antenna design followed by metamaterial unit cell is
presented in this paper for portable microwave imaging
system to scan human head. The proposed antenna is based
on bounded H-shaped 10×10 mm2 unit cell. FR4 lossy
material is used as substrate for the box shaped design. 3×3
array of the unit cell is used as ground. Another array of
unit cell is used as reflector on the bottom wall of the box.
Finally, the antenna achieved operating band at 2.90-3.24
GHz which is within the operating band suggested by
researchers for human head imaging. The overall dimension
of the antenna is 50×37×14mm3. The whole design and
simulation process is performed under CST Microwave
Studio simulation environment. Finally the optimum design
has been fabricated and measured. The simulated and
measured results are found in good agreement.

1. Introduction
Distribution of electrical property in the body can be
observed through microwave images constructed by
microwave imaging system in clinical diagnosis. More
precisely, microwave imaging is the technique of using
electromagnetic wave to observe internal architecture of
objects. Microwave imaging system added more values to
medical treatment due to fast and safe diagnosis.

etc[2],[3],[4],[5],[6].
In this paper a three-dimensional antenna design is
revealed for the application of microwave based human
head imaging. The antenna design is followed by two arrays
of 10×10mm2 unit cell. Slotted microstrip feed-line is used
for excitation purpose. The final 3D structure achieved
operating band in lower microwave spectra. Frequency
band at 2.90-3.24 GHz is obtained by the antenna.

2. Design of the antenna
The design and simulation of the antenna is performed
using CST Microwave Studio. First of all, a unit cell is
designed using 1.6mm thick FR4 lossy substrate. During the
designing process, operating frequency between 2-4 GHz
has been considered as the antenna is opted for human head
imaging. Fig. 1 illustrates the design of the unit cell used to
design the antenna. The shape of the unit cell is inspired by
alphabet ‘H’. Finally the shape is modified to the optimum
design of the unit cell that obtained desired result.

Antennas act as main element of a microwave based
imaging system. A good performing antenna can lead to an
effective and portable medical diagnosis tool and finally
have the potential to pave the way of saving lives. In
literatures, different types of antenna have been reported for
microwave imaging. Some basic properties of antenna are
considered as requirements for microwave imaging. For
instance, an antenna to be used for biomedical diagnosis in
head imaging should have an operating frequency within 14 GHz [1], compact size to make the whole system portable
etc.
Apart from that, several types of antennas are found in
literature that are used in microwave imaging. An study
reported about the use of dipole, monopole, bow-tie,
Vivaldi, stacked-patch antennas for breast cancer imaging.
3D antennas are also used in human head imaging,
congestive heart failure detection, breast cancer detection

Figure 1: Design configuration of the unit cell

The evolution of the final three-dimensional antenna started
from a basic patch antenna, depicted in Fig. 3(a), where
1.6mm FR4 used as substrate and 0.035mm thick copper
radiating element. Then the array of the unit cell is placed
instead of full ground plane. An array of 3x3 unit cell has
been used as a ground plane that enabled the antenna to
achieve operating band at lower microwave frequency.
Results are shown in Fig. 4.

Figure 2: Perspective view of the proposed 3D antenna

(a)

Figure 5: Reflection coefficient of the basic patch
antenna

(b)

Finally, the antenna is given a rectangular box shaped
structure to improve the bandwidth using the sidewalls
connected with another array of unit cell on FR4
substrate. The final structure improvised the bandwidth
significantly. Meanwhile a parametric study on the
length of the feed line is investigated to obtain
optimum result.

(c)
(d)
Figure 3: Configuration of the different part of the
proposed antenna, (a) Front view, (b) Ground, (c)
Radiating element on lower substrate, (d) Side wall

Figure 6: Parametric study on the length of the feedline
(a)
(b)
Figure 4: Change of ground plane; (a) full ground, (b)
metamaterial inspired ground

The optimum design parameters of the proposed
antenna along with the unit cell are represented in
Table 1.
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Table 1: Design parameters of the proposed unit cell
and antenna.
Parameters

Value
[mm]

L1
W1
L2
W2
a
b
c
d
e
g1
g2
g3
f
g
h
i
j
H

10
10
50
37
7.2
6
9.6
4
6
1.8
1
.8
25
17
8.5
11.8
20
12

The final design of the proposed antenna has achieved
operating and at 2.90-3.24 GHz in simulation. The
fabricated prototype achived opearating band with a larger
bandwidth at 3.78-3.34 GHz. The bandwidth increased from
340MHz to 560MHz after fabrication. Possible reason
could be fabrication and measurement tolerance. Results are
shown below in Fig. 8.

(a)

3. Results and discussion
The proposed unit cell that has been used in the antenna has
obtained negative permeability, permittivity and refractive
index in the operating band.

(b)
Figure 5: (a) Fabricated prototype, (b) Reflection coefficient
of the proposed antenna

(a)

The proposed antenna achieved bidirectional radiation
pattern in H plane and almost omnidirectional radiation
pattern in E plane.

(b)

(a)

(b)

Fig 5: Radiation pattern at (a) 3.00 GHz (b) 3.15 GHz
(c)
Figure 7: Calculated (a) permeability, (b) permittivity and
(c) refractive index of the proposed unit cell

Radiation efficiency of the proposed antenna has been
shown in Fig. 7. From the figure it can also be noticed that,

3

efficiency of the proposed antenna is more than just the
patch antenna with unit cell. Certainly, introduction of the
extra layer of the unit cell below the ground plane has
increased the efficiency of the proposed design.

[5]

[6]

Figure 6: Efficiency of the proposed design and the patch
antenna only.

4. Conclusions
A three-dimensional design of a metamaterial inspired
antenna has been exposed in this paper. The illustrated unit
cell obtained negative permeability, negative permittivity
and negative refractive index over the proposed antenna’s
operating bandwidth. The unit cell is embedded with the
antenna’s final design. Finally, use of the unit cell and the
three dimensional structure aided the antenna to achieve
larger bandwidth along with a raise in efficiency level up to
85%. The proposed antenna could be a potential apparatus
in for human head imaging using microwave imaging
technology because of it’s lower band operation.
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Abstract
This paper presents a dual-band meta-inspired antenna
operating at WLAN 2.4 GHz and WiMAX 2.5 and 5 GHz.
The proposed antenna size is 35×35×1.6 mm3. A lefthanded metasurface providing negative refractive index is
used as a patch and as a ground of the antenna. The antenna
is fed by microstrip feeding methods. The antenna is
designed on fiberglass cloth embedded in epoxy resin
substrate and simulated on CST Microwave studio software
package. The proposed design consists of a modified split
ring resonator and a capacitive loaded strip to achieve
metamaterial characteristics. The proposed meta antenna
archives resonant frequency at 2.53 GHz and 5.58 GHz
bandwidth of 360 MHz and 320 MHz, respectively. The
gain of the antenna at 2.5 GHz is 4.19 dBi and 5.58 GHz is
4.16 dBi, respectively.

.
(a)

1. Introduction
In recent years, wireless technology requires compactness.
For these, researcher has left space to design an antenna.
The WLAN and WiMAX system is one of the most widely
used technologies to simplify human communication. Using
a metasurface mounted on an antenna can catch up with this
compactness. The allocated frequency band for WLAN and
WiMAX is between 2.5-2.69 GHz and 4.9-5.9 GHz. Lefthanded metamaterials can exhibit simultaneously negative
values of electric permittivity (ɛ) and magnetic permeability
(µ) over a specified frequency band [1, 2]. Metamaterial
based planar antenna design became popular due to
enhanced radiation.
Over the years various designs of microstrip
transmission line planar antennas have been reported for
WiMAX and WLAN wireless communications. Many
metamaterial based low profile antennas has been proposed
[3, 4], by using metamaterial resonator as a radiating
element. T. Alam et al. proposed a triangular shaped
antenna 48×48×1.57 mm3 for mobile wireless application
[5]. The gain of the antenna at 2.45 GHz is 2.07 dB, and 5
GHz is 4.06 dB with radiation efficiency of 77.15% and
87.6%. Ali et al. proposed a 20×40 mm2 miniaturized slot
antenna for WALN in [6]. A nested inverted-F antenna
resonating frequency at 2.5 and 5.5 GHz achieved a
radiation efficiency of 92% and 88%, respectively [7].
In this paper, a metamaterial inspired antenna is
proposed based on modified split ring resonator (MSRR)
and capacitive loaded strip (CLS). The geometric layout of

(b)
Figure 1. Geometry of the proposed antenna (a) Top View
and (b) Bottom view.
Table 1: Dimensions Parameters.
Parameter
L
L1
a
a1
b
c
d

Value [mm]
35
20.1
1
1.5
4
4
1

Parameter
e
f
g
h
k
l

Value [mm]
0.5
0.7
2.25
11.3
10.4
4.5

the proposed antenna is depicted in Figure 1. The budget
FR-4 has been used as a substrate. The proposed antenna
consisted with 2×2 CSRR metamaterial unit cell as a top

and bottom layer. The size is reduced due to the negative
electromagnetic properties of the metasurface. A 50 Ω
microstrip transmission line is used to feed the antenna. The
antenna achieves -10 dB impedance bandwidth of 350 MHz
and 300 MHz.

the electromagnetic wave is propagated. The effective
parameters of the proposed unit-cell are extracted by using
transmission-reflection method [8].

(1 S11 )2 S 2 21
(1 S11 )2 S 2 21

z

2. Design and Fabrication
The schematic layout of the proposed meta-inspired
microstrip antenna is shown in figure 1, while fabricated
prototype is in figure 2. The proposed antenna consists of a
2×2 metamaterial unit cell acting as a radiating component
in one side of the substrate also on the opposite side acting
as a ground plane. The proposed meta antenna has been
designed on FR-4, which is a low-cost material, made from
fiberglass cloth embedded in epoxy resin with relative
permittivity εr=4.3, relative permeability µ r=1 and loss
tangent of δ=0.025. The substrate thickness is 1.6 mm and
the dimensions of the antenna is 35×35 mm2. The
conductive copper is 0.035mm thick. The design parameters
are represented in Table 1.

(1)

1
[{[ln(eink0d )] 2m } i[ln(eink0d )]]
k0 d
s21
eink0 d
z 1
1 s11
z 1

z

(2)

(3)

(4)

z

(5)

Where, S11 and S21 are the reflection and transmission
coefficients, symbol ε is the effective permittivity, μ is the
effective permeability, k0 is the wavenumber, d is the
thickness of the substrate, ƞ is the refractive index, m is an
integer related to the branch index and z is the relative
impedance.

Top view

Figure 3. Floquet port arrangement.

Bottom view
Figure 2. Fabricated prototype of the proposed meta
inspired antenna.

3. Metamaterial Characterization

(a)

Perfect electric conductor (PEC) and perfect magnetic
conductor (PMC) are set as a boundary condition
throughout the x and y axis as shown in figure 3. In z-axis,

2

The measured reflection coefficient a bit different from the
simulation result. That’s because of fabrication tolerance
and measurement system loss.

(b)

Figure 6. Farfield Characteristics measurement setup.
A near field measurement system of Satimo has been used
to analyze the farfield performances of the proposed
antenna, as shown in Figure 6.

(c)
Figure 4. Effective constitutive parameters of unit-cell (a)
Permittivity (b) Permeability and (c) Refractive Index.

4. Antenna Performance
The simulated and measured reflection coefficient (S11) of
the proposed meta antenna is depicted in figure 5. It shows a
peak below -10 dB from 2.46 GHz to 2.57 GHz bandwidth
of 110 MHz and 5.45 GHz to 5.73 GHz bandwidth of 280
MHz predicted by CST. Where the fabricated prototype
shows a peak below -10 dB from 2.21 GHz to 2.57 GHz
bandwidth of 360 MHz and 5.51 GHz to 5.83 GHz
bandwidth of 320 MHz.

(a)

(b)

(c)
(d)
Figure 7. Measured 3D radiation pattern at (a) 2.53 GHz (b)
5.58 GHz and H plane and E plane radiation pattern at (a)
2.53 GHz (b) 5.58 GHz

Figure 5. Reflection coefficient of the proposed metainspired antenna.

3

Transactions on Microwave Theory and Techniques, vol.
65, no. 4, pp. 1160-1178, 2017.

Radiation patterns of the proposed antenna have been
shown in figure 7. At 2.53 GHz the antenna achieved
almost omnidirectional radiation pattern. Near about
bidirectional radiation pattern have been obtained at 5.58
GHz. The value of directive gain obtained by the antenna
are GHz is 4.19 dBi at 2.53 GHz and 4.16 dBi at 5.58 GHz.

5. Conclusion
A dual band meta-inspired microstrip patch antenna has
been presented for 2.53 GHz and 5.58 GHz. The proposed
antenna has various slots and slits on the patch resonator
and ground plane to obtain dual band characteristics. The
tested results demonstrate that the proposed antenna can be
a good candidate of wireless communication. Integrating a
negative refractive index (NRI) metamaterial structure to
the proposed antenna at the same time enhance the
performances along with miniaturization are the distinctive
novelty. The proposed antenna can be merged in practical
small devices demanding dual band WLAN and WiMAX
applications.
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Abstract
A simply fabricated double negative metamaterial to reduce
specific absorption rate (SAR) of wireless mobile antenna is
proposed in this article. Low cost of fabrication and photo
paper are the main attraction of this paper. Elliptic based
metamaterial (EMTM) is used to reduce the SAR for 1g
mass of human tissue. The simulation is performed using
head phantom integrated in CST Microwave studio. The
SAR has been reduced by 53% and 10.5% at 0.9 GHz and
1.8 GHz for 1g, respectively.

1. Introduction
The hazard of electromagnetic (EM) radiation from mobile
phone become a key point of consideration for researchers
as its increasing demand and use in our daily life. The
fundamental parameter in EM absorption is characterized
regarding the specific absorption rate (SAR), or the
absorbed power in unit mass of tissue. The electromagnetic
radiation radiated by wireless devices are analyzed by
measuring the specific absorption rate in a human head
phantom, defined as [1]:

SAR

E

(a)

2

c

dT
dt

Where, σ is electrical conductivity, ρ is mass density, c is
specific absorption rate and dT/dt is the changing rate of the
body tissue temperature. An exposure limits in terms of
SAR are set by standards organizations [2].Recently,
researchers work on SAR reduction using metamaterial
while focused on low cost and easy implementation
procedure. In previous research, many folks use
metamaterial to reduce SAR [3-5]. Metamaterial structure
used for their unique properties on electromagnetic wave,
which cannot be found in nature. It depends on how they
structured not in their inclusion.
Hwang et. al. [6] presented split ring resonator structure
to reduce the SAR value for 1g. By placing thin wires
periodically negative permittivity can also be obtained [7].
Sultan et. al. proposed an electromagnetic bandgap structure
embedded with an antenna to reduce the SAR values in [8].
The metamaterials designed on circuit board make it
appropriate for integrated into the mobile phone easily.

(b)
Figure 1. (a) Proposed elliptic based metamaterial and (b)
unit-cell design.

2. Metamaterial Deign and Characterization
The proposed EMTM structure is constructed and
investigated by using CST Microwave Studio based on
finite-difference time-domain method (FDTD). Figure 1,
shows the proposed metamaterial. The metamaterial is
designed on a photo paper which dielectric constant, ɛr=3.2
and width of the paper is 0.27 mm. The effective
characteristics of the presented metamaterial are
exemplified in Figure 2. As shown in Figure 2, the effective
permittivity of the EMTM is found from 1.98 to 3.98 GHz

and effective permeability from 1.98 to 3.99 GHz. As
expected, it shows negative refractive index (NRI) from
1.98 to 3.99 GHz, bandwidth of about 2 GHz. The proposed
metamaterial structure doesn’t reduce the antenna
performance.

Figure 3. EMTM embedded in hand mobile and SAR
simulation head model.

3. Analysis of Specific absorption rate
The SAR values of the presented elliptic metamaterial are
observed using CST Microwave Studio 2017. The inbuilt
human head phantom of CST has been taken and the
reference power has been fixed to 500 mW. The human
head model consists of head equivalent fluid with ɛr = 40, σ
= 1.4 and shell with ɛr = 5, tangent delta = 0.05 are set in the
SAM head phantom. Moreover, an inbuilt handset model
having a circuit board, dial pad, LCD, housing and battery
has been combined with the SAM head phantom. The
simulation environment has been arranged just as IEEE and
Federal Communications Commission standards. The
placement of the paper based metamaterial inside the
handset model and the full SAR simulation head model are
shown in Figure 3.

(a)

Without Metamaterial

(b)

With Metamaterial

(c)

Figure 4. 1g SAR values at .9 GHz and 1.8 GHz.

Figure 2. Extracted effective parameters (a) effective
permittivity (b) effective permeability and (c) index of
refraction.

2

Without Metamaterial

remedy from the dangerous effects of electromagnetic wave
radiated by the wireless device.

Acknowledgements
This research received funding from the Ministry of
Education
Malaysia
(MOE)
under
grant
no.
FRGS/1/2014/TK03/UKM/01/1, and the University
research grant code no. DIP-2014-029.

References
With Metamaterial
[1]

[2]

[3]

Figure 5. 10g SAR values at .9 GHz and 1.8 GHz.
Initially, the simulation has been done without inserting
the proposed paper based metamaterial for 0.9 GHz and 1.8
GHz, presented in figure 4 for 1g and in figure 5 for 10g
body tissue. It is shown from figure 4 and 5 that the highest
SAR values are shown 0.238 W/Kg and 0.724 W/Kg for 1 g
and 0.562 W/Kg and 0.443 W/Kg for 10 g tissue at 0.9 GHz
and 1.8 GHz. When inserting the paper based elliptic
metamaterial inside the phone model, the highest SAR
values are now 0.238 W/kg and 0.724 W/kg for 1g and
0.562 W/kg and 0.443 W/kg for 10 g at 0.9 GHz and 1.8
GHz respectively. A comparison of the SAR values for both
1g and 10g are presented in Table 1.

Phone
Model
With
EMTM
Without
EMTM

[4]

[5]
[6]

[7]

Table 1: Comparison of SAR values.
Frequency
1g SAR
10g SAR
[GHz]
[W/Kg]
[W/Kg]
0.9
0.238
0.562
1.8
0.724
0.443
0.9
0.507
0.536
1.8
0.809
0.503

[8]

The simulated SAR values of the proposed EMTM are
lower than the safety guidelines provided by IEEE and
FCC. At this point, the presented metamaterial structure
plays a vital role in reducing the SAR values.

4. Conclusion
The presented elliptic based metamaterial structure reveals
an EM absorption reduction without altering the antenna
performances. The newly developed EMTM attachment in
the phone model led to a SAR value of 0.238 W/Kg for 1 g
and .562 W/Kg for 10 g at 0.9 GHz and 0.724 W/Kg for 1 g
and .443 W/Kg for 10 g at 1.8 GHz. Therefore, using a
photo paper based elliptic metamaterial (EMTM) can be a

3

M. R. I. Faruque, M. T. Islam, and M. A. M. Ali, "A new
design of metamaterials for SAR reduction,"
Measurement science review, vol. 13, no. 2, pp. 70-74,
2013.
ANSI/IEEE, "C95. 6-2002, IEEE Standard for Safety
Levels with Respect to Human Exposure to
Electromagnetic fields, 0-3 kHz," ed: Institute Electrical
Electronics Engineers New York, 2002.
S. il Kwak, D.-U. Sim, J. H. Kwon, and Y. J. Yoon,
"Design of PIFA with metamaterials for body-SAR
reduction in wearable applications," IEEE Transactions
on Electromagnetic Compatibility, vol. 59, no. 1, pp.
297-300, 2017.
T. Alam, M. R. I. Faruque, and M. T. Islam, "Specific
absorption rate analysis of broadband mobile antenna
with negative index metamaterial," Applied Physics A:
Materials Science and Processing, vol. 122, no. 3, 2016.
Y. Pinto and X. Begaud, "Mobile phone model with
metamaterials to reduce the exposure," Applied Physics
A, vol. 122, no. 4, p. 336, 2016.
J.-N. Hwang and F.-C. Chen, "Reduction of the peak
SAR in the human head with metamaterials," IEEE
Transactions on Antennas and Propagation, vol. 54, no.
12, pp. 3763-3770, 2006.
A. A. Abdelrehim and H. Ghafouri-Shiraz, "High
performance patch antenna using circular split ring
resonators and thin wires employing electromagnetic
coupling improvement," Photonics and NanostructuresFundamentals and Applications, vol. 21, pp. 19-31,
2016.
K. Sultan, H. Abdullah, E. Abdallah, and E. Hashish,
"Low-SAR, miniaturized printed antenna for mobile,
ISM, and WLAN services," IEEE antennas and wireless
propagation letters, vol. 12, pp. 1106-1109, 2013.

META 2017 CONFERENCE, 25 – 28 JULY 2017, INCHEON - KOREA

A Metamaterial Inspired Patch Antenna for Handheld Mobile
Communication
Mohammad Tariqul Islam1*, Md. Amanath Ullah1, Farhad Bin Ashraf1, Md. Naimur Rahman1 and Mohd
Tarmizi Ali2
1
Dept. Of Electrical, Electronic and Systems Engineering, Universiti Kebangsaan Malaysia, Malaysia
2
Centre for Communication Eng. Studies Universiti Teknologi MaraShah AlamMalaysia
*
corresponding author: tariqul@ukm.edu.my
Abstract
A metamaterial inspired dual band rectangular patch
antenna design is introduced in this paper for feature
phones.
The proposed antenna design is based on
10×10mm2 grid shaped unit cell. Four unit cells are
interconnected with a thin radiating element to achieve
operating bandwidth in lower frequency. The ground plane
used a 3×5 array of the proposed grid shaped unit cell,
accompanied with a single cell on the upper side of the
ground. The electrical dimension of the proposed antenna is
0.46λ×0.017λ at 0.92GHz lower frequency bands. The
proposed antenna can operate at most widely used GSM
900MHz and 1900MHz. The design and simulation process
of the unit cell and the proposed antenna is computed using
CST Microwave Studio. 1.6mm thick lossy FR4 material is
used as substrate for the proposed antenna. Finally, Specific
Absorption Rate (SAR) of the antenna has also been
calculated to investigate if the SAR values of the proposed
antenna remain within public exposure limit.

communication [3], modern wireless communication [4],
4G mobile communication [5], wireless body centric
communications[6] etc.
In this paper, a metamaterial inspired dual band antenna
has been proposed for the application of wireless
communication in feature phones. The proposed antenna
covers GSM 900MHz and GSM 1900MHz. The design of
the antenna is engendered from a metamaterial unit cell.
Finally, arrays of the unit cell are used to make radiating
element of the antenna.

2. Design of the antenna
The design and simulation of the antenna is performed
using CST Microwave Studio. First of all, a unit cell is
designed using 1.6mm thick FR4 lossy substrate. Then the
unit cell is embedded as ground and patch of the proposed
antenna. Design configuration of the proposed unit cell and
antenna is shown in Fig. 1 and Fig. 2.

1. Introduction
The present era of smartphones and smart devices is
truly undeniable. Even though the enormous popularity of
smartphones, demand for feature phones still prevails.
Moreover, places like hilly or rural areas and places which
are not still blessed with 3G or 4G communication the GSM
network is still being used there. In addition to the facts,
even the tech giants are emphasizing on smartphone
production, they still have not stopped manufacturing the
feature phones considering the demands. Furthermore, an
antenna that covers the GSM bands is a mandatory
apparatus for wireless communication in smartphones too.
In [1] a dual band antenna inspired by metamaterial is
presented for GSM and Wimax application. The antenna
used ‘I’ shaped unit cell. However the width of the antenna
is comparatively bigger than the proposed antenna. Two
dual-band antennas for wireless and GSM applications are
reported in [2]. These antenna are based on metamaterial
structures. Effect of different material structures on size
miniaturization are also reported in this study.
There are more metamaterial patch antennas found in
literature for various applications like, miniature satellite

Figure 1: Design configuration of the unit cell

A parametric study has been investigated to obtain the
optimum design. The results are depicted in Fig. 3. From
the Fig. 3 it can be observed that the reflection coefficient
of the proposed antenna has been significantly better by
using metamaterial inspired unit cell.

3. Results and discussion
Fig. 4 depicts the permeability, permittivity and refractive
index of the proposed unit cell respectively.

(a)
(b)
Figure 2: Configuration of the proposed antenna (a)
Front view, (b) Back view.
The patch of the antenna consists of total 4 unit cells
where an array of 1x3 unit cell included and they are
interconnected. The thickness of the copper radiating
patch is considered to be 0.035mm. The ground plane
has an array of 5x3 unit cell along with an unit cell
placed at the top middle of the ground plane. Design
parameters of the proposed antenna are enlisted in
Table 1.

(a)

Table 1: Design parameters of the proposed unit cell
and antenna.
Parameters

Value
[mm]

w
g1
g2
x
a
b
c
d
e
f
g
h

10
1
0.5
4.75
32.2
80
50
3
6
11.1
15.9
1.6

(b)

(c)
Figure 4: Calculated (a) permeability, (b) permittivity and
(c) refractive index of the proposed unit cell.

(a) (b) (c) (d)
Figure 3: Reflection coefficient using (a) proposed
design, (b) partial ground, (c) half ground, (d) full ground
without unit cell.

It is noticed that, the negative permeability and permittivity
has been found at 1.4-2.79 GHz and1.4-2.70 GHz
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respectively. The reflection coefficient of the proposed
antenna has been presented in Fig. 5. The antenna achieved
operating band (<6dB) at 0.92-1.05 GHz and 1.86-2.00
GHz that covers GSM 900 and GSM 1900 bands. The
simulated result shifted a bit at the resonances in measured
result obtaining a wider bandwidth at 0.88-1.09 GHz and
1.64-2.06 GHz due to fabrication tolerance. However,
results of the simulation and fabricated prototype have
shown good agreement.

Finally, the proposed antenna has been used in SAR
simulation with head model and antenna placed in mobile
using CST Microwave Studio. The built-in SAM head
phantom is used along with the complete handphone model
which includes LCD display, battery, housing case and
circuit.

Figure 7: SAR simulation setup of the antenna with head
model.
(a)
(b)
Figure 5: (a) Reflection coefficient of the proposed antenna,
(b) fabricated prototype.
The proposed antenna achieved bidirectional radiation
pattern at 0.98 GHz and 1.93 GHz in E plane. Cross
polarization is negligible.
(a)
(b)
Figure 8: 1g SAR values of the proposed antenna at (a)
900 MHz and (b) 1900 MHz

(a)

(b)

Figure 9: 10g SAR values of the proposed antenna at (a)
900 MHz and (b) 1900 MHz
It can be noticed from the figure 8 and 9 that, 1g SAR value
of the proposed antenna are 0.659 and 0.976 W/Kg at
900MHz and 1900 MHz respectively. 10g SAR value at
900MHz is 0.833 W/Kg and at 1900 MHz is 0.862 W/Kg.

(c)
(d)
Figure 5: 2D radiation pattern at 0.98GHz (a) H Plane
(b) E plane and 1.93 GHz (c) H plane (d) E plane

4. Conclusions
In this paper, design of a metamaterial inspired patch
antenna has been revealed for GSM 900 and GSM 1900 for
handheld mobile communication. Metamaterial unit cells
have been used to design the patch and ground plane of the
antenna. The reflection coefficient has been improvised by
using the metamaterial unit cell. The simulation result and
measured result of the fabricated prototype have shown
good agreement and the designed unit cell aided the antenna
to achieve the GSM 900 and GSM 1900 frequency bands.

(a)
(b)
Figure 6: 3D radiation patterns at (a) 0.98 GHz, (b) 1.93
GHz.
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Moreover, the result of the SAR values are within the public
exposure limit of less than 1.6 watts per kilogram, hence
making the antenna potential for feature phones.
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Abstract
A metamaterial ground planed structured antenna is
proposed for multiband wireless mobile applications. The
proposed structure consists of microstrip fed polygonal
radiator with a meta-structure partial ground plane, which
can operate within 1.77 GHz to 4.55 GHz. The antenna
covers mostly used mobile application bands, such as GSM
1800, 1900, 2100, WCDMA, Bluetooth, WLAN 2400,
WiMAX 2.5. The novel outcomes of this antenna are to
achieve wideband with compact size metamaterial
structured antenna.

1. Introduction
Nowadays, the mobile antenna design is becoming
challenging issue to the antenna researchers due to
multifunctional uses of mobile device. Many researches
have been performed to design suitable mobile antenna, like
as PIFA antenna [1], MIMO antenna [2], metamaterial
antenna [3], patch antenna [4] segmented loop antenna [5].
Zhu et al proposed coupled fed triband antenna for mobile
wireless applications [2]. In [3], a metamaterial inspired
corded shaped antenna has been proposed for mobile
applications, which can cover DCS, GSM1800, WCDMA,
and Bluetooth frequency bands. Choukiker et. al proposed a
fractal antenna for wireless communication which can
achieved frequency band of 1.6 to 3.4 GHz with the size of
66 × 27 mm2 [4]. In [6], a metamaterial unit cell inspired
antenna is presented for mobile application with dimension
of 48 × 48 × 1.575 mm3. The antenna covers two bands, one
is 1.6–1.97 GHz and another is 2.34–2.72 GHz.
Moreover, mobile antenna must complies the specific
absorption rate (SAR) guidelines [7]. The SAR is defined
by the power absorbed per unit of mass of biological
tissues, which is the measurement system of tissue heating
due to RF energy absorption. The SAR 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.
In this paper, a compact size antenna is proposed for mobile
communication system. Unlike the majority of existing
designs, the proposed antenna is both simple in structure

and simultaneously has wide impedance with moderate gain
and efficiency.

2. Antenna Design and Characterization
The proposed antenna has been designed and characterized
using commercially available microwave simulator “CST
Microwave Studio” considering substrate material of
Rogers 4003, dielectric constant of 3.55 and thickness 0.508
mm. The optimized design is depicted in Figure 1. The
antenna consists of a polygonal radiator as main radiator
and 3×3 metamaterial array based ground plane. The
metamaterial unit cell characteristics has also been
analyzed, shown in Figure 2. It is shown from Figure 2 that
the negative permittivity of the unit cell shows from 12
GHz to 3.85 GHz and negative permeability shows from
2.635 GHz to 3.62 GHz. The negative refractive index is
achieved from 3.08 to 3.70 GHz.

Unit Cell

Figure 1: Schematic design of the proposed antenna

Figure: 3: Fabricated prototype of the proposed antenna

Figure 3: Retrieved metamaterial parameters.
Figure 4: Reflection Coefficients of the proposed antenna

3. Discussion
The optimized antenna shown in Figure 1 has been
fabricated to measure the antenna performances, depicted in
Figure 3. The measured and simulated reflection coefficient
is illustrated in Figure 4. The measured and simulated results
matched well though a small disagreement is observed. The
possible reason of this mismatch is fabrication and
measurement tolerance. The farfield characteristics have
also been measured using Satimo nearfield measurement
system, illustrated in Figure 5.
In Figure 6, 3D farfield
radiation is presented. It can be observed from Figure 6 that
the antenna shows nearly omni-directional pattern at 1.8
GHz and 2.4 GHz.
Figure 5: Antenna measurement in Satimo nearfield
measurement system.

2

Figure 7: Measured efficiency and realized gain of the
proposed antenna

(a)

(a)

(b)
Figure 6: 3D farfield radiation pattern at (a) 1.8 GHz and (b)
2.4 GHz

(b)
Figure 8: SAR measurement of the proposed antenna (a)
measurement setup (b) SAR at 1.8 GHz for different
distance.

The radiation efficiency and the realized gain is presented at
Figure 7. The antenna shows -1.53 dB and -2.4 dB of
radiation efficiency at 1.8 GHz and 2.4 GHz, respectively.
Moreover, the antenna achieves 1.373 dB and 0.38 dB of
realized gain at 1.8 GHz and 2.4 GHz, respectively.

4. Conclusions
A metamaterial ground plane inspired has been presented.
The antenna has achieved -10 dB impedance band of 1.77
GHz to 4.55 GHz, which can operate at mostly used mobile
bands. Moreover, the antenna complies the SAR guidelines
and the antenna can be utilized in wireless devices due to its
and relatively small size and simple structure.

The Specific absorption rate (SAR) values of the proposed
antenna has been performed to ensure the compatibility with
mobile communication system. The SAR measurement
setup is demonstrated in Figure 8(a). And Figure 8(b)
presents the SAR values at 1.8 GHz for different distance.
The antenna shows 0.95 W/Kg of 10-g SAR and 1.62W/Kg
of 1-g SAR at 1.8 GHz, which complies the SAR guidelines
[7].
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Abstract
A
new
metamaterial-based
wideband
electromagnetic rectangular cloak is being introduced in this
study. The metamaterial unit cell shows sharp transmittances
in the C- and X-band and displays wideband negative
effective permittivity region there. The metamaterial unit
cell was then applied in designing a rectangular-shaped
electromagnetic cloak. Scattering reduction technique was
adopted for the cloaking operation. The cloak operates in the
certain portion of C-and X-band that covers more than 4
GHz bandwidth region. The experimental results were
provided as well for the metamaterial and the cloak.

1. Introduction
Artificially constructed metamaterial is now contributing in
almost all the fields of electromagnetism including
invisibility cloak design. Metamaterial provides essential
property to synthesize proper electromagnetic cloak. An
electromagnetic
cloak
can
hide
an
object
electromagnetically. Cloaking is usually used in the defense
sector for hiding aircraft, satellite or missile from the hostile
radar system. An object can be hidden electromagnetically if
it does not scatter wave in any direction. In other sense, it
does not absorb any power. Utilization of metamaterial
guides the applied electromagnetic waves around the object
instead of scattering and restores the waves to its original
path that results transparency to the observer. Since the first
successful attempt was done in [1] based on transformation
optics (TO) technique, several research groups adopted
numerous approaches to build compact metamaterial and an
invisibility cloak [2-5]. In TO-method, a volume of no-field
region is formed making the volume electromagnetically
undetectable. However, the property requirement for the
material that is utilized in designing a TO-cloak is difficult.
A material with value of effective permittivity or
permeability is between zero and greater than one can be
utilized for the construction of TO-based cloak. Moreover,
multiple layers are needed for designing metamaterial-based
TO-cloak [6]. Among the other cloaking methods, scattering
reduction method is easier to obtain the cloaking operation.
Usually a good cloak reduces the normalized total scattering
cross section (NTSCS) of an object close to zero [7].
Actually, a physical cloak diminishes the normalized total
scattering cross section to some non-zero value, below one.
A metamaterial with epsilon negative property is suitable for
designing a cloak to suppress the scattering of an object [4].
Scattering reduction method was realized as well for the TO-

cloak [6]. Previously few studies were performed on
metamaterial-based cloak. However, most of the cloaks were
cylindrical in shape and very few of them were found
operating in C-band. Like, Xiaohui Wang et al. in [7],
proposed a dielectric resonator based metamaterial X-band
cloak but it was cylindrical in shape. They demonstrated that
their cloak reduced the total scattering width below one in
the X-band. A metamaterial-based cloak was developed in
[8] for C-band operation but it was square-shaped and
operating over 500 MHz region. A metasurface-based single
layer cylindrical cloak was claimed by Matekovits et al. in
[9] but it was operating in the K-band of microwave region.
Another single layer cloak was proposed in [10] for C-band
application but it was square-shaped and operating over 900
MHz region.
In this study, a rectangular-shaped wideband cloak is
proposed that was designed using a bare-H-metamaterial.
The cloak operates over more than 4 GHz frequency ranges.
For designing the cloak, only one layer of metamaterial shell
has been utilized.

2. Design and characteristics investigations of the
metamaterial unit cell
The design and the S-parameters investigation of the
metamaterial unit cell was done by the finite integration
technique based CST Microwave Studio software. In this
study, a bare-H-shape structure was formed on a 12×12mm2
FR-4 substrate material by the combination two inner and
outer magnetic copper made resonators of thickness
0.035mm. The inner resonator forms the basic bare-H-shape
structure adopting a mirror symmetry, which helps to form
negative effective permittivity property. Another split square
resonator was added to the basic structure as outer resonator.
Two gaps in the top and bottom of the outer resonator was
kept 0.46mm. Each arm of the split square-shaped resonator
is taking part to generate the inductive effect and the two
gaps between the metal arms are responsible for generating
the capacitive effect. The inductive and capacitive effects
constitute the negative effective medium property for the
metamaterial. The dielectric constants and thickness of the
substrate material was 4.2mm and 1.6mm respectively.
Fig.1a and Fig.1b depicts the new bare-H-shaped
metamaterial unit cell and its fabricated sample
consecutively. The structure and size of the proposed
metamaterial unit cell was finalized to obey the proper
effective medium ratio. The effective medium ratio for the
metamaterial unit cell was λ/a=6, where λ is the wavelength.

At each side, 1 mm gap was maintained from the resonator
to the end of the substrate. The design parameters were
expressed in the Table-1.

boundary condition was applied for the simulation. The
acquired S-parameters were adopted to evaluate the effective
medium property of the material. For the calculation of the
effective medium property of the material, Nicolson-RossWeir method [11] was utilized.
To perform the measurement of the unit cell, a sample unit
cell metamaterial prototype was fabricated using LPKF laser
based electronic machine. The fabricated sample was placed
between two rectangular C-band waveguides, acting as
transmitter and receiver. The waveguides were linked to the
vector network analyzer (VNA) N5227A. From the VNA
the S-parameters were obtained.

(a)

(a)

(b)
Figure-1. (a) Schematic diagram of the unit cell (b) Fabricated sample
of the metamaterial unit cell

Table-1: Unit cell design parameters
Unit Cell Parameters

Value(mm)

a

6

b

4.77

c

2.77

d

2.50

e

6

g

0.46

s

0.2

l

10

L

12

(b)
Figure-2. (a) Simulated and measured S-parameters for the unit
cell (b) effective permittivity for the metamaterial unit cell

The simulated and measured results of S-parameters are
shown in the Fig.2a for the metamaterial unit cell. Form the
Fig.2a, the numerical curve shows transmittances at the
frequency of 4.29 GHz and 9.93 GHz. The experimental
transmittance also follows the numerical curve well.
Similarly, the experimental reflection parameter agrees well
with the numerical one. The effective permittivity curve is
also presented in the Fig.2b where the curve displays
negative peak from 4GHz to 4.43 GHz and 5.42GHz to 9.26
GHz in the frequency range. This negative region has
significant effect for creating cloaking zone. This type of
negative region regions creates opposite dipole moment that
is useful for cloak operation.

To calculate the S-parameters of the metamaterial unit cell,
electromagnetic wave was propagated through the unit cell
using two waveguide ports. Perfect electric-magnetic
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section (NSCS) is determined. Total scattering cross section
is the ratio of scattered and incident energy from the cloaked
object. NSCS is the ratio of total scattering cross section
(TSCS) of cloaked object normalized by the TSCS of
uncloaked object that can be calculated according to the
equation mentioned in [7]. Similarly, for the measurement
purpose, according to the design, two 24×24 mm2 walls and
two 24×12 mm2 walls were fabricated and each of the walls
consists of unit cells of the metamaterial. The WR159 and
WR112 waveguide sets as well as the VNA (vector network
analyzer) N5227A were utilized for the measurement. The
metamaterial walls were arranged in such a way that had
produced a rectangular-shaped cloak. Aluminium made
metal cylinder with diameter 8mm in the inner surface was
utilized as object having same height of the cloak so that the
metal cylinder can be placed easily inside the cloak. Fig. 3b
shows the fabricated cloak sample with a metal object
inside.

3. Development and performance investigations of
the metamaterial-based cloak
The newly developed metamaterial was applied for the
construction of an electromagnetic cloak. The same CST
Microwave Studio tool was also adopted for the design and
numerical investigation of the metamaterial-based cloak.
Scattering suppression technique was chosen to perform the
cloaking operation. In this technique, a kind of dielectric
shell or coating is surrounded by the object to be cloaked.
The shell helps to reduce the scattering from the object and
return the electromagnetic waves back to its usual path at a
certain frequency. Therefore, the electromagnetic waves
bend around the object and thereby make the object hidden
to the observer or radar.
To perform such operation, four unequal walls were
prepared where two parallel walls were equal. Two side
walls were composed of four unit cells and two width walls
were built by two unit cells of the proposed metamaterial in
this study. As an object, an aluminium made cylinder was
chosen that has 4mm inner and 5mm outer radius with equal
height of the cloak. The four metamaterial walls were
arranged to form a rectangular shape structure. The object
was placed at the center of the cloak. The top view of the
square-shaped cloak structure is being displayed in the
Fig.3a with the object inside it.

(a)

(a)Top view

Moreover, a volumetric aluminium box was prepared for the
(b)
measurement purpose having height,
length and width were
Figure-4.
(a)
The
measurement
setup
for the cloak
(b)
q=49.4 mm, p=44 mm and 68.5 mm
respectively.
The metal
simulated
measured
results
of the
cloaked
object
box
had twoandsides
open so
that of
theTSCS
face of
waveguides
normalized to the TSCS of bare object in the xy-plane
could be inserted in it facing them face to face. The
waveguides were connected to VNA as well. The whole
cloak measurement setup is seen in the Fig.4a.

(b)
To perform the numerical investigations, the transverse
Figure-3. (a) The rectangular-shaped cloak structure with an object (b)
electric (TE10) wave was propagated through the x-axis of
Fabricated cloak prototype with aluminium made cylider inside.
the cloak using the waveguide ports. For the performance
evaluation of the cloak, the normalized scattering cross
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For the evaluation of NSCS, field status of incoming and
scattering were measured. By placing the two waveguides
face to face into the metal box, the incoming (Ei) field was
measured. Afterwards, the metal object was placed between
the waveguides inside the metal box and field parameters
were measured that actually integrates total filed (Et)
including the incoming and scattering field (Es). Deducting
the incoming field from the total filed, the scattering field
can be obtained. In addition, field measurement was also
performed after placing the cloaked object inside the metal
box and the scattering field was measured following the
same way as mentioned above.

same frequency of 7 GHz with the value 0.08. The measured
curve shows less than zero value from 5 GHz to 9.40 GHz
that covers more than 4 GHz bandwidth in the certain
portion of C-and X-band. Therefore, this region can be
considered as the realistic cloak operating area.
In the Fig.5a, the numerical electric field distribution in the
xy-plane for the open space condition is being shown. The
Fig.5b shows the electric field distribution over the metal
object in the xy-plane. From the Fig.5b it is evident that,
electric field is being scattered in the forward direction by
the bare metal object. Moreover, no wave front
reconstruction is taking place in the forward direction and
therefore zero field region is being created in the forward
direction i.e. right side of the object.

(a)

(a)

(b)
Figure-5. (a) Free space E-field distribution in the xy-plane, (b)
E-field distribution for the uncloaked object at the
lowest cloaked frequency (7 GHz) in the xy-plane.

In the Fig.4b, the simulated and measured result of
normalized TSCS of cloaked object normalized by the TSCS
of uncloaked object is being displayed. According to the
numerical result of Fig.4b, it is evident that the simulated
normalized scattering width curve shows value less than
one, from 5.04 GHz to 9.47 GHz in the frequency range that
covers more than 4 GHz bandwidth in the certain region of
C- and X-band of microwave spectra. The lowest value is
0.03 and it was achieved at the frequency of 7 GHz.
Moreover, the metamaterial unit cell exhibits epsilon
negative region at this lowest point with the complex value
ε= -11.80. However, the frequency range 5.04 GHz to 9.47
GHz can be considered as the zone where the cloaking
operation is taking place. The measured normalized
scattering cross section is found complying well with the
numerical result although the lowest point was found at the

(b)
Figure-6. (a)Distribution of E-field for the cloaked object at
the cloaked frequency (7 GHz) in the xy-plane, (b)
transparent view of E-filed distribution at 7GHz.

In the Fig.6a, the electric field map in the xy-plane is
revealed at cloaked frequency, where the metal object has
been cloaked with the metamaterial-shell. It is seen from the
Fig.6 that, no forward scattering was taking place there and
reconstruction of wave front in the forward direction was
achieved. This reconstruction of wave was gained due to the
metamaterial-shell around the object and it points towards
the competency of scattering diminution of the metamaterial
walls. Therefore, any hostile observer or radar will not be

4

able to track the object. This has happened due to the epsilon
negative property of the metamaterial as it prevents the
scattering from the object being cloaked. The Fig.6b shows
the transparent side view of the cloaked object that
demonstrates the cloaking operation by the bare-H-shape
metamaterial wall.

invisibility cloaking operation’, Materials, 8, 4790–
4804, 2015.
[9] L. Matekovits, T.S. Bird, ‘Width-modulated microstripline based mantle cloak for thin single and multiple
cylinders’.
IEEE
Transactions
and
Antenna
Propagation, 62, pp.2606–2615, 2014.
[10] S. S. Islam, M. R. I. Faruque, M. T. Islam, ‘An ObjectIndependent ENZ Metamaterial-Based Wideband
Electromagnetic Cloak’, Scientific Reports 6, 33624:110, 2016.
[11] M. M. Hasan, M. R. I. Faruque, M. T. Islam,
“Multiband left handed biaxial meta atom at microwave
frequency”, Materials Research Express, 4, 035015,
2017.

4. Conclusion
In this paper, a new metamaterial unit cell was introduced
and its characteristics were evaluated. The characteristics of
the metamaterial reveal the epsilon-negative property at
certain region of the microwave C-band. Moreover, a
rectangular-shaped cloak was designed using the
metamaterial and a metal cylinder was cloaked perfectly in
the wide region of C-band and some portion of X-band
where the metamaterial contains the epsilon-negative
property. Experimental results for metamaterial and the
cloak was provided to the validated the performance of the
metamaterial and the cloak. Therefore, the metamaterial and
the cloak can be efficiently utilized for the C-band
operation.
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Reflection phase measurements by thick-gap Fabry-Pérot
interferometry and correction of numerical aperture effect
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Abstract- Metamaterials, artificial materials with sub-wavelength structures capable of exhibiting
novel electromagnetic behaviors, have been actively perused as a hot research topic in recent years.
The small feature sizes have led to challenges in characterizing the properties of the metamaterials.
A new method for measuring the absolute phase change on reflection for small samples in the
optical range using converging incident beam is presented as the usual techniques work only for
bulk samples and in discrete wavelengths.
To measure the reflection phase of small samples, a Fabry–Pérot interferometer (also name as FP etalon) is
used together with a microscopic objective. Figure 1a is an example of the setup. The airgap between the top
reference
glass
and
sample can be varied by
a micrometer. Using a 5x
objective, the detected
area can be zoomed
down to 100 X 100 μm2 in
the visible range with
possible improvement by
using higher magnification
objective. To model the
effect of converging
incident beam, a detailed
analysis based on a
2-beam interference is
presented and correction
is applied to the measured interference peak positions.
Following the analysis of Kino and Chim[1] the reflected interference intensity I(k) from FP etalon can be
written as the weighted sum of the incident beams over all angles. For monochromatic case, the expression is
given by Dubois et al[2], which can be generalized to all wavelengths in the visible range by including the
dispersion of the objective. The results show that the interference peaks/troughs are shifted by a slowly-varying
envelope due to objective ‘s numerical effect (Shown in Figure 1b and c). To characterize the shift in the
interference peak’s position, the condition for constructive interference with converging incident beam is derived

from the 1st derivative of reflected intensity. By assuming L>>λ with small angular-aperture, the condition for
constructive interference can be expressed by equation 1:

m

2L

1
4

1
2

cos 2 max sin 4 L cos max 1
1
arctan
2
1 cos 2 max cos 4 L cos max 1

(1)

where m is the interference order, L is the airgap between top glass and sample, ϕ is the reflection phase of
sample at normal incident normalized by 2π, λ is the wavelength at peak interference under the influence of
objective and θmax is the half-angular aperture of objective. Due to the arctan term, directly fitting of Eqn. (1)
using the measured m and λ, in most of the cases, do not converge. Here, instead of using Eqn. (1), we choose to
correct the peak/trough’s position such that a simple 2-beam interference model can be used to obtain the correct
airgap and absolute reflection phase of the sample expressed as:

m

2 L fit

correction
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NA

NA

0
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2L
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0

and λNA, λ0 is the interference peak’s position in wavelength with and without influence of objective respectively.
Lfit and ϕfit are the as-measured airgap and reflection phase obtained by a direct fitting a simple 2-beam
interference model to the data[3].
The required correction term f can be defined
as the relative shift in interference peak/trough’s
position in wavelength:
1
1
NA
0
(3)
f
1 f
0

0

NA

By considering its properties under the given
experiment conditions, using glass as reference, its
value can be fitted from the measured difference
of ϕfit and ϕ as a function of wavelength. The inset
in Figure 2 are the measured dispersion of f for
glass at different airgaps. As a demonstration,
corrections are performed on the measured data
from 200nm Titanium on Glass and the obtained
average reflection phase before and after
correction are also shown in Figure 2.
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Abstract-We present the tunable optical response of phase change material, which can be used to
metasurfaces with varied functionalities. The concept of reconfigurable metasurface, which have
different combination of unit cells with various geometries and phase states are proposed. The
research is promising to apply to the area of the metadevice.
Introduction-Due to thermal stability and rapid transition of phase-change material Ge2Sb2Te5 (GST)
between amorphous and crystalline states, it has been utilized as the recording medium in optical and electronic
rewritable data storage. Metamaterials and metasurfaces, the artificial sub-wavelength structures exhibit the
abilities to actively control the optical responses and therefore play potential candidates for a number of feasible
applications. Recently, the development have been focused on integration of phase-change material into such
artifical photonic structures [1, 2]. However, in most of researches, the use of phase-change material is limited as
a switchable dielectric environment (a switch between crystalline and amorphous states).
In this paper, we present the tunable optical resonance of phase-change material Ge2Sb2Te5 in the
near-infrared regime. Further, we propose the concept of reconfigurable metasurfaces, which have different
combination of unit cells with various geometries and phase states.
Result&discussion-The optical transmission spectra of amorphous and crystalline Ge2Sb2Te5
nanoantennas with various length L are shown in Fig. 1 (a)-(b). The dielectric constants of the Ge2Sb2Te5 in
crystalline and amorphous states are adopted and transformed from Ref. 2. The height and width of nanoantenna
are 50 nm and 150 nm, respectively. When the polarization of the incident light is parallel to the long axis of the
nanoantenna, the resonant dips observed in the transmission spectrum. The resonant wavelengths of the
nanoantenna are red-shifted with the increased lengths. We also consider the partially crystalline ability of
Ge2Sb2Te5 for the multi-level optical resonance shown in Fig. 1 (c).
To further investigate the potential of Ge2Sb2Te5 in novel metadevice, we design two kinds of reconfigurable
metasurfaces. The dolmen structure is composed of a horizontal nanoantenna and a pair of vertical nanoantennas
shown in Fig. 2. With different composition of phase-change rods, the transmission spectrum of the dolmen
structure changes dramatically. Another one is the gradient metasurface composed of Ge2Sb2Te5-SiO2-Au
resonators for realizing the light steering shown in Fig. 3. The super cell of gradient meta-surface consists of a
130-nm-thick Au mirror, 50-nm-thick SiO2 spacer and twelve Ge2Sb2Te5 nanoantennas with various lengths and
phase states. The phase delay of each unit cell depends on the phase state and length of nanoantenna. Fig. 3 (b)

shows the scattered electric field of the gradient of metasurface. The reconstruction of wavefront indicated by a
dashed line is shown. The scattered electric field intensity of gradient metasurface versus reflection angles at λ =
1550 nm normal incidence is shown in Fig. 3 (c) as well.

Figure 1 (a)-(b) Transmittance of amorphous and crystalline Ge2Sb2Te5 nanoantenna with different length. (c)
Transmittance of Ge2Sb2Te5 nanoantenna with different crystalline ratio.

Figure 2 (a) Transmission spectra of dolmen structure

Figure 3 (a) Super cell of gradient metasurface (b)

and (b-c) corresponding electrical field.

Scattered electric field. (c) Electric field intensity versus
reflection angles at λ= 1550nm.
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Abstract-We experimentally demonstrated 2-dimensional subwavelength detection of optical phase
differences using a metasurface consists of an array of plasmonic nanostructures. The metasurface
is fabricated from arrays of coupled gold nanorods where each group of three rods form the circuit
to perform the difference operation in one-direction of the xy-plane. This metasurface at
subwavelength scale can be applied to optical signal processing, ultrafast computing, and
biosensing.
Metasurfaces that perform mathematical operations may provide solutions, since they can control the phase,
amplitude, and the polarization of light within a thickness smaller than the free space wavelength, forming
highly compact optical elements. In this work, we demonstrate plasmonic metasurfaces that perform
mathematical operations in two dimensions on an incident light beam, with potential applications in phase-shift
key decoding and biosensing.
The plasmonic circuits are fabricated using electron beam lithography. The meta-atom patterns are written
on the electron beam resist using the 100 kV electron beam and developed in methyl isobutyl ketone (MIBK):
isopropyl alcohol (IPA) solution with the ratio of 1:3. Thereafter, electron beam evaporation was performed to
deposit the 2 nm thick germanium adhesion layer and 30 nm gold layer followed by a lift-off process using
acetone. Note that the center-to-center distance of the two parallel nanorods used in both circuits to detect
differences in the incident light is only 190 nm, which is subwavelength compared with the free space
wavelength of 640 nm. The nanorods were designed to be 90 nm long, 40 nm wide, and 30 nm thick.
It is clearly observed that this metasurface performs a two-dimensional mathematical difference operation at
the subwavelength scale, which results in it being sensitive to optical phase differences. Phase sensitivity is
useful for decoding optical signals carrying data by phase shift keying. The difference operation has potential in
nanoscale optical logic operations, since this device behaves like an XOR gate - there is an output if either of the
inputs is active, but not both. More generally we have introduced a class of plasmonic devices that can perform a
variety of linear mathematical operations with complex coefficients on light fields, determined by the
configuration of plasmonic particles. Biosensing for transparent biomaterials is another potential application of
this metasurface.

Fig. 1. (a) The unit cell of the metasurface. (b) The SEM image of fabricated metasurface with the
magnified image of the unit cell in the inset. Scale bars are 1 m and 200 nm. (c) Surface plot
mapping responses on phase differences in both x- and y-directions.
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Abstract- Meta-surfaces offer an alternative to bulk three-dimensional metamaterials. Because of
the two-dimensional nature of the meta-surface structures, they occupy less physical space and can
exhibit lower loss. We have pointed a 2.15 GHz wide bandwidth meta-surface for C-band
applications. The proposed structure is consisted of ring resonators, where the dimensions of a
single unit cell is 11×11 mm2 and the effective medium ratio 5.27. Commercial available CST
Microwave Studio software is utilized to design and numerical analysis. The numerical and the
experiment results are around overlapped together. The measured transmittance shows the
resonance at 5.17 GHz, and for simulation it was 5.26 GHz. The proposed design is also described
by the equivalent inductive-capacitive circuit model and shows left handed characteristics from
6.35 to 7.72 GHz frequency ranges.
Electromagnetic meta-surfaces are artificial material with more compact size comparable with conventional
structures and have some infrequent properties, which does not exist in nature materials. In 2000, Smith et al.
introduced a material that is shown simultaneously negative permittivity and permeability with some exceptional
characteristics of microwave frequency [1]. In 2016, Faruque et al. suggested a compact square split z-shape
meta-atom with left handed features, wide bandwidth for S-, C-, X- and Ku-band applications. The presented
meta-atom was investigated at 00, 150, 300, 450, 600, 750 and 900 (xy-axis) rotation angle. The designed structure
shown resonances at S-, C-, X-, and Ku-band with 5.67 GHz wide bandwidth. The compact meta-atom had an
effective medium ratio 9.10 and exhibited left handed characteristics at 8.50 GHz [4]. In 2016, Pan et al.
proposed a meta-surface to control the absorption and radiative loss and to reduce the radar cross section, where
the meta-surface was designed by metallic square patch and square loop structure inserted with resistors, and
absorption in the S-band [11]. In 2016, Hasan et al. exhibited a compact z-shaped double negative metamaterial
for wideband applications. The 10×10 mm2 structure metamaterial unit cell was applicable for C- and X-band
operations and the effective medium ratio was 4.0 [3].
Figure 1(a) shows the schematic geometry of the proposed structure. In figure 1(b), measured transmittance
shows the resonance at 5.17 GHz, which is the C-band and the amplitude of the resonance point is 26 dB. In
addition, the simulation results of the transmittance (S21) are also shown in the same figure, where the resonance
point at 5.26 GHz and the magnitude of the resonance point is 43 dB. From figure 1(c), the designed structure
can be called as a left handed meta-surface for any frequency points in the frequency range of 6.35 to 7.72 GHz.
However, figure 1(d) represents the effect on resonance frequency by FR-4, Rogers RT 5880, Rogers RT 5870,
Rogers RT 6010, Rogers RT 4350, Rogers RT 4003, Mica, and Polyimide, materials used as substrate.

Table 1: Configurations of the proposed meta-surface single unit cell
Parameters
Dimensions (mm)
Parameters
Dimensions (mm)

(a)

a
11
d
0.5

b
11
s
0.25

l
10
m
4.0

w
9.0
n
1.2

l1
8.0
l2
3.0

w1
7.0
r2
1.0

(b)

(c)
(d)
Figure 1. (a) Geometry of proposed meta-surface, (b) Simulated and measured results of the transmission (S21)
coefficient, (c) Real magnitude of effective medium parameters and (d) effects of different substrate materials on
transmission (S21) coefficient of the proposed meta-surface structure.
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Abstract— In the context of transformation optics theory we developed a method for designing optical devices able to manipulate the wave vectors in the specific manner required by the
functionality of the device. This new approach was applied for designing both diverging and
converging flat lenses. As the waves propagate inside the transformation media of the lenses the
wave vectors are properly changed in order to impose a converging or diverging propagation of
the emergent waves.

The transformation approach is based on the theoretical result which shows that Maxwell’s
equations have the same form whether we apply a coordinate transformation or introduce specific
gradients in the permittivity and permeability of the original space [1]. This approach was successfully used to design a variety of electromagnetic devices including lenses [2]. Recently, a great
attention was paid to the design of flat optical devices due to the ability of integration with the
planar integrated circuit technology and to the simplicity of fabrication. The concept of optical
phase discontinuities was applied to design flat lenses by shaping the wavefront of the emerging
wave [3].
In this study we show how the concept of transformation optics can be used to design transformation media able to manipulate the wave vectors in the desired manner, while the alteration of
the wave path remains of a secondary importance. In order to manipulate the wave vector inside
a flat device having the input and output planes perpendicular to z axis the following class of
coordinate transformations was used:
( 0
)
x =x
y0 = y
(1)
z 0 = zf (x, y)
where f (x, y) is a function of two variables which transforms the z coordinate with respect to x and
y coordinates. Following some mathematical computations, detailed in reference [4], we proved that
at normal incidence the wave vectors are properly manipulated in order to fulfill the functionality
of an aberration-free lens surrounded by the free space when the transformation function has the
form:
1
f (x, y) =
(2)
1
2
(' + (x xF )2 + (y yF )2 ) 2
where = ±1/zD (a positive/negative value corresponds to a converging/diverging lens), zD is the
thickness of the lens, = 1 + ' , ' is the focal length measured from the output plane of the lens
along the z axis, xF and yF are the x and y axis coordinates of the focal point, respectively.
The input plane of the designed flat lens coincide with the xy plane of the coordinates system.
For the simplified case of a linearly polarized transverse magnetic (T M ) plane wave described by
the field components {Ey , Ez , Hx } and a focal point located on z axis the stretching function f
reduces to:
1
f (y) =
(3)
1
('2 + y 2 ) 2
while the permittivity and permeability of the transformed medium are given by the symmetric
tensor:
2
3
h(y)
0
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0
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where h(y) = 1/f (y) =
('2 + y 2 ) 2 and h0 (y) denotes the derivative of function h. The
constitutive parameters tensor given by equation (4) is expressed in terms of the y 0 coordinate of

the transformed space with the prime dropped for aesthetic
p reasons. The transformation function
given by equation (3) has two singularity points yS = ± zD (zD + 2') where zD is the thickness
and ' is the focal length of the lens.
Figure 1 shows the results of numerical simulations performed using a two-dimensional FiniteDi↵erence Time-Domain (FDTD) algorithm [4]. The thickness and the focal length
of the lens were
p
the same (' = zD ). Hence, the singularity points of function f are yS = ±zD 3. The geometrical
dimensions of the lens used in simulations were related to the wavelength of the incident wave as
follows: lens thickness zD = 5 and lens aperture 2yD = 16 , where yD = (8/5)zD satisfies the
inequality yD < yS required for positive values of constitutive parameters. The lens was illuminated
at normal incidence by a plane wave source of wavelength with field components {Ey , Hx } of
magnitude equal to unity located at zS = zD . The simulation area span on z axis from zS to zP ,
where zP = 5zD . The simulation area was terminated with periodic boundary conditions on y axis
and uniaxial perfectly matched layer (UPML) absorbing boundaries on z axis. The simulations
have been performed using an orthogonal computational grid with
p a step resolution = /50 for
each axes and a time step reaching the Courant limit t = /c 2, where c is the speed of light
in free space. Computer simulations show reliable focusing capabilities of the converging flat lens
designed in the context of the developed method.

Figure 1: The simulated distribution of the real part of the Ey field component. (a) Along z axis, (b) on
yz plane, and (c) along a line parallel to y axis passing through the focus point resulted from simulation.
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Abstract-A novel and simple approach to trap helical light within a subwavelength metafilm cavity
is proposed with a theory and numerical calculations. A silver metasurface giving phase-gradient,
dielectric thin-film, and a half-infinite silver mirror are stacked in order to form a metafilm cavity.
Compared to conventional metal-insulator-metal (MIM) cavity, the proposed scheme is based on
generalized Snell’s law using geometric phase of the metasurface and strong interference of
multiple scatterings. The proposed metafilm cavity is more compact than MIM cavity and the
performance is especially depending on a magnitude of light spin. This approach to trap helical
light would be very fruitful for compact optical sensor designs and various nano-cavity
applications.
In the field of nanophotonics, explosive attention has been paid on the concept of metasurface for the past
few years. Metasurface is an artificial surface to control scattering properties of light in an anomalous way. In
2011, Yu et al. proposed the concept of generalized Snell’s law of reflection and refraction with discontinuous
phase-gradient [1]. Since then, many researches have been published using various metasurfaces to implement
ultra-thin flat optical devices [2]. Among those, the concept of geometric phase, also known as optical
Pancharatnam-Berry phase, has been widely studied for polarization dependent anisotropic scatterings of light by
using metallic nanoslits and nanorods [2-4]. Studies on metasurfaces employing geometric phase concept have
mainly focused on holographic purposes, implementing specifically engineered optical wavefront in free space
or on a metallic plane.
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Figure 1. (a) A conventional MIM cavity for Fabry-Perot resonance. tm is fixed to 30 nm. (b) Calculated reflection spectra
using when td are 50 nm, 250 nm, 357 nm, 400 nm, and 600 nm, respectively.

However, trapping light within a nanocavity has not been connected with holographic metasurface approach
and generalized Snell’s law despite the significance of nanocavity and light trapping [5]. Here, we propose a
novel scheme to trap helical light using geometric phase of metasurface, generalized Snell’s law, and strong
interference. As shown in Fig. 1, a simple MIM cavity can also have Fabry-Perot resonance (FPR). To make an
FPR in a conventional MIM cavity, at least half-wavelength of optical length is needed for the lowest order
resonance. However, the proposed method, named metafilm cavity depicted in Fig. 2(a) and 2(b), is able to make
FPR with more compact thickness owing to artificially designed optical paths inside the cavity through
generalized Snell’s law.
1 d
nk0 dy
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1 2
,
nk0 p y

48 .
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Discrete subwavelength rotations of silver nanoslits by 45 degrees give phase-gradient and anomalous refraction
for cross-polarized right circular polarization (RCP) light as shown in Fig. 2(b). Co-polarized left circular
polarization (LCP) light is not affected by phase-gradient in y-direction while reflected or transmitted. As a
result, the total 0th order reflection can be approximated as a sum of co-polarized LCP partial waves (U1, LL, U2,LL,
and U3,LL). Fig. 2(c) clearly shows that the dips of 0th order reflectance caused by FPR can be obtained with
shorter cavity-length rather than those of conventional MIM cavities. We expect that our result would be highly
applicable to various flat metafilm absorbers and nanocavity applications in the future.
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Figure 2. (a) The unit cell scheme of the metafilm cavity. wslit, dslit, tm, px, and py are 200 nm, 60 nm, 150 nm, 240 nm, 960
nm. Rotating angle difference between two adjacent silver nanoslits is fixed to 45 degrees. The refractive index of dielectric
layers is set to 1.4. (b) A scheme for dominant multiple light scattering processes. Red and green arrows denote lights with
left and right handedness, respectively. Total reflectance of LCP light is nearly a sum of U1,LL, U2,LL, and U3,LL. (c)
Numerically calculated 0th order reflection for three different values of td (50 nm, 150 nm, 250 nm).
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Abstract- We propose a free-space electro-optic transmission modulator based on multiple
p-n-junction semiconductor subwavelength gratings. The proposed device operates with a high-Q
guided-mode resonance undergoing electro-optic resonance shift due to direct electrical control.
Using rigorous electrical and optical modeling methods, we theoretically demonstrate a modulation
depth of 84%, on-state efficiency 85%, and on-off extinction ratio of 19 dB at 1,550 nm wavelength
under electrical control signals within a favorably low bias voltage range from –4 V to +1 V. This
functionality operates in the transmission mode and sustainable in the high-speed operation regime
up to a 10-GHz-scale modulation bandwidth in principle. The theoretical performance prediction is
remarkably advantageous over plasmonic tunable metasurfaces in the power-efficiency and
absolute modulation-depth aspects
Leaky-mode resonances in nanopatterned thin-film metasurfaces are of interest owing to their great potential for creating
integration-compatible, multifunctional devices harnessing desired spectral, polarization, intensity, and phase properties

1,2

.

Adding active tunability to these device classes by means of direct electrical controls, free-carrier-induced electro-optic (EO)
effects in heavily doped semiconductors and transparent conducting oxides (TCO) at epsilon-near-zero (ENZ) conditions
provide an efficient tuning mechanism. In particular, ENZ nanofilms incorporated in metal-oxide-semiconductor (MOS)
capacitor arrays have showed remarkable intensity and phase modulation properties driven by field-effect free-carrier
accumulation and depletion 3. In this approach, highly dissipative, deep-subwavelength plasmonic resonances are necessary
to induce significant optical interaction with sub-10-nm-thick EO-active layers.

Figure 1. Trasnmission modulation properties. a Bias-voltage dependent trasmittance spectrum. b Total electric field
patterns for off-state and c on-state operation regimes.

Pursuing high-performance tunable leaky-mode resonance devices operating in the transmission mode in this paper, we
propose an approach based on high-Q GMRs. The proposed device class consists of moderately doped, low-loss
semiconductor p-n junctions in a resonant subwavelength grating structure. This structure is designed such that a high-Q
GMR is supported in the optical domain while in the electrical domain bias voltage across multiple p-n junctions effectively
control density of conduction electrons and holes, resulting in the associated tuning of the Drude-part optical dielectric
constant 4. we select an interleaved Si p-n junction nanograting architecture as one promising example.

We apply the obtained bias-voltage-induced mobile-carrier effect to an example GMR element optimized for the
transmission-mode optical modulation in the telecommunications C-band around 1,550 nm. Figure 1 (a) shows the
Va–dependent transmission spectra in dB (a linear scale in the inset) under transverse-electric (TE) polarized
planewave incidence at surface-normal angle ( = 0). Following the standard convention, the TE polarization refers to
electric field oscillating in the axis of grating lines (y-axis). We use the finite-element method in this calculation
involving εSi(z) profiles. The transmission spectra show an asymmetric Fano-resonance profile as a result of the
configuration interference between resonant and non-resonant pathways. The resonant pathway is created by coupling
of the incident wave with a leaky TE0 mode and its radiation decay toward the transmitted zero-order planewave
channel through dominant first-order diffraction processes. This resonance feature possesses remarkably high
resonance Q factor ~ 3.69 103. Consequently, the design yields a very high field enhancement factor ~ 1.2 103 in the
550-nm-thick EO-active Si-p-n-junction at the resonance center wavelength.
Subtle interaction between the highly enhanced resonant optical fields and bias-voltage-induced mobile-carrier effect
results in a resonance-center (λc) shift as shown in Fig. 1 (a). Using well-established electrical and optical modeling
methods, we theoretically demonstrate a robust transmission modulator with on/off power ratio of 18.9 dB, on-state
efficiency of 85.2%, and modulation bandwidth of 54.3 GHz at an operation wavelength of 1550 nm as shown in Fig. 1(b)
and (c). These performance characteristics are driven by favorably small bias voltage values in a range of –4 V ~ +1 V and
possibly maintained in the high-speed operation regime up to 50 GHz when appropriate in-plane miniaturization schemes
are incorporated.

Notably, the obtained properties are supported by the low-loss free-carrier-induced EO effect occurring in the
whole device region with 500-nm-thick Si layers as opposed to the transparent-conducting-oxide-based plasmonic
metasurface approaches involving a sub-10-nm-thick EO-active region and strong ohmic absorption. Therefore,
experimental realization of our proposed device class is of great interest to develop compact, low driving power, and
high-speed optical modulators for applications in telecommunications, optical information processing, LIDARs,
small-signal detection systems, high-power laser machining, and many others.
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Abstract- Conventional metallic metasurfaces are difficult to achieve tunable devices once a
structure is fabricated. We propose a method to realize metasurfaces with active focal tuning by
graphene-metal hybrid structures. Tunable metasurface lenses in both mid-infrared and terahertz
frequencies are proposed.
Unlike conventional optical components, which require enough thickness of the media to achieve wavefront
shaping, metasurfaces introduce abrupt and controllable changes of optical properties in two-dimensional (2D)
space [1]. However, the modulation of each unit cell is hard to change once a metasurface is manufactured,
lacking the flexibility for achieving tunable modulators. Graphene is a 2D form of carbon in which the atoms are
arranged in a honeycomb lattice. In addition, the Fermi level of the cone-shaped electronic band structure of
graphene is modulatable by an external gate voltage [2], which makes graphene a promising material for tunable
optical devices. In this work, based on Berry geometrical phase theory [3], we theoretically demonstrate
mid-infrared (mid-IR) and terahertz (THz) tunable graphene-metal metasurface lenses to achieve focusing and
active focal control by tuning the graphene chemical potential uniformly.
We first give the design of a cylindrical lens for mid-IR frequencies [4]. The schematic structure of the
tunable metasurface lens is depicted in Fig.1 (a). It is composed of an array of rectangular apertures etched on a
thin Au film. The metallic film is deposited on a monolayer graphene, which is used to change the scattering
electromagnetic fields of the apertures. A glass substrate and a transparent conducting film are below the metal
layer. A gate voltage Vg is applied to tune the chemical potential of the graphene layer. The incident light is
right-handed circularly polarized (RCP). The inducing transmitted field can be divided into a right-handed
circularly polarized light and a left-handed circularly polarized (LCP) light with an abrupt phase change of 2φ.
Thus a desired phase change of the LCP light can be obtained by the rotation of the aperture. By this principle, a
lens with a focal length of f can be designed by [5]:

x

x2

f2

f

(1)

In order to design a tunable metasurface lens, the phase change should be different for each unit on the
metasurface when the graphene chemical potential varies uniformly. We find that the phase of the LCP
scattering light can be tuned by changing the chemical potential of the graphene layer and the length of the
aperture (not depicted here), thus a tunable metasurface lens is expected to be achieved. We choose 17 apertures
along the x-direction. The designed result is shown in Fig.1(c). FDTD simulations are then conducted to verify
the focal effect and the tunability of the lens. The electric field intensity distributions of the transmitted LCP
light are shown in Fig.1(d).

Fig.1 (a) The structure of the cylindarical lens for mid-IR. (b) A unit cell of the metasurface. (c) Rotation angles (blue solid
line) corresponding to the 17 slits of the designed lens at different positions. (d) Electric field intensity distributions of the
transmitted LCP light corresponding to the chemical potentials of 0.52eV and 1.17eV, respectively. The focal length
changes from 105 to 85μm when the incident wavelength is λ=6.6μm.

This method can also be applied to design tunable Thz lenses. We design a tunable metasurface sperical lens
in Thz frequencies (λ=400μm). The schematic structure of the metasurface is depicted in Fig.2 (a). When the
lens is illuminated by RCP light, the electric field intensity distributions of LCP light are shown in Fig.2(b). The
focal length changes from 4.67mm to 5.24mm.

Fig2.(a) The structure of

the spherical lens for THz. (b) The distribution of rotation angles and lengths of apertures within

the red border in Fig.2(a). (c) Electric field intensity distributions of the transmitted LCP light corresponding to the
chemical potentials of 0.1 eV and 0.3eV, respectively.
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Abstract-Au nanostructures can be fabricated to intentionally guide the propagation of surface
plasmon polaritons (SPPs), which leads to the varying of propagating directions for the SPP beams,
and thus generates the orbital angular momentum (AM) of SPPs. Here, we investigated the coupling
of such plasmonic orbital AM with optical spin AM, and found that the chiral characteristics of Au
nanostructures impose great effects on the electromagnetic modes of SPPs under this spin-orbit
interactions.
The optical spin-orbit interaction is that a coupling of the intrinsic angular momentum (photon spin) and the
extrinsic momentum (orbital angular momentum) [1-2]. The effect is usually observed when the light passes
through an anisotropic and inhomogeneous medium. For instances, the optical spin Hall effect, beam
displacement and momentum shift due to the optical spin, was observed at the medium interface. In plasmonic
structures, the surface plasmon polaritons travel along the path that can be defined to within a subwavelength
scale by the geometric patterns of the structures, which generate a significant optical orbital angular momentum.
In our work, on the Au thin film deposited on glass substrates, we fabricate the subwavelength holes by focused
ion beam, which form the ring shape. Using the scanning near-field optical microscope, the different propagation
modes of surface plasmon polaritons has been observed for the excitation light with the left and right handed
circular polarization, respectively. Based on the conservation of total optical angular momentum in this circular
system, the coupling effect of the spin and orbital angular momentum can be deduced from the measured and
simulated distribution of electric fields.
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Abstract-In this work, we designed three types of terahertz (THz) nano-slot-antenna arrays to
obtain rotation-free performance in transmission. Honeycomb- and the chlorophyll-shape patterned
arrays show multi resonance features in transmission, induced by the strong resonance coupling
between adjacent slots, and those are azimuthally rotation-free to normal incidence. For interpreting
this interesting phenomena, coupled harmonic oscillator model was applied and the resultant
spectra were analyzed in terms of coupling strength.

The electromagnetic near-field enhancement behaviors via nano-slot-antenna structured metamaterials,
consisted of subwavelength width of slots in orders of λ/10 - λ/10,000, can be applied to highly sensitive and
selective optical sensors [1, 2]. In such applications, collinearly aligned slot antenna arrays have been usually
considered, by taking advantage of maximized transmittance magnitude with clearly defined resonance behavior
according to their geometry and effective refractive index of materials [2, 3]. Normally this collinearly aligned
antenna array shows strong rotation dependence on both transmission and reflection, which can be issued
regarding somewhat inconvenient aligning and unexpected decreasing of efficiency in molecular sensing.
Here, we demonstrate THz transmission control by several uniquely patterned slot antenna arrays, including
asterisk, chlorophyll, and honeycomb patterns. These patterns were designed to compensate rotation-induced
transmission decreasing of each elementary slot in an array. The elementary slots are identical, which have
fundamental resonance at 0.92 THz with 64 µm-length and 500 nm-width, and are fabricated onto the thin gold
film (150 nm thickness). Typical collinear pattern shows clear resonance with transmission decreasing by
azimuthal rotation as shown in Fig. 1(a). The asterisk pattern also has a single resonance similar to collinear
pattern, but has constant transmission efficiency over all measured angles. The honeycomb pattern depicts
rotation-free transmission with dual mode resonances: a fundamental mode and an additional secondary mode
near 0.7 THz which is induced by strong resonance coupling with adjacent slots, as shown in Fig. 1(b). The
transmission efficiencies of fundamental resonance mode in terms of the rotation angle, for four different
nano-slot-antenna arrays, are plotted in Fig. 1(c). The suggested three unique patterns represent completely
rotation-free performance. We also put the theoretical interpretation for the dual resonance behavior (Fig. 1(b))
using coupled harmonic oscillator model [4] (Fig. 1(d)). The calculated results with the model has an excellent
agreement with measured spectra. The resonance peak is split into dual resonance mode with individual
transmittance decreasing and the secondary mode has a redshift as coupling constant increasing in the model.
In conclusion, we have made three different types of nano-slot-antenna arrays which have constant
transmission efficiencies by rotation angle. Honeycomb- and chlorophyll patterned arrays show dual-resonance
spectra, well interpreted using coupled harmonic oscillator model. The model gives analytical information for
the resonance tunability for spectral changes by the coupling strength. Finally, we hope that the results presented
here will help further applications including rotation-free and controllable multi spectral optical sensors.

Figure 1 (a-b) Transmission spectra of nano-slot-antenna array of the collinear- and the honeycomb-pattern.
Inset is optical microscope images of nano-slot-antenna arrays. (c) Transmission efficiencies depending on
rotation angle are plotted. (d) Calculated transmission spectrum of the honeycomb pattern. Horizontal dash line
is the coupling constant of the geometry used in the experiment, 13.1.
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Abstract- We present a bilayer metasurface that modulates phase of light at two different
wavelengths independently. A unit cell of the metasurface is composed of stacked poly-silicon
nanofins with different geometric parameters, including height, length, width, and rotation angle.
Each nanofin gives different amplitude and phase at each target wavelength, so that phase of each
wavelength can be tailored independently. The proposed metasurface can be applied to dichroic
splitters, full-color holography, and achromatic optical elements.
Metasurface, which is an artificially engineered material with a subwavelength scale thickness, gives an
entirely new approach to design optical elements. Properties of light, such as polarization, phase, and amplitude
profiles can be tailored within a wavelength of propagation using properly designed metasurfaces [1]. More
recently, one of the most fundamental optical element, a lens is realized using a metasurface based on titanium
dioxide nanofins and their geometric Pancharatnam-Berry phase [2]. The geometric phase is a powerful tool to
achieve spatial modulation of phase because rotation angle of a scatterer is directly proportional to phase of
output light. However, due to evenness of spatial phase profiles, metasurfaces based on the geometric phase
inevitably suffer from the chromatic aberration after diffraction. In order to reduce the chromatic aberration,
metasurfaces composed of dielectric resonators with a slot [3], nanopillars, [4] and sub-pixel structure [5] have
been proposed, which can give different phase profiles according to wavelengths.
Here, we propose a bilayer metasurface that can manipulate phase of incident light independently at two
wavelengths. Two stacked poly-silicon nanofins with a period of 380 nm constitute a unit cell of the metasurface
as shown in Fig. 1(a). Each nanofin has different geometric parameters which cause transmission to differ with
respect to the wavelength. By superposing two transmitted waves from each nanofin with additional geometric
phase 2θ due to rotation angle of the upper nanofin, it is possible to achieve arbitrary phase difference between
two wavelengths. If complex-valued transmission coefficients are given by a1 and a2 for each nanofin layer,
geometric parameters and the rotation angle θ can be found by satisfying the relation:

r = a1 + a2ei 2θ ,

(1)

where r is a constant representing modulation efficiency.
Wavelengths are set as 800 nm and 980 nm, and corresponding dielectric constants are 3.58 + j0.001, 3.68 +
j0.005 for the nanofins, and 2.1124, 2.1045 for the host medium, respectively. At first, a1 and a2 at two
wavelengths are investigated with auxiliary geometric parameters of h1 = 350 nm, h2 = 400 nm, d = 50 nm.
Figures 1(c)-1(f) show transmitted phase of left-hand circularly polarized light when right-hand circularly
polarized light is incident normally from the bottom. It is seen that phase differences between two wavelengths
1

are tuned by 161 °, 49 °, −48 °, and −160 °. As well as these examples, more arbitrary phase difference can be
achieved based on the proposed design principle.
It is expected that the proposed design method can be applied to more generalized achromatic metasurface,
including compact dichroic splitters, full-color holography, and achromatic optical elements.
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Figure 1. (a) Schematic illustration of a unit cell structure. (b) Vector representation of superposition of two
transmitted waves by nanofins at different wavelengths. (c-f) Geometric phase profiles with respect to the
rotation angle of the nanofins. Blue solid lines denote 800 nm wavelength, red lines 980 nm, and dashed lines
are their difference. Geometric parameters (w1, l1, w2, l2, θ) are given by (c) (250 nm, 80 nm, 200 nm, 55 nm,
85 °), (d) (230 nm, 60 nm, 200 nm, 60 nm, 115 °), (e) (250 nm, 60 nm, 240 nm, 80 nm, 110 °), and (f) (250
nm, 80 nm, 200 nm, 60 nm, 75 °), respectively.
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Abstract-This paper discover ways of exploiting corresponding unequal divided circles (CUDC)
unit cells with different formations and its related electromagnetic surface wave behavior using 3D
tetrahedral eigenmode computation. Strategically placed unit cells using identified formation,
known electromagnetic surface wave can either be allowed to pass through, blocked and redirect to
desire angle within designated area. Engineered CUDC presented shows strong resonance at 5.9
GHz and produced stable electromagnetic bandgap (EBg) region from 5.9265 GHz to 5.9516 GHz.
Through extensive literature and Babinet’s guideline [1], findings shows that engineered CUDC unit cell
will exhibit a semi-static reverberation trademark once energized with an outer period changing electromagnetic
field streaming ordinarily towards CUDC unit cell plane. After a CUDC unit cell is etched on the microwave
laminate surface closed to or on the positive, negative plane. The EBG condition produced by such unit cells was
discovered able to differ undesirable electromagnetic field, spreading on the vertical plane to such conductive
layer. To model this CUDC EBg plane, various optimization and algorithm were examined [2]. Hence only a
single full wave solver was found suitable which CST MWS is. CST MWS can provide a mish mash full wave
electromagnetic wave numerical prediction accompanied by an enhancement calculation algorithm. Utilizing this
features, CUDC was found able to produce a bandgap region within the 5.9 GHz possible. CUDC-EBg was
imprinted on a FR4 laminate, thickness = 1.6 m and permittivity = 4.3.
CUDC unit cell are proposed to be organized in certain arrangement and it is observed to be adequate in
manipulating surface wave. The distinct electromagnetic reaction of CUDC unit cell can be inspected utilizing
prominent electromagnetic field hypothesis [3]. Nonetheless, constructing EBg based devices may include larger
amount of comprehension of every part [6-8] to function effectively. Therefore, exact quantitative examination
of 3D EM field impacts of EBg unit cell can be done utilizing numerical full wave means, for example,
computer simulation technology microwave studio (CSTMWS) utilized here to check both scientific and basic
modeling [4].

Simulated surface
wave movement and

A

direction

EM source

EM source
EM source

(a)
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Figure 1: Simulations of CUDC surface wave (a) Electrical surface movement at 5.9 GHz (b) Electrical field at the
wedge are seen lees visible where A is the location with no surface wave and (c) with a denser CUDC region, strong
electrical field are found resonating at the middle.

Conclusion: CUDC unit cells frequency response and EBg capability can be simulated by using eigenmode
solver. An alternative transmission route can be constructed where energy movement can be seen flowing at its
peak from Figure 1(a). From Figure 1(b), A surface wave beam separator was created that can reduce scattering
from an object dividing incident wave in a given direction. This type of formation can be used to shield regions
on a surface from surface wave incident externally or to prevent interference between two devices on the same
platform. Lastly, form Figure 1(c), a rectangular flat panel with CUDC unit cells was patterned with the aim to
alter forward and backwards scattering. This can be achieved by placing an angled electromagnetic source near
the CUDC surface that reflects incident wave in a different direction. The CUDC unit cells was arranged into
two different regions with different formation and volume.
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Abstract- Not all engineered metallic structures with the same resonance can exhibit acceptable electromagnetic
bandgap (EBg). In this paper, several metallic structures consisting of rectangular, deformed, slit patch and unequal
divided circles (UDC) were assessed its proneness in manipulating surface wave and producing targeted EBg.
Utilizing FR4 laminate, decent EBg can be achieved by using optimized structure with the correct resonance.
Results shows a stable and decent EBg region can be gained from UDC specifically from 5.9 to 6 GHz.
There can exists numerous diverse propagation constants at the similar resonance. Each one is known as a
particular mode with its own phase velocity, group velocity and electromagnetic field distribution. The relation
between phase and frequency response when plotted out and can be referred to as its dispersion attribute. This
attributes determines the bandgap behavior of the engineered metallic structure. This dispersion attribute chart is
a graph based on frequency versus spatial phase variations of the predefined parameter of phase. Here in this
paper, the phase part is selected to be swept from 0 to 180 degrees in 19 steps for an even and understandable
pace. Figure 1 shows the simulations done using periodic boundaries in the z-direction. The frequency range of
investigation starts from DC to 14 GHz for the first three metallic sample, and then Dc to 8 GHz for the
proposed structure. It is essential to monitor the dispersion curve along the phase axis with a periodicity of 2π/p
namely 0 < βxn < 2π/px , which is also known as the Brillouin zone [xxx]. By simulating the structure in the
periodic mode, field distribution of a surface wave is also periodic with a proper phase delay determined by the
wavenumber and periodicity. Thus each surface wave mode can be decomposed into an infinite series of space
harmonic waves as shown in equation (1):

(1)
Conclusion: From all the simulation work done, only metallic structure named unequal divided circles
dispersion attribute lead to the formation of desired EBg. A good and stable bandgap region exist which is
situated at 5.9265 GHz to 5.9516 GHz as highlighted in Figure 1(d). From all 7 modes investigated, apparently
there are six bandgap region. As seen, not all the region can satisfy a proper bandgap along its operating
frequency. Most of the modes are found either too wide (plot Γ to X) or too narrow (plot M to Γ) since this
unequal divided circles structure uses two different radius size that effect frequency scattering response while
introducing coupling effect.

(a)

(b)

(c)

(d)

Figure 1: Simulated metallic structures and its corresponding dispersion attribute, a) Rectangular patch – exist potential
EBg region, b) Deformed patch – no EBg region due to its narrow phase are, c) Slit patch – no EBg region due interfering
resonance spike from different modes, and d) Unequal divided circles – exist a small EBg.
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Abstract: UV plasmonic technology has enabled many advanced applications however, the design
and implementation of UV interactive metasurfaces remains challenging. To aid in the design of
such metasurfaces we demonstrate a model accurately describing the far-field response of a chiral
structured metasurface at UV wavelengths. This model is applicable to any arbitrary shape and
significantly reduces the reliance on FDTD calculations required to characterize a plasmonic
device.
UV plasmonics has produced many useful technological applications such as label-free detection of
biomolecules [1], tip-enhanced Raman scattering [2], and enhanced circular dichroism spectroscopy [3]. An
application of UV plasmonics that has, until recently, remained largely unrealized at the experimental level is the
UV interactive metasurface composed of periodic arrangements of subwavelength surface structures. These
structures are designed to act as spatial modulators of both the incident polarization and phase wavefront over
subwavelength distances. The design of devices for sophisticated applications such as right and left circular
polarization (RCP/LCP) filtering at UV presents several challenges: fabrication remains difficult due to device
scaling required at UV, material choice is crucial since typical plasmonic metals are not suitable at UV, and the
design of metasurface structures requires immense calculation resources. In regards to the latter, previous work
describing chiral nanoparticles as collections of coupled oscillators presents an intuitive picture for chiral
nanoparticle behavior [4,5]. Understanding the underlying mechanisms of chiral nanoparticles can lead to
significantly reduced design times due to less reliance on numerical solvers.
In this work an analytic model is presented describing the polarization dependent far-field response of a
UV interactive metasurface consisting of a periodic arrangement of chiral structures demonstrating strong
circular diattenuation (CD) at 350 nm (see Fig. 1), where CD
and
is the transmitted or reflected power from the metasurface with RCP (LCP) incident light. The metasurface is
characterized in Cartesian coordinates by a 2x2 polarization matrix:
(1)
where the metasurface far-field response is given by
from eq (1) for RCP and LCP incident fields CD
CD

for incident field

. The CD is calculated
giving
(2)

where the integration is over the transmission or reflection half space,
and -1 CD 1. The
polarization matrix of equation (1) is easily extracted using FDTD calculations for any two incident orthogonal
linear polarizations The resulting matrix then describes the device far field response for any arbitrary incident
polarization. This work will show the CD response of a plasmonic metasurface is not due to circular dichroism
or optical activity, but is characterized by equation (1) and hence originates from the interaction of strongly
coupled oscillatory modes in the metasurface structure. The device response can be characterized by constructive
or destructive interference in the far-field. This understanding of the far field response of plasmonic
metasurfaces can lead to a more general model describing the polarization response for any arbitrary incident
angle.
In this talk we discuss the model assisted design, fabrication, and experimental realization of an
aluminum chiral structured metasurface exhibiting strong CD at UV wavelengths. The complex interaction of
oscillatory modes leading to the circular polarization dependent modes in Figure 2 will be explored in the
context of eq (1).
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Figure 1. (a) The CD response of a periodic array of Aluminum chiral structures measured with an ellipsometer. The structures are
patterned on a fused silica substrate using ebeam lithography and ebeam evaporation (see image inset, scale bar corresponds to 200 nm).
(b) Using the SEM image in (a) as a template and ellipsometer measured permittivity of Al, the CD response of the fabricated structure is
characterized with FDTD calculations. (c) The CD response of the fabricated structure as predicted by the model described in equations
(1) and (2).
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Figure 2. The FDTD calculated field profile
distinct resonant modes at RCP and LCP.
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of the fabricated structure template at wavelength 350 nm demonstrates strongly
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Abstract We propose all-optical AND gates based on a 120-nm thick metasurface beam deflector.
The binary contrast can be maximized up to 9.5 dB by introducing an additional bias input. The
insertion loss is also evaluated as 1.5 dB with use of silver at the wavelength of 633 nm. As far as
we know, this is the thinnest linear optical logic gate satisfying the better performances. It could be
effective to configure lower latency optical computing circuits.
All-optical logic gates have been one of fundamental researches to realize scalable optical computing. Most of
them are based on nonlinear optical effects since logic operations should be performed with the nonlinearity
between input and output signals [1]. However, it is very though to achieve the device length of < 10 µm
because the effective nonlinear coefficient cannot be high enough even with using current nanophotonic devices.
On the other hand, linear all-optical logic gates also have been proposed and demonstrated by several groups
based on polarization [2], photonic crystals [3], and plasmonic waveguides [4]. Linear devices can operate
constantly even with very small input power. The length can be very short as < 5 µm if we use metal-air-metal
waveguides [2]. However, most of them do not care the huge insertion loss which constrains the cascadability.
For shorter length with smaller loss, we propose an extremely thin linear optical logic gates as illustrated in
Figure 1(a) - the cross section consists of a metasurface beam deflector (trapezoid antenna array), a silica spacer,
and a partial reflector on a quartz substrate. The total thickness except for the substrate is only ~120 nm [6]. This
gate has 6 ports in total, so we can input 3 signals independently. BC can be maximized with an additional bias
input (a beam splitter, which has 4 ports, cannot have such a bias input). (b) shows the I/O configuration for
AND operation. 2 in-phase signals and 1 out-phase bias input from Port A, B, and D are respectively input. All
the inputs are y-polarized plane waves with same wavelength of 633 nm. The input intensity from A and B are
set as unity. The output to Port C is simply determined by the multiple interference of the inputs at the
metasurface. Therefore, the bias intensity from D should be fixed according to the transmittance relationships for
the best BC (typically around 0.25 – 0.75). By investigating the structural dependences of the transmittances, the
three layer thicknesses are determined as (dMS, dSP, dBPR) = (30, 70, 18) nm to obtain the best BC with the
smallest insertion loss. (c) shows steady state responses of Ey field against all (A, B) combinations. When (A, B)
= (1, 1), we have a larger output toward Port C, otherwise less. Table (d) compares the output intensity with
different input combinations. The material difference between gold and silver is also investigated in here (in the
case of silver, the layer thicknesses are optimized as (dMS, dSP, dBPR) = (30, 80, 10) nm). For both materials, we
can obtain BC ~ 9.5 dB. When we have an unity output with (A, B) = (1, 1), the insertion loss is regarded as 0
dB. According to this definition, the insertion loss is evaluated to be ~1.5 dB with the use of silver. If we choose
a telecom wavelength, the loss can be less because of smaller absorption loss in metal.

In conclusion, we proposed a novel linear optical AND gate by utilizing an extremely thin metasurface beam
deflector with a partial reflector. Even with the thin thickness, it has better BC of ~ 9.5 dB and smaller loss of ~
1.5 dB. As far as we know, this concept should be the ultimate one to have the shortest all-optical logic gates.
Optical inverters (NOT gate) are also achievable based on the concept of bias input. Such shorter gates would be
a key technology for lower latency optical computing.

Fig. 1(a) Schematic of our proposed device (x and y spacing and length of the trapezoid antenna is respectively
fixed to 1.2 µm, 0.2 µm, and 0.8 µm). (b) Schematic of the setup for AND logic operation. (c) Simulated Ey
distribution with different input condition. Solid and broken arrows respectively denote whether the input or
output is ON or OFF state. (d) Optical I/O table with different metals (Au and Ag).
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Abstract-In the field of nonlinear optics, the capability of tailoring nonlinear optical properties in
confined area is an important issue. Here, we propose a novel strategy for designing a metasurface
that can control magnitude of nonlinear susceptibility continuously. The continuous control of the
nonlinear susceptibility is demonstrated by using X-shaped nanoantennas, which induce the third
harmonic generation due to its circular symmetry. The proposed metasurface is expected to be
applicable to nonlinear applications such as nonlinear holography and data storage.
Metasurfaces are artificially fabricated planar structures whose optical characteristics can be modified by
individually adjusting the scattering characteristics of constituent nanoantennas. Recently, metasurfaces have
attracted extensive interest owing to their numerous functionalities and potentials [1]. One of the most important
application of metasurfaces is holography. Holography is an important technique that can record and reconstruct
wavefronts of light with both amplitude and phase information. However, conventional holography, which is
based on typical optoelectronic devices such as diffractive optical elements and spatial light modulators, has
been suffering from several issues: low resolution and occurrence of noise caused by the diffraction orders and
DC components. More importantly, conventional holography techniques are based on the phase- or
amplitude-only modulation with incomplete approximations.
Owing to the benefits of metasurfaces such as compactness and the variety of the functionalities,
metasrufaces have offered novel methods for holography that overcome the defect of conventional holography.
Some studies report metasurfaces that are able to modulate phase, polarization of light, or both [2, 3]. For
simultaneous phase and amplitude modulation, metasurface with C-shaped or V-shaped nanostructures were
proposed [4, 5], but they have been still deficient; the V-shaped structure only provides imperfect modulation in
the sense that the accessible range of complex-amplitude is partial, and the C-shaped structure only operates on
Terahertz region. Therefore, full modulation of electromagnetic waves for perfect holography still remains
challenging. Recently, several studies have shown that nonlinear metasurfaces can open the new way to realize
optical holography with unique advantages. These approaches add functionalities to the optical field modulation
and permit the exploration of interesting new possibilities such as generating tailored light at new frequencies,
all-optical mode control, and generation of waveform-entangled states [6]. For this reason, nonlinear
meatsurfaces are expected to make an advantage which linear metasurfaces are hard to have.
In this study, we propose a metasurface that enables to control both phase and magnitude by manipulating
third-order nonlinear susceptibility. We have found that such metasurface can be successfully designed by using
X-shaped nanoantennas of which schematic is represented in Figure 1(a). This structure has circular symmetry,
especially C2 symmetry, so it can strongly enhance the third harmonic generation (THG).

Figure 1. (a) Schematic of X-shaped nanoantenna. (b, c) Amplitude of the transmitted light with (b)
co-polarization and (c) cross-polarization from X-shaped structure as a function of the differences between two
orientation angles of the X-shaped nanoantenna.
The basic principle of the X-shaped structure is related to Pancharatnam–Berry phase. Pancharatnam–Berry
phase can be applied to both linear and nonlinear optical regions due to its robust and dispersion-less nature, so
this remarkable nature of the Pancharatnam–Berry phase allows that the X-shaped structure can make it possible
to modulate the complex nonlinear third-order susceptibility continuously. The operating scheme was modeled
with theoretical analysis based on dipole moment modeling, and the performances of the proposed structure were
verified by using a numerical simulation based on finite difference time domain (FDTD) method. As shown in
Figure 1(b) and (c), amplitude of the transmitted circularly-polarized light is successfully controlled by the
disparity of two orientation angles of the X-shaped nanoantenna. In addition, the phase component can be fully
covered by rotating the entire structure because of the nature of Pancharatnam–Berry phase. It means that full
modulation of the complex nonlinear susceptibility can be realized. In the presentation, we will explain basic
principles of the proposed structure, and then results by numerical simulations will be discussed.
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Abstract- Electromagnetic coupling of nanoparticles in plasmonic nanostructures leads to effective
hybridization and modification in optical properties of the nanostructured metasurfaces in visible
region. In the present paper, we study the outstanding optical properties of nanodimers and
nanotrimers composed of Ag nanorods in terms of the circular dichroism (CD) and the
electromagnetically induced transparency (EIT)-like response. It is shown that breaking symmetry
of this configurations boost these optical properties. Therefore, these arrangements can be
considered as building blocks for proposing novel optical metasurfaces.
In recent years, the modifications corresponds to different phenomena have been investigated in
optical properties to develop various applications in nanooptics, bio-electromagnetism, and
complex photonics. Recent studies have revealed that (EIT)-like optical responses as well as
chiroptical features such as CD can be obtained classically using on-chip plasmonic and photonic
nanoresonators [1-4]. In plasmonic nanostructures, EIT can be controlled with the interaction of the
radiant and superradiant modes in the arrangments. Similarly, CD can be tunes with the coupling
intensity between nanoparticles and the degree of asymmetry in the nanostructure [4]. In this way,
nanodimers and nanotrimers are two of the best candidates for achieving interesting optical
properties including CD and EIT. Here, we address the optical interaction of nanoparticles in the
dimer and trimer arrangements in order to investigate the optical chirality and EIT. As a classical
model, we use the known quasi-static coupled dipoles approximation (CDA) method to study the
interaction of nanoparticles and the resulted hybridization phenomenon. In the case of inverted-T
nanotrimer, there is a special feature that breaking the symmetry leads to occurring a new mode in
contrast to the trimer case composed of nanospheres. Due to the capability of the tuning the
hybridized LSPR mode in desired direction and thus having more effective interaction between
nanoparticles, we use structures composed of nanorods in the nanodimer and nanotrimer cases to
study the optical chirality and EIT. There are different mechanisms applied to the structures in
order to break the symmetry in the structure to achieve considerable/effective EIT and CD. Fig. 1(a)
illustrate the schematics of a dimer and a trimer composed of Ag nanorods and a plane wave,
polarized along the vertical nanorod, incident normally to the structures. Extinction cross section of
the considered dimer and trimer versus different separation distance are presented in column two
and three, respectively. Figs. 1(c, f) show the numerical results and Figs. 1(d, g) represent the
theoretical results obtained via CDA approach. In the CDA method nanorods are approximated
with prolate nanospheroids (see Fig. 1(b)), which the quasi-static polarization of them is well
known [4]. As seen in Fig. 1, due to the interaction between nanorods two hybridized plasmonic
modes are induced in the nanostructures, although the polarization of the incident field is along the

z axis. For a dimer it is shown that for the symmetric T-shape dimer, two hybridized modes merge
and a single resonance at the LSPR wavelength of a single nanorod is observed. However, for
asymmetric configurations, g=-20, 0 nm, in-phase and out-of-phase hybridized modes separate
further. Similarly, in the case nanotrimer, as seen in Figs.1 (f, g), the bright mode of the
nanostructure, LSPR resonance of the vertical nanorod, splits to hybridized or dark modes. The
bandwidth and the amplitude of the induced modes can be tuned with the separation distance s.
Unusual optical properties of the dimer and trimer are shown in Figs. 1(e, h). It can be seen that
asymmetric nanodimers reveal significant CD; though, for symmetric configurations, g= 20 nm and
g= -30 nm as plotted schematically, CD vanishes. The outstanding results in Fig. 1(h) show the
transmission spectra of horizontal double nanorods, a vertical nanorod, and the corresponding
trimer while the polarization of the incident field is along the vertical nanorod. Interestingly, the
nanotrimer has a EIT-like behavior at the dark modes of the nanostructure; although it is opaque at
the bright mode of the nanotrimer. Consequently, the results of this paper are posed to have a general
significance for the field of chiral nanoplasmonics and electromagnetically induced transparency.

Figure 1. (a) Schematics of the plasmonic nanodimer and nanotrimer (b) Modeling representation of the
nanostructures with prolate nanospheroids. (c, d, f, and g) Extinction cross section of the dimer and trimer versus
g and s = d cos θ . (e) CD spectrum of the nanodimer versus different g. (h) Transmission spectra of the
horizontal double nanorods, vertical single nanorod, and the considered trimer.
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Abstract – In this work, we demonstrate self-assembly of the closely-packed plasmonic
nanoparticles (NPs) superlattice that could exhibit unnaturally high-refractive-index at optical
frequencies. We successfully synthesized highly uniform and smooth AuNPs with sphere and cube
shapes; by benefitting from this unprecedented quality of AuNPs, we approached to the practical
limits of the accessible minimum gap between AuNPs, self-assembled into large-area, close-packed
monolayer. Thus, the effect of AuNP shape on capacitive coupling, essential for unnaturally highrefractive-index, was systematically studied; the experimentally available upper limit of permittivity,
tuned via capacitive coupling, was figured out in a deterministic fashion.
Subwavelength-scaled noble metallic nanoparticles (plasmonic NPs) have emerged as a promising building
block of metamaterials which operate at visible to NIR domain (optical metamaterials).[1] For example, it has
already been reported theoretically that the 2D superlattice of metallic NPs with sub-10 nm gap can exhibit
unnaturally high-refractive index at optical frequencies.[2,3] Because an incident electromagnetic wave can be
resonantly confined to deeply sub-wavelength volume by a strong capacitive coupling between neighboring
plasmonic NPs, available effective permittivity εeff can be significantly enhanced. However, there are stringent
requirements to achieve a ultrahigh effective permittivity εeff, including highly uniform and smooth plasmonic NPs,
exquisite control over NP shape, and ultrasmall (less than 10 nm) and uniform gap between NPs. Unfortunately,
conventional chemical synthesis (e.g. controlled growth of sodium citrate capped small seed NPs) have allowed
for a relatively polygonal shape and disperse size of AuNP.[4] As such, the previous researches on the plasmonic
NP superlattice-enabled ultrahigh-refractive-index optical metamaterials have been limited to a theoretical
peculiarity.[5]
To address this challenge, we synthesized the highly uniform and smooth Au NPs with a different shape (i.e.,
nanospheres (NSs) and nanocubes (NCs)) by iterative growth and etching methods. Then, as shown in Figure 1(a)-(d),
convective-assembly technique was exploited to obtain large-area Au NSs and NCs superlattice. As capillary force,
driven by selective evaporation of solvent at meniscus, can continuously push AuNPs to be closely packed, the gap
between AuNPs in principle can be minimized.[6] In particular, the thickness of organic ligand (1~2 nm) defines the
minimum gap. More importantly, the unprecedented quality of AuNSs and AuNCs in terms of smoothness and size
uniformity allowed us to achieve an experimentally accessible minimum gap over the large area. Thereby, we figured
out the practically limits of capacitive coupling between AuNPs and the resultant effective permittivity εeff. The far-field
measurement results including reflection and transmission (Figure 1. (e)-(h)) and their comparison with numerical
simulation confirmed an effectively available gap between AuNPs (less than 5 nm). Furthermore, we used a dressed

polarizability theorem to rationalize capacitive coupling and effective permittivity εeff;[7] experimental verification of
effective permittivity εeff also was carried out thorough quantitative phase imaging method (QPIU).[8]

(e)

Figure1. Self-Assembled AuNPs Monolayer obtained by convective assembly and far field optical response.
(a-b) Optical microscope images of 60nm AuNS monolayer. (a) Bright field, (b) Dark field. (c-d) 60nm AuNC
monolayer (c) Bright field, (d) Dark field (scale bar 10μm). (e-f) Reflectance and transmittance of 60mn AuNS
monolayer. (e) Experimental result of 60nm AuNS monolayer. (f) Simulation result of periodically hexagonal
packed AuNS monolayer with gap 5 nm. (g-h) As with (e-f), (g) and (h) are the results of 60nm AuNC with gap
5nm. Insets in (e),(g) are scanning electron microscope(SEM) images (scale bar 2 μm)
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Abstract- We present coherence-controlled holographic microscopy as an ultimate tool for 3D
wide-field phase imaging finding direct application in characterization of optical fields formed by
metasurfaces. Proof-of-concept experiments were performed on individual plasmonic antennas and
on a specific metasurface – a focusing zone plate made of plasmonic nanodiscs.
Coherence-controlled holographic microscopy (CCHM) is a real-time, wide-field, and quantitative
light-microscopy technique enabling 3D imaging of electromagnetic fields, providing complete information
about both their intensity and phase. It has been patented by a member of our team and until now utilized
exclusively in bio-applications only [1]. However, these attributes make also CCHM a promising candidate for
performance assessment of phase-altering metasurfaces, a new class of artificial materials that allow to
manipulate the wavefront of passing light and thus provide unprecedented functionalities in optics and
nanophotonics.
In our study, we report on our investigation of phase imaging of plasmonic metasurfaces using this technique.
We demonstrate its ability to obtain phase information from the whole field of view in a single measurement on
a prototypical sample consisting of silver nanodisc arrays. The experimental data were validated using FDTD
simulations and a theoretical model that relates the obtained phase image to the optical response of metamaterial
building blocks. Finally, in order to reveal the full potential of CCHM, we employed it in the analysis of a
simple metasurface represented by a plasmonic zone plate (Fig. 1). By scanning the sample along the optical axis
we were able to create a quantitative 3D phase map of fields transmitted through the zone plate. The presented
results prove that CCHM is inherently suited to the task of characterization of optical fields formed by
metasurfaces. Moreover, as the temporal resolution is limited only by the camera framerate, it can be even
applied in analysis of actively tunable metamaterials.
CCHM has no similar limitations one can find in other techniques for the phase imaging, such as
ellipsometry (poor lateral resolution and complex evaluation), scanning aperture-less near-field optical
microscopy (inherently slow) and current interferometric methods (one sample spot at a time only). Hence,
CCHM brings a considerable progress for the quantitative phase imaging in the important and vivid field of
photonic metasurfaces and other optical systems.

Figure 1. Left: Plasmonic zone plate consisting of concentric rings alternatively filled with silver plasmonic
nanodiscs of two different diameters (two distint plasmon resonance frequencies) on a transparent substrate. The
plate is illuminated from bottom and the transmitted light (comprising of incident and scattered component) then
interferes with the light in the reference arm at an oblique angle, allowing to retrieve the phase and amplitude of
the wave at each point of the sample (zone plate) and above it. Right: 3D visualization of the measured total
phase distribution in the half-space above the plasmonic zone-plate.
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Abstract - Reflection-type reconfigurable metasurfaces are proposed for spatial light modulation of
visible light at subwavelength scale. The structure is based on a subwavelength metal grating that
can couple the incident light to the gap plasmon mode and modulate it through cavity resonance. By
using chalcogenide phase-change materials, the optical characteristics of the structure can be
switched between two states so that it can generate the desired spatial light distributions. Numerical
simulations are performed to verify the proposed structure.
Spatial light modulation with subwavelength resolution has the fundamental advantage of continuous
wavefront manipulation, which is free from the unwanted high-order diffraction that occurs in conventional
diffractive optical devices. In this regard, in recent years, various novel methods have been proposed for
subwavelength-scale wavefront control, based mainly on metamaterials and metasurfaces [1]. However, most of
them are currently taking a way of passive-type modulation, which is inadequate for dynamic applications.
In this study, a subwavelength plasmonic structure is proposed in order to generate two-level spatial
distributions of a wave field that can be reconfigured. Figure 1(a) shows the design of the unit cell, basically a
subwavelength grating in which light modulation is performed by cavity resonance of gap plasmons [2], and
tunability can be achieved by a thin layer of the phase-change material Ge2Sb2Te5 (GST). By either electrical or
optical pulses, the state of the GST can be reconfigured between amorphous and crystalline, switching the
optical property accordingly [3]. It should be noted that the protective layer of indium tin oxide (ITO) can
provide the function of electrical switching of the GST by using Joule heating. Figure 1(b) shows the
numerically calculated spectral reflectance and phase difference of the proposed structure with respect to the two
GST states. Here, a transverse magnetic wave is normally incident on the structure, and periodic boundary
conditions are applied for both x and y directions. The numerical results show that, based on the structure,
reflection-type reconfigurable plasmonic metasurfaces can be realized, which can be promising candidates for an
advanced holographic display.

Fig. 1. (a) Unit structure for reconfigurable subwavelength-scale spatial light modulation, using phase-change
materials. The thickness of each layer is indicated in parenthesis. (b) Numerically calculated spectral reflectance
and phase difference for the two states of the GST layer.
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Polarization Dependent Light-Matter Interaction with Metal
Surfaces and Metasurfaces
Pieter G. Kik1,2,*, Chatdanai Lumdee2, Vrinda Thareja, Majid Esfandyarpour, and Mark L. Brongersma
1
Geballe Laboratory for Advanced Materials, Stanford University, Stanford, CA, USA
2
CREOL, The College of Optics and Photonics, Orlando, FL, USA
*
corresponding author: kik@creol.ucf.edu
Abstract-The large free charge concentration in metals enables strong light-matter interaction,
allowing for nanoscale engineering of emission efficiency and radiation patterns. However, the
large conductivity of metals also strongly suppresses lateral fields, reducing excitation and emission
rates related to lateral polarization. Here we show that subwavelength patterning of metal surfaces
can overcome the deleterious effect of lateral field suppression, resulting a large, reproducible, and
quantitatively understood enhancement of Raman scattering from graphene in close contact with a
metasurface.
Metals can dramatically alter the optical response of near-surface emitters and scatterers. For example,
scattering by plasmon resonant metal nanoparticles can be strongly modified near metal surfaces due to
interaction of the nanoparticle with image charges.1 However, since good conductors efficiently suppress
tangential field components, emission and scattering processes that involve polarization along the metal surface
are strongly suppressed. As a result, the optical response of scatterers and emitters near metallic surfaces is often
dominated by surface-normal polarization contributions. This limitation can be circumvented by modification of
the effective surface impedance. Under normal incidence illumination from vacuum, the electric amplitude
reflection coefficient is governed by the impedance of vacuum Z0 = √(µ0/ε0) and that of the substrate ZS =
√(µS/εS ) according to

r=

Z S − Z0
Z S + Z0

(1)

For metals with large negative permittivity (small negative impedance) this results in large reflection with
reversed field amplitude, corresponding to suppressed tangential fields. However by subwavelength patterning of
a metal film, its impedance can be modified, and under certain conditions an electric field maximum can be
attained near the surface. Thus by engineering the impedance of such metallic metasurfaces, it becomes possible
to significantly modify emission and scattering of lateral polarization contributions.
Here we investigate the enhancement of gold photoluminescence (PL) and Raman scattering. We compare the
role of polarization in gap-plasmon-enhanced gold PL and magnetic-mirror-enhanced Raman scattering from
graphene. Graphene is an ideal reporter of near-surface tangential field enhancement on metasurfaces. First, its
two-dimensional extended nature allows it to be in close contact with a large nanostructured region. Second, it
features distinct Raman peaks with relatively large shifts. Finally, its 2D nature results in a strongly anisotropic
Raman response, making it especially sensitive to tangential fields.

Figure 1: (a) Schematic of a graphene draped metallic metasurface. (b) Scattering spectrum of single-layer
graphene on a gold film (green curve) and on a gold metasurface acting as a magnetic mirror (blue curve),
showing different enhancement of the gold photoluminescence and of the Raman signal from in-plane graphene
phonons.
First it is shown that gold PL enhancement by gap plasmons can be quantitatively described using a combination
of numerical simulation and the assumption of reciprocity. Second it is shown that graphene Raman scattering
enhancement on metasurfaces consisting of subwavelength groove arrays can be quantitatively described by
simulated electromagnetic fields and invoking reciprocity. We show how the full tensorial nature of the graphene
Raman response must be taken into account. The results highlight the unique nature of graphene as a reporter of
tangential near-fields, and demonstrate the potential of surface impedance engineering for the control of
polarization dependent light matter interaction.
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Abstract
In this paper, a triangular shaped left handed meta-surface
based on the meta-atom cluster has been demonstrated for
C-band application. A modified version of the resonators is
connected together to form like a triangular shape structure.
The Finite integration technique based CST Microwave
Studio electromagnetic simulator has been used for design,
simulation, and investigation. Measurement is also done and
the measured and simulated results are well complied
together. The measured results show resonance peaks of
transmission coefficient in 7.40 GHz and the left handed
characteristics is exhibited from 16.66 GHz to 18.0 GHz. In
addition, electric lumped circuit model based on the
inductor and capacitor of the proposed meta-surface is also
design and analysed. Due to the resonance in C-band the
proposed meta-surface structure is flexible for EMcloaking, Imaging, radio communication, etc.

the antenna performance by using as radiating patch or
parasitic elements or ground plane, filter design, perfect
lenses, hyper lenses, aberration free lenses, etc. Moreover,
few research on these studies has been reviewed for
understanding the properties of these man-made artificial
materials.

1. Introduction
The concept of metamaterials was originally introduced for
electromagnetic waves, which is now classified as
electromagnetic meta-surface. In nature, electromagnetic
metamaterials are man-made structures patterned on the
sub-wavelength scale in order to achieve exotic
functionality, which possess peculiar electromagnetic
properties not seen in natural materials. The
electromagnetic characteristics of electronic materials are
primarily determined by the physical parameters of the
permittivity, permeability, and conductivity. All loss less
electromagnetic materials can be classified as shown in
figure 1. According to the signs of permittivity and
permeability, where DPS denotes double positive (ε>0 and
μ>0), ENG denotes Epsilon negative (ε<0 and μ>0), DNG
denotes double negative (ε<0 and μ<0), and MNG denotes
Mu negative (ε>0 and μ<0). In particular, materials with
simultaneously negative permittivity and permeability are
also called left handed or negative-index or double negative
metamaterial. With the rapid growth of the communication
systems the demand of the meta-surface has been
extensively increased not only for the meta-surface exotic
electromagnetic properties but also for their promise for
applications like invisible cloaking, electromagnetic
absorption, specific absorption reduction (SAR), enhanced

Figure 1. Wave propagation properties through the medium.
Ziolkowski et al. developed a metamaterial by capacitor
loaded strips and split ring resonators in 2003, which
exhibited negative permittivity and negative permeability
both at the X-band frequencies [1]. A periodic array, where
the unit cells consists of two symmetrical π-shape wire and
the negative-refractive band lies between 11.20 GHz and
13.05 GHz. Besides, high transmission with low loss occurs
between 11.95 GHz and 12.50 GHz in case of the designed
structure proposed by Chun et al. [2]. A dual band metaatom as a negative permittivity metamaterial and had two
stop bands at around 5.41 and 6.70 GHz, whereas the
measured results are almost, 5.55 and 6.80 GHz was
introduced in 2015 [3]. In addition, a compact z-shaped
double negative metamaterial for wide band applications
was presented by Hasan et al. The 10×10 mm2 structure
metamaterial unit cell was applicable for C- and X-band
operations and the effective medium ratio was 4.0. Besides,
the designed DNG metamaterial different structure are also
investigated with the equivalent lumped circuit model [4]. A
metamaterial embedded microstrip patch antenna was
introduced for microwave C-band (from 3.77 to 6.58 GHz)
applications that composed of a rectangular metamaterial

embedded patch, microstrip-fed line and a partial ground
plane. The antenna shown fractional bandwidth 54.97 % at
the central frequency and the radiation efficiency varied
from 85 % to 97 %, whereas the peak gain from 1 dB to 4.5
dB in different frequencies [5]. In addition, a z-shaped left
handed metamaterial for wide band applications was
presented, which applicable for C- and X-band application.
The designed structure shown left handed characteristics in
8.50 GHz, bandwidth of 5.67 GHz, and the effective
medium ratio was 9.10 [6]. A metamaterial based microstrip
patch antenna, optimized for bandwidth and multiple
frequency operations by criss-cross metamaterial structure
had been proposed, whereas the criss-cross shape
metamaterial structure was inspired from the famous
Jerusalem cross. This metamaterial antenna improvement in
bandwidth without reducing the gain in the C-band. The
results shown the bandwidth of the metamaterial embedded
was 610 MHz but the bandwidth of the simple patch was
300 MHz, as a result the enhancement of 310 MHz was
achieved with a gain of 4.45 dB [7]. A meta-atom sensor
based on planar hexagon split ring resonators was reported
which structure was designed to operate in terahertz regime.
In addition, a modified version of split ring resonator was
simulated for sensing dielectric changes by placing thin
dielectric layers as sample materials on the full frontal
surface of the sensor. The real part of permittivity and
permeability remains from 3.90 to 4.10 THz and the quality
factor was 95.0 [8]. A negative index metamaterial with two
components analysis for C- and X-band had been
introduced by Islam et al. and the structure had two arrows
and a metal arm was connected the two arrows that looked
like a double arrow shape printed on the epoxy resin fibre
and the epoxy resin formation processes were also
explained step by step in 2017 [9]. A single layer negative
index meta atom was analysed that was developed by an
outer and inner split ring resonators with inverse E-shape
metal strips of copper were connected with the outer ring
resonator. This designed meta-atom structure illustrated the
bandwidth of 5.81 GHz, which was applicable for C-, Xand Ku-band applications. Moreover, due to the total
dimension of 0.2λ×0.2λ×0.035λ and effective medium ratio
of 5.0 the proposed meta-atom structure was suitable for the
practical applications [10]. In addition, a microwave
metamaterial absorber was designed that resonance at C-,
X- and Ku-band with double negative characteristics as well
as the absorption peaks were respectively, 82%, 67%, and
93% at 6.22, 8.76, and 13.05 GHz in [11]. In [12] a robust
nature inspired optimization technique had been discussed
for evolving optimal design for soft, hard and balanced
meta-surfaces that would be used as broadband low-loss
liners in anisotropic and dispersive boundary mode horn
antennas. A double-negative metamaterial for 0.5 to 7 GHz
frequency range applications was presented by Ikbal et al.
in 2015. They investigated the effects of the size of the
single unit cell of the metamaterial structure on the
resonance frequency and on the double negative
characteristics. However, the designed unit cells were
exhibited negative permittivity and permeability
simultaneously in the S-band (2.95 to 4.00 GHz), and C-

band (4.00 to 4.95 GHz and 5.00 to 5.57 GHz) in
microwave frequency range [13].
The aim of this paper is to demonstrate a meta-surface
based on meta-atom cluster for C-band application
numerically and experimentally. The proposed structure is
designed by the metallic strips, where the metallic strips are
connected together at a central point and look like a
triangular shape. The size of a single unit cell is 7×7 mm2
and the effective medium ratio is 5.80 that means the
proposed meta-surface structure compact in size. Moreover,
the measured transmittance (S21) shows resonance in 7.40
GHz and the left handed characteristics exhibits from 16.66
to 18.0 GHz for any of frequency points in this frequency
range. In addition, the lumped circuit model for the proposed
meta-surface has been designed with the total inductance
and capacitance determined equations. In the circuit model
the gaps and splits in every resonator produce the
capacitance and each metal strip is responsible for
generating the inductance. This paper is organized as these
manner, the meat-surface structural design with schematic
and fabricated view is shown in section 2 and Section 3
illustrated the proposed meta-surface extraction process with
the mathematical explanation. Besides, the equivalent
lumped element circuit model through the developed total
inductance and capacitance equation to calculate the
resonance point of the proposed meta-surface in the same
section. The measured and simulated results with the
effective medium parameters (permittivity, permeability,
and refractive index), and reactance impedance (surface
impedance) of the designed meta-surface has been discussed
in section 4, and section 5 conclude the paper.

2. Meta-surface Design
The meta-atoms are periodically arranged in the form of
cluster with optimized geometric dimensions is shown in
Fig. 2(c). Every single unit cell of the proposed structure
contains metallic strips, where the strips are connected
together and form like a triangular shape structure. The
designed structure printed on an FR-4 material that
permittivity of εr= 4.25, loss tangent of tanδ= 0.02, and
thickness of t= 1.60 mm. The effect of the dielectric
thickness response, as the thickness increases resonance
frequency of the proposed structure shifts to the lower
frequencies since the increment of the thickness increases
the inductance of the structure. This results in reduction of
the resonance frequency of the lumped resonance circuit.
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Figure 2: Proposed Meta-surface: (a) Schematic structure,
where the geometric dimensions L= 7.0 mm, W= 9.0 mm,
P= 8.50 mm, t=1.60, and g= 1.50 mm. The metal is 0.5 mm
in width (d) and 0.035 mm in thickness (h); (b) Fabricated
(7×7-mm2) single unit cell, (c) Fabricated array structure.
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3. Methodology and Equivalent Circuit Model
The Finite integration technique based commercially
available computer simulation technology Microwave
Studio is adopted for all the design and numerical
investigations. Two boundary conditions are commonly
used for the computation of meta-surface parameters:
periodic boundary condition and perfect electromagnetic
conductor boundary condition. Periodic boundary
conditions are usually applied for simulating a part of the
mass framework by modelling its small part with the
absence of proper surface. The perfect electromagnetic
conductor boundary condition is the generalization of
perfect electric conductor and perfect magnetic conductor.
For the simulation of the proposed fractal meta-surface
absorber EM-waves are propagating along the z-axis,
whereas the x- and y-axis are respectively considered as a
perfect electric conductor and perfect magnetic conductor
boundaries. Frequency domain solver with tetrahedral mesh
have been utilized for the simulation and the impedance has
been set to 50Ω. However, the retrieving procedure of the
effective parameters are given as follows [14],
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where ‘d’ is the thickness of the substrate, ‘Z’ is the
normalize impedance, ‘k0’ is the wave vector, ‘R01’ is the
sample interface, ‘S11’ is the reflection coefficient, and ‘S21’
is the transmission coefficient. From the equivalent lumped
circuit of the designed structure [6, 10, 15], the three branch
equivalent impedance are respectively,
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the antennas to measure the scattering and effective medium
parameters. From figure 4(a,b) the current is flowing inner
and outer direction in every branch of the triangular-shape
meta-surface. The arrows indicate the direction and the
color describe the intensity of the flowing current. At the
resonance point the intensity of the current is the highest,
whereas the stop bands are created at the null point by the
minimization of the current through flowing currents
opposite direction. The field distributing in the substrate
board of the proposed structure is plotted in figure 4(c-d).
The inductive net electric dipole moments yield when the
current flows on the triangular-shaped metal patterns and
are anti-parallel to the incident electric fields, providing the
negative permittivity. Although the gap is capable of
providing a capacitance, it is unable to excite the oscillation
of current and play the role of accumulating charges whose
dipole moments are anti-parallel to electric fields.
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The total inductance of the designed structure can be figure
out from the equation,
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where the free-space permeability is 4π×10−7 H/m and
permittivity is 8.85×10−12 F/m As the proposed structure
consist of inductive-capacitive circuit, so the resonance
frequency would be,
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(a)

From figure 3, the inductive effect is formed by the
metallic part and the capacitive effect is induced by the gaps
and splits. The rise of the inductive and capacitive effect
minimizes together. Because, if the inductance raise
resonance point shifts toward lower frequency and the
resonance points shift to a higher frequency for the increase
of capacitive effect. However, the total inductance and
capacitance describes the resonance points of the proposed
meta-surface structure depend on the design specifications.
The variation of any geometrical parameters corresponding
to the change of the total inductances and capacitances
causes the shift of the resonant frequencies.

(b)

(c)

Figure 3: Equivalent lumped circuit model of the proposed
triangular shape meta-surface single unit cell structure.

4. Measurement Validation and Result Analysis
The fabricated triangular-shape array of meta-surface is
placed between the horn antennas for the measurement
validation. The EM-waves are propagated along z-axis to
incident on the fabricated structure and the electric and
magnetic boundaries are considered x-and y-axes. An
Agilent N5227A vector network analyzer was connected to

(d)
Figure 4: (a) Surface current distribution, (b) Current
density, (c) Electric field, and (d) Magnetic field of the
proposed meta surface unit cell at 7.40 GHz.
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Figure 5(a) represents the simulated and measured
transmittance of the triangular shape meta-atom cluster,
where the results are well complied together. The simulated
result shows transmittance resonance in 7.41 GHz and
13.60 GHz and the magnitude of those resonance points are
respectively, -23.17 dB, and -15.22 dB. In addition, the
measured results resonance points are around 7.40 GHz (Cband) and 13.61 GHz (Ku-band), whereas the estimation of
the magnitudes is respectively, 14.0 dB and 23.5 dB. Figure
5(b) exhibits the reactance impedance of the designed meatsurface structure, where the reactance impedance at 8.61
GHz is -26.69+10.44j.

characterized as left handed meta-surface for any frequency
points in the frequency range from 16.66 to 18.0 GHz.

(a)

(a)

(b)

(b)
Figure 5: (a) Simulated and measured transmittance of the
meta-atom cluster, (b) Magnitude of the reactance
impedance of the proposed structure.
In figure 6(a) the real value of negative permittivity range
from 4.68 to 7.68 GHz, 8.58 to 12.15 GHz, and 16.66 to
18.0 GHz respectively bandwidth covers 3.0 GHz, 3.57
GHz, and 1.34 GHz. In addition, the negative real
permeability from 8.42 to 16.76 GHz, and 16.66 to 18.0
GHz, where the bandwidth covers respectively, 8.34 GHz
and 1.34 GHz in figure 6(b). Further, figure 6(c) shows the
negative refractive index absolute value from 4.06 to 7.15
GHz (bandwidth of 3.09 GHz), from 8.08 to 11.63 GHz
(bandwidth of 3.55 GHz), and 16.66 to 18.0 GHz
(bandwidth of 1.34 GHz). However, from 16.66 to 18.0
GHz the effective medium parameters (permittivity,
permeability and refractive index) shows negative regime.
So, according to the left handed characterise the proposed
meta-surface based on meta-atom cluster can be

(c)
Figure 6. Real amplitude of the proposed meta-surface, (a)
Permittivity, (b) Permeability, (c) Refractive index.

5. Conclusions
The triangular-shape meta-surface by meta-atom cluster
exhibits left handed characteristics at microwave frequency
is reported in this paper. The results display the
transmittance in 7.40 GHz and the size of the single unit
cell is 7×7 mm2. Moreover, the complete circuit model
allows to derive an analytical expression of the total
inductance and capacitance for the resonance point of the
proposed design. It is clearly shown that the proposed metasurface is insensitive to both TE and TM polarizations as

5

well as TEM mode throughout the whole of the operating
frequency band. This characteristic of the designed metaatom cluster is very significant since the proposed model
has many advantages compared to those in the literature.
Moreover, the electric field and surface current distributions
are introduced and analysed to better understand of the
mechanism. Finally, due to the compactness the designed
left handed meta-surface has been potential for the
performance enhanced of antenna performance, filter, EMcloaking, long distance radio communication applications.
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Abstract-This work reports a silicon nitride metasurface that can control the refraction angle
of transmitted light at visible wavelength for high transmission efficiency. We numerically
simulated the refracted wavefront transmitted through metasurface by tuning the length and
the width of rectangular nanoantennas and aligning different-sized nanoantennas in a
sub-array. The refraction angle can be adjusted by a unit cell size and number of element
antennas in a sub-array.
Metasurface, which is a two-dimensional structure composed of subwavelength-sized antennas, can
control the amplitude, phase, and polarization of light. For a phase gradient metasurface which manipulates the
wavefront of the transmitted light, it is possible to refract light in an anomalous direction by varying the shape or
size of the antenna. However, metal metasurfaces are inappropriate for practical uses in visible light, due to
Ohmic losses. Dielectric metasurfaces with relatively high refractive indices have been studied, based on silicon1,
2
and titanium dioxide3, but their absorption loss at visible wavelength is not negligible. We use silicon nitride,
which fully covers 0 to 360 degree phase delay as well as exhibiting high transmittance at visible wavelength.
In this work, we report silicon nitride metasurface composed of rectangular nanoantennas on a quartz wafer
(Fig. 1). To cover entire 0 to 360 degrees of phase delay at a wavelength of 633 nm, the height and unit cell size
should be comparable with the wavelength4. Six antennas of different sizes are made up of sub-array of
metasurface, and each antenna shows 60 degrees phase increments. The wavefront of light transmitted through
this sub-array is refracted in an anomalous direction.
To optimize silicon nitride antennas with consistent phase increments. The width and length of a
rectangular nanoantenna with a fixed height of 633 nm and a unit cell size of 500 nm are varied by a finite
difference time domain (FDTD) method (Fig. 2). Silicon nitride antenna shows an electromagnetic resonance
with an abrupt phase change showing zero phase (green) as shown in Figure 2 (b). The transmittance at a width
of 380 nm (black line) of Figure 2 shows a consistent values even if the length is varied, and the lowest value
shows a relatively high transmittance of 0.72. In addition, the phase at the width of 380 nm includes a phase
shifts of 0 to 360 degrees, which is suitable for a phase gradient sub-array.
We choose four, six, and eight antenna elements (phase increment of 90, 60, and 45 degrees) in a sub-array
Si3N4 metasurface of 380 nm width. The phase of plane wave propagating though the metasurface is numerically
calculated (Fig. 3). For a sub-array with a unit cell size of 450 nm in Figure 3, the refraction angles are 17.6,
11.9, and 8.9 degrees, respectively. In addition, by changing the unit cell size and number of elements in a
sub-array, the refraction angle can be manipulated through the metasurface. This results show possibilities of
manipulating shape of an optical wavefront using silicon nitride metasurface.
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Figure 1. Schematic illustration of silicon nitride metasurface at visible wavelength.

Figure 2. Calculated (a) transmittance and (b) phase as a function of width and length.

Figure 3. Calculated phase distribution passing through Si3N4 metasurface. Each figure has different
refraction angles with different number of elements: (a) 4, (b) 6, and (c) 8, respectively.
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Widely Tunable Semiconductor Antennas for Reconfigurable
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Abstract-The ability to engineer the optical phase at subwavelength dimensions has led to
metasurfaces that provide unprecedented control of electromagnetic waves. To reach their ultimate
potential, metasurfaces must incorporate reconfigurable functions. The central challenge is
achieving large tunability in subwavelength elements. Here, we describe two different approaches
for achieving order-unity refractive index shifts: free-carrier refraction and thermo-optic tuning
We experimentally demonstrate wide tuning of single-particle infrared Mie resonances through doping1, and
demonstrate simulations of electrically reconfigurable III-V heterojunction metasurfaces based on these effects2,3.
We conclude with recent experimental demonstrations of dyamic, ultrawide tuning of Mie resonators based on
two distinct thermo-optic effects: 1) modifying the electron mass and carrier density in InSb and 2) exploiting
the anomalous temperature-dependent bandgap of PbTe.
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Raman scattering of MoS2 enhanced by Ag nanoparticles
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Abstract- Raman scattering, a fingerprint method to nondestructively obtain information about
the lattice vibration of a crystal, has been widely used to characterize a monolayer of MoS2.
However, the intensity of Raman scattering from the MoS2 monolayer is usually very weak for the atomic
thickness of this materials. Based on localized plasmon resonances of silver nanoparticles (Ag NPs) with the
size of several tenths of nanometer, we obtained a dramatic enhancement for Raman scattering of MoS2 as the
Ag NPs were dispersed on the monolayer of MoS2. We also observed that the intensity of Raman scattering is
deeply dependent on the polarization of incident light, which is due to the property of localized plasmon
resonances of Ag NPs.

As shown in Fig. 1(a), the sample
was prepared by dispersing Ag NPs on
the monolayer MoS2. We focused the
laser on the place indicated by the arrow
and then got the Raman spectra of the
monolayer MoS2 enhanced by the Ag
NPs showed in the Fig. 1 (b) by changing
the directions of the linearly polarized
light marked above the curves in the
Fig.1 (b). The Raman spectra of the
MoS2 without Ag NPs was also obtained
as shown by the green curves in the Fig.1
(b).
Obviously, a dramatic enhancement

Fig. 1. (a) Optical image of the monolayer MoS2 with Ag NPs. The light
illumination point is indicated by arrows. (b) Raman spectra of the

for Raman scattering of MoS2 with the Ag

monolayer MoS2 excited by 633nm laser without Ag nanoparticles(green

NPs was observed with the enhancement

curves) and with Ag nanoparticles

other curves

. The directions of the

factor about 4~5. Furthermore, the
linearly polarized light are marked above the curves.
enhancement factor increases when the
polarization was varied from 0 to 40 .
However, it begins to decrease from 40 to 80 . This phenomenon can be attributed to that the coupling
strength of localized plasmon resonances between interparticles which is dependent on the polarization of
incident light.
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Abstract- In a manufacturing process of a nano-size product, sensing a structure is challenging
theme. For sensing the nano-size structure, we propose analyzing the 3D far field of plasmonic ruler
which composed of two silver nanoblocks separated by 10 nm thickness of an air gap. When upper
nanoblock slightly shifted to x or y-axis, it causes the considerable change of far field of the
specific wavelength, which occurs plasmonic coupling, in comparison with original one. This
change of far field cans simply detecting structure.
Between the two silver nanoblocks, there is plasmonic coupling at a particular resonant wavelength when the
incident light propagated to the structure. We can measure a slight movement of an interval between two metal
blocks via observing cavity mode of the resonant wavelength [1]. In addition, since the length of block width and
height are different from each other, there is two kinds of resonant wavelength; caused by incident light in the
direction of x axis and y axis. When the upper block moved towards x or y axis, it leads to distinct results of
resonant wavelength and far field.

Figure 1: Schematic diagram of proposed a plasmonic ruler composed of two silver nano-blocks. Between the blocks there is an air gap
with 10 nm thickness. (a) Original Structure, (b) Shifted Structure.

As shown in figure 1 (a), we propose plasmonic ruler that comprises of two parts, upper silver nanoblock
and the lower one. Two blocks, which have the same scale of three dimensions Wx=200 nm, Wy=150 nm and
height=100 nm, are separated by 10 nm air gap. When an incident light of X or Y axis heads to the proposed

structure, cavity mode of the resonant wavelength of plasmonic coupling is confined between the silver blocks.

Figure 2: (a) Graph of Scattering Cross Section. The red line presents the original structure of scattering cross section and the black one
presents the shifted structure. The 3D far field of resonant wavelength of 1020 nm is confined inside the air gap (b) in the original
structure and (c) in the 10 nm shifted structure.

We investigated the 3D far field of the structure with a three-dimensional finite elements method (FEM).
For an incident light of X axis, the red line of scattering cross section graph in Figure 2 (a) is shown that
plasmonic cavity mode with the resonant wavelength of 1020 nm is highly confined through the gap of air. On
resonant wavelength of 1020 nm, the far field is illustrated in Figure 2 (b). As upper block shifts 10 nm to the X
axis, resonant wavelength slightly decreases from 1020 nm to 1000 nm, according to scattering cross section
graph of Figure 2 (a). In addition, Figure 2 (c) shows the 3D far field of 10 nm shifted structure with the resonant
wavelength of 1020 nm, which indicates significant change compared with the former 3D far field. Therefore,
analyzing 3D far field allows understanding the structure since slightly shifted structure results in considerable
difference of far field
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Abstract- We investigated the optical scattering property of crescent-shaped split-ring resonator (SRR)
fabricated by the nanosphere lithography method. The magnetic resonance of single gap SRR was able
to be excited in an optical magnetic field by using the total reflection of the prism. It was clarified to
contain a polarized component different from the incident light as a result of observing the scattered
light from SRR.
The split-ring resonator (SRR) cause magnetic resonance near the LC resonance frequency and change the
permeability of the SRR metamaterial. The electric and magnetic fields are expected to be enhanced when
magnetic resonance occurs in SRRs. Then, SRR not only is used as a unit cell of the metamaterial but also using
it as an antenna of the unit is also interesting. We investigated the optical scattering property of single-gap SRR.
We fabricated single-gap crescent-shaped gold SRR of the diameter of about 100 nm on the glass substrate
using the nanosphere lithography (NSL) technique [1,2]. The light of the TE polarization was entered by the
configuration shown in Fig.1 (a), and evanescent wave that occurred along with total reflection was entered into
SRR. The scattered light spectra of single isolated SRR are shown in Fig.1 (b). The spectral peak of the Ey
polarization of the same component as the incident light was a wavelength of around 700 nm. This peak means
the electric dipole in the same direction as the incident light was excited by the localized surface plasmon
resonance of SRR. On the other hand, the scattered light of Ex polarized component different from the incident
light appeared in the wavelength around 900 and 600 nm. This phenomenon means the loop electric current
flowed in SRR by the magnetic resonance of SRR excited in an incident magnetic field.

Fig.1 Experimental setup(a) and scattered light spectra of a single SRR(b)
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Abstract
This paper presents the design of plasma antenna array for
Wi-Fi application, operating at 2.4 GHz. In this experiment,
four pieces of a commercially available fluorescent tube
function as a plasma antenna, with same length and
diameter was used. The proposed antenna is simulated using
CST Microwave Studio to study its performance. The
measured return loss, radiation pattern and signal
propagation of this proposed antenna is also presented. The
experimental and analysis of this study are discussed.

1. Introduction
The Plasma is the fourth state of matter after solid, liquid
and gases. Therefore, plasma antenna is a type of antenna in
which the material conducting element of a metal is
replaced by plasma, to either transmit or receive a radio
signal. When a plasma tube is energized with sufficient
electrical power, the gas inside the tube will be ionized into
plasma state, where it becomes conductive. There are many
plasma antenna that have been reported, which use plasma
elements instead of metal conductors [1–3]. Plasma
antennas are also useful in application for stealth [4], radar
[5] and re-configurability [6-8]. Reconfigurable antennas
have very attractive features such as the capability to
reconfigure themselves alone, to adapt to change or with the
system to perform entirely different functions. The
reconfigurable antenna is also capable of providing a single
antenna for the use with multiple systems [9].
Plasma is ionized gas. The ionization degree can vary from
100% which are fully ionized gasses, to very low values or
partially ionized. Plasma frequency is a natural frequency of
the plasma and is a measure of the amount of ionization in
plasma. Equation (1) shows the plasma frequency equation.

density [m-1] and is the free space permittivity [F/m]. The
collision frequency equation is given in Equation (2).

(2)
Where ne is the electron density [1/m3], K is Boltzman’s
constant and Te is electron temperature of the plasma
elements.
In this paper, an array plasma antenna using a fluorescent
tube, operating at 2.4 GHz is designed. This paper is divided
into five sections as follows: Section 1 discus the
introduction of Plasma Antenna and theory. Section 2
presents the antenna pattern and the structure of array
antenna, section 3 presents the analysis of the plasma
antenna array, section 4 discusses the simulation and
measurement results and Section 5 provides the conclusion
of this paper.

2. Antenna Design and Structure
At first, a single monopole plasma antenna with dimension
of 586mm length (L) and 24.2mm diameter (D) was
constructed on commercially available fluorescent tube. A
coupling sleeve was attached to one end of the tube which is
made from a copper wire, to energize the plasma ion which
then converts it to plasma state. Thus, the fluorescent tube
behave as an antenna. Table 1 and Fig. 1 present the
dimensions of the monopole plasma antenna.

(1)
Where
the plasma frequency [rad/s], e is the charge on
electron [C], me is the electron mass [kg], n is the electron

Figure 1: The Geometry of Monopole Plasma Antenna.

frequency.

Table 1: Dimensions of Monopole Plasma Antenna.
parameter
symbol
dimension
Fluorescent
L
586 mm
tube length
Fluorescent
tube
D
24.2 mm
diameter
Tube
h
1 mm
thickness

0
-5

S11 (dB)

-10
-15
-20

Then, another 3 pieces of fluorescent tube with the same
dimension as the original tube was added parallel to each
other with separation distance of 100 mm. A coupling sleeve
was attached to one end of each of the tube. The coupling
sleeve of all the four tubes were combined as an input signal
with a 4-port power divider. The antenna array was
constructed to increase the overall gain. Fig. 2 and Table 2
present the dimensions of the plasma antenna array.

d = 0.35 mm
d = 0.40 mm
d = 0.45 mm
d = 0.50 mm
d = 0.55 mm

-25
-30
-35
1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

Frequency (GHz)

Figure 3: Simulation results as a function of different size of
diameter coil.
The spacing of each lamps is determined to avoid mutual
coupling effect between antennas. The optimization of the
spacing was made to obtain an optimum performance of the
plasma antenna array. Fig. 4 shows the simulated result of
the return loss when the spacing between the lamps was
varied from 90mm to 130mm with increment of 10mm. It
can be clearly seen that when the spacing between the lamps
was increased, the operating frequency shifted to lower
frequency. From the analysis, the optimum result for the
antenna to operate at frequency of 2.4 GHz was when s =
100 mm.

Figure 2: The Geometry of Plasma Antenna Array.
Table 2: Dimensions of Plasma Antenna Array.
parameter
symbol
dimension
fluorescent
L
586 mm
tube length
fluorescent
tube
D
24.2 mm
diameter
Spacing
between
s
100 mm
tube

0

S11 (dB)

-10

-20

-30
s = 90mm
s = 100mm
s = 110mm
s = 120mm
s = 130mm

-40

-50

-60
1.0

1.5

2.0

2.5

3.0

Frequency (GHz)

Figure 4: Simulation results as a function of different
spacing between lamps.

3. Analysis of Plasma Antenna Array
In this section, the analysis of parametric study is presented
to investigate the effects of design of the plasma antenna.
The simulation is performed by using CST Microwave
Studio. A parametric study was accomplished to achieve the
optimum performance of the antenna.

4. Result and Discussion
The prototype of the 1x4 plasma antenna array has been
constructed and measured to validate the simulated result.
Fig. 5 shows the photograph of the antenna prototype when
all the lamps were switch on.

Fig. 3 shows the simulated parametric studies on the
reflection coefficient S11, when the diameter of the copper
wire was varied from 0.35 mm until 0.55 mm. Based on the
graph, it is noticed that when the diameter of the coil is
increased, the operating frequency is shifted to higher

2

0

S11 (dB)

-10

-20

-30

single plasma
plasma array

-40

Figure 5: Photograph of the Fabricated Antenna.
-50
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2.0

2.5
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Frequency (GHz)

Figure 7: Comparison of measured S-parameter result
between single plasma antenna and plasma antenna array.

4.1. Return Loss
Fig. 6 shows the comparison between simulated and
measured results of S11 when the antenna was operating at
2.4GHz. The blue line represents the simulated result while
the red dotted line represents the measured results. Based
from the graph, both antennas resonate at 2.4 GHz.

4.2. Radiation Pattern
Fig. 8 presents the simulated and measured radiation pattern
in polar plot at frequency of 2.4GHz. The results shows that
there is a slight difference in the radiation pattern between
the simulation and the measurement result. This may be
attributed to measurement error, since the radiation pattern
were measured in a partially anechoic chamber that may
lead to inaccuracy.
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Figure 6: Comparison of simulated and measured Sparameter result for plasma antenna array.
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Fig. 7 shows the comparison of S11 between monopole
plasma antenna and plasma array antenna. It can be seen that
both antennas can be operated at 2.4 GHz. The measuremed
result agree well with the simulation result.
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simulated
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Figure 8: Comparison of simulated and measured
radiation pattern for plasma antenna array.
4.3. Antenna Propagation
Outdoor propagation measurement was done in a free space
to measure the signal strength of the antenna. The plasma
antenna array was used as the receiving antenna. The
transmitted antenna and received antenna were set up in
point-to-point connections. This experiment was done by

3

varying the length between transmitted and received antenna
and measuring the received power. The signal was measured
from 1 meter up to 16 meters. Table 3 represents the results
of the propagation measurement. The results show that as
the distance between transmitted and received antenna
increase, the loss power at the receiving antenna will
increase.
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4.4. Antenna Gain
Table 4 shows the difference of antenna gain between a
monopole plasma antenna and plasma antenna array. Both
antennas were operated at frequency of 2.4 GHz. Antenna
gain for plasma antenna array was higher compared to
monopole plasma antenna. This proves that by designing an
antenna array will increase the overall gain.
Table 4: Plasma Antenna Gain.
antenna
plasma
Antenna gain
frequency
antenna
(dB)
(GHz)

monopole
array

2.4
2.4

1.956
9.685

5. Conclusions
In this paper, the design of 1x4 plasma antenna array using
fluorescent tube was presented and discussed. Good
agreement has been achieved between simulation and
measurement results. Future works will concentrate on the
measurements of the gain of the plasma antenna array.
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Abstract
The integrated rectangular stacked microstrip antenna with
Light Emitting Diode (LED) for Wi-Fi application is
presented in this paper. In this paper more LEDs were placed
on the top layer to improve the lighting capability, while
maintaining the feasibility of working as a Wi-Fi router. WiFi antenna simulated to resonate at 2.45 GHz using Computer
Simulation Technology (CST) with permittivity, εr = 4.3 and
thickness, h = 1.6mm on FR4 substrate. The LED placed on
the top substrate behave as parasitic element to the antenna
design. The radiating patch is placed on the second layer of
substrate and aperture coupled feeding network was used in
this design. The antennas are reasonable well matched at their
corresponding frequency of operations. The simulation results
have shown that the antenna works well with the integrated
LED giving 4.21dB gain, -25.61dB return loss and 106MHz
bandwidth while 3.33dB gain, -16.90dB return loss and
103MHz bandwidth design without LED placement. Antenna
was measured using Vector network analyzer (VNA) and
Anechoic chamber.

1. Intoduction
Development of integrated antenna in order to works with
multi-function characteristic had been widely studied
nowadays. Currently, plasma antenna is one of the antennas
that have dual function development in wireless
communication technology especially an indoor Wi-Fi
communication as antenna and at the same time as
illumination sources. However, plasma antenna technology
has limitation due to expensive and difficulties to
manufacture. Meanwhile plasma requires energy to be ionized
and the gas is more complex and expensive [1]. The volume
of mercury inside plasma also can harm the safety and not
supporting green technology [3]. Developing antenna with
same capabilities and low cost and at the same time support
green technology is much more needed.
LED is known as the semiconductor device that can emits
light. It has many advantages compare with other traditional
light source, such as long life expectancy, high-efficiency
light sources, low maintenance, low power consumption and
generally very robust and environmentally friendly[3-5]. The

structure of LED itself is in principle, can be integrated with
other product to create a new multifunctional product. In the
communication field the integration LED with antenna has a
potential of dual functionality device, as transmission and
reception medium for wireless network and simultaneously as
light source [1-3]. However, the feasibility of this integrated
design is still continuously investigated due to the copper
conductor on the LED that can affect the performance of the
antenna [1-3].
In this paper, the integration of antenna with LED is
studied. The copper material on the bottom of the LED has
resulted in resonant frequency shifted as the number of LED
are increased has been reported by [1-3]. Therefore, this
stacked configuration has been proposed to overcome the
frequency shifted problem [4-5]. The simulation has been
studied by [5] to design LED circuit connectivity. In this
design, the antenna has been design to resonant at 2.45GHz
for Wi-Fi application and the LED works as parasitic element
to improve antenna performance and as illumination sources.
The implementation of LED at the top layer of design, for
enhancing the performance in term of gain and return loss and
at the same time adding the LED structure on the antenna
structure will maintain the resonant frequency.

2. Antenna Design
The antenna with LED as parasitic elements in series parallel
connection are designed as shown in figure 1. The antennas
are designed on FR4 substrate with permittivity of 4.3 and
thickness 1.6mm. LEDs are soldered on the top substrate
where the size of substrate fixed at 50mm x 50mm, while
patch radiator located on the second substrate. Meanwhile,
ground plane and feed line are located on the bottom substrate
as shown in figure 2.

Figure 1: Antenna with LED as parasitic element designed

In this design, the advantages of allocating LEDs above the
designed antenna in order to reduce the shifting frequency
effect. The new antenna design focus on designing LED circuit
without altering the resonant antenna frequency and at the
same time improve the performance of the antenna due to
parasitic effect. The LED used in this design is the SMD 5050
LED which is white LED [1] as shown in Figure 3. Meanwhile
Figure 4 shown LED circuit diagram. 18 LEDs have been used
in the designed antenna in order to get better parasitic effect.
Optimization on the LED circuit has been studied using
computer simulation software. The simulation process is
performed using Computer Simulation Technology (CST) and
all the design result is present as shown in table 2
Figure 2: Antenna with LED parasitic element designed on
the three substrate layers
The size of patch radiator is determined from numerical
analysis using equation (1) to (4).

! = !!

!

!

! ! ! !!

!

!=

(1)

!! !!

Figure 3: SMD 5050 LED

− 2∆!

(2)

!!! !!"## !! !!

∆! = 0.412(ℎ)
!!"## =

!! !!
!

+

!
!

!!"## ! !.! ( ! !.!"#)
!
!

!!"## ! !.!"# ( ! !.!)

!! !!
!

! !!/!

1 + 12 !

(3)

(4)

Table 1: Antenna parameter.
Parameter
Width of Substrated,W

Value(mm)
50

Width of LED,W1

5

Width of patch,Wp

38

Figure 4: SMD 5050 Circuit diagram

Width of aperture slot,Ws

15

Table 2: Simulation result.
Antenna Design
Design
Result
With LED
Without LED
Frequency (GHZ)
2.455
2.453

Length of substrated, L

50

Return Loss(dB)

Length of LED, L1

5

Length of patch, Lp

22.28

Width of feedline,Wf

4.23

Length of feedline, Lf

30

Length of aperture slot, Ls

2

-25.61

-16.90

Gain(dB)

4.21

3.33

Bandwidth(MHz)

106.6

103.1

VSWR

1.020

1.054

Polar Plot
0
5
30

330
0

3. Result and Discussion
60

The proposed antenna is simulated using CST simulation
software and the simulation of the purpose antenna has been
studied for antenna design with and without LED. Figure 5
shown antenna return loss result for both condition, with and
without LED structure. The figure shown good in result where
there are no shifting frequency when the LED is located on the
top antenna structure. Furthermore, the return loss, S11 for
antenna with LED is higher as compared with without LED.
The technique that place LED on the top antenna structure as
parasitic element, will improve the antenna performance
without altering the antenna resonant frequency, therefore
LED can work equally well on other antenna stack design. The
radiation pattern of antenna is shown in figure 6 respectively.
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Figure 6: Simulated radiation pattern result with and without
LED
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3.2. Measurement Result Using Vector Network Analyzer
and Anechoic Chamber
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Figure 5: Simulated result return loss, S11 without LED and
with LED
Meanwhile Figure 6 shown the antenna radiation pattern for
simulation result. From the figure it shown that locating the
LED have improve in the antenna gain. Although the figure
shown radiation pattern with back loop, the front loop is more
dominant compare with back loop. The antenna gain has been
increase from 3.33dB without LED to 4.06dB in the design
with LED structure.

The optimized antenna design structure has been fabricated
and measured in this section. The return loss of antenna design
has been carried out using VNA Keysight module. The return
loss of the integrated microstrip antenna with and without
LED measurement results were shown in Figure 7. However
in measurement result, the resonant frequency is shifted to the
right from the simulation result about 2%. This situation is
believe due to improper handling on fabrication process.
However, the frequency response for both resonant was
unchanging at 2.50GHz for antenna structure with and without
LED, respectively. On the other hand, return loss value with
LED structure is much better as compared to the antenna
without LED structure. The corresponding operating
bandwidths were 132 MHz without LED and 152MHz on with
LED for both conditions as shown in Figure 7.

and 153 MHz at LED OFF state. The results shows that by
turning ‘ON’ and ‘OFF’ LED the resonant frequency of the
antenna is not changing, without and with LED. The
bandwidth is slightly increase when LED is in ‘ON’ stage, it
may be caused due to current distribution when turning ON the
LEDs and also the fabrication process and soldering effect of
LED terminal on the patch and also the return loss is better
with LED ON condition.
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Figure 7: Antenna with and without LED measurement result.
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Figure 9: Measurement result with/without LED for E-Plane.
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Figure 8: Measurement ON/OFF LED
Meanwhile in Figure 8 shows well matched result at the input
of antenna where the return loss for ‘OFF’ LED is -13.59dB at
2.50GHz and return loss of -15.58dB and 2.50GHz
respectively for ‘ON’ LED. The corresponding operating
bandwidth was border to 195 MHz when LED are ‘ON’ state

Without LED
With LED OFF
With LED ON

H-Plane

Figure 10: Measurement result with/without LED for H-Plane.

The measured gain curves are also given in figure 9 for Eplane and figure 10 for H-plane result. The maximum power
was received by the antenna is match form the simulation
result. From the measurement result of the purposed antenna,
the maximum gain achieve when adding the LED on the top
layer antenna structure was 3.92dB. Meanwhile, the gain for
the measurement result on “ON” LED has been increased to
4.41dB. The measured gain was increase in ON LED is
believed due to current distribution effect when the current
flow into LED structure. Table 3 shown the antenna
measurement result for purposed antenna design.
Design
Description
Frequency
(GHz)
Return Loss
(dB)
Gain (dB)
Bandwidth
(MHz)

Table 3: Measurement result.
Without LED
With LED
OFF
2.50
2.50

With LED
ON
2.50

-11.82

-13.59

-15.85

3.70
135

3.92
153

4.41
195

Meanwhile in figure 10 shows antenna radiation pattern in 3D
view, (a) without LED (b) with LED OFF mode and (c) with
LED ON mode. From the 3D figures we can see that the
antenna has more radiates towards z-plane when turning ON
the LED. This situation will lead to the improvement in gain
value when making the measurement process. Meanwhile
figure 11 shown the antenna that has been fabricated (a) with
(b) without LED structure.

Figure 11: Antenna design With/Without LED

4. Conclusion
The rectangular stack microstrip patch antenna integrated with
LED has been designed and investigated. From this research
works, it can be concluded that, the designed antenna
contributes to dual-function in a device. It can function as an
antenna at Wi-Fi application and the same time it gives
illumination to user with improved the overall performance of
the antenna with and without LED. The measurement proves
that LED can assume as a parasitic element to the antenna and
well matched to the patch to improve the gain of the antenna.
The use of the integrated LED in the design supports the green
environment and will contribute better in terms of energy
consumption. However, future works will be considered to
improve this antenna to have better performance for the both
conditions in terms of gain and radiation pattern.
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Plasmon-enhanced photovoltaics, photocatalysis, and solar fuels

Energy Tunable Hot Carrier Generation via Surface Plasmon
Polaritons for Photocatalysis
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Abstract-Surface plasmon polaritons (SPPs) on a metal/TiO2 heterostructure enable plasmonmediated chemical reactions in a system whose resonance may be continuously tuned simply by
altering excitation source and incident angle. We found a strong excitation angle dependence and
linear power dependence in the photocurrent, confirming that the photoelectrochemical reactions
are SPP-driven. Applicability of the SPP system for energy-tunable hot carrier generation and hotcarrier driven solution chemistry was further investigated using refractory plasmonic materials and
SP band gap structures.
The ability of plasmonic nanostructures to create electron-hole pairs with energies much larger than
those in thermal equilibrium - so-called “hot carriers” - offers new possibilities to utilize photon energy to
drive useful chemical reactions. While the rate of photocatalytic reactions on nearby semiconductors can
be optimized by varying the morphology of metal nanoparticles that support localized surface plasmon
resonance (LSPR), the LSPR of individual nanoparticles is not tunable. The lack of tunability of the
LSPR system hinders the efficient charge transfer from the photoexcited metal nanoparticles to the
adsorbate, which is a carrier energy dependent process by aligning hot carrier potentials with redox
potentials of adsorbed molecules. Recently, we have shown surface plasmon polaritons (SPPs) generated
at the interface between a noble metal/titanium dioxide (TiO2) heterostructure film and aqueous solution
for the simultaneous optical and electrochemical interrogation of plasmon-mediated chemistry in a system
whose resonance may be continuously tuned via the incident excitation angle.[1] We found a strong
excitation angle dependence and linear power dependence in the photocurrent, confirming that the
photoelectrochemical reactions are SPP-driven. A single plasmonic structure was used to generate
plasmons with two different energies of 1.6 and 2.3 eV, and at both energies SPP-induced hot carriers
drove both solution-based oxidation of methanol and the anodic half-reaction of photoelectrochemical
water-splitting in sodium hydroxide solution. The applicability of the SPP system for energy-tunable hot
carrier generation and hot-carrier driven solution chemistry was further investigated in a refractory
plasmonic material platform using titanium nitride (TiN) and in the periodically textured metal films
exhibiting surface plasmon photonic band gaps. Our results demonstrate that the broad and continuous
energy tunability of the SPP system can be used to increase the basic knowledge of plasmon-induced hot
carrier generation not only for photocatalysis but for many other applications including solar energy
conversion, photodetection, and scanning probe imaging.

Figures and Tables:

Figure 1. Energy tunable hot carrier generation for photocatalysis: The SPP on a metal/TiO2 heterostructure
enables plasmon-mediated chemical reactions (methanol oxidation and anodic half-reaction of water-splitting) in
a system whose resonance may be continuously tuned via excitation angle. A single plasmonic structure can be
tuned between two different resonances simply by altering excitation sources (785 and 532 nm laser) and
incident angle.
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Nano-Crystals using Plasmonic Nano-Arrays
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Abstract- Spectroscopic imaging is used to investigate surface plasmon polariton (SPP) enhanced
energy transfer upconversion (ETU) of rare-earth doped NaYF4:Yb3+,Ln3+ upconverting
nano-particles (UCNPs) on noble metal nano-structured substrates, including arrays of Au
nano-pillars and nano-cavities with optical resonances coincident with rare-earth ion absorption
(Yb3+) or emission (Er3+,Tm3+) energies. The mechanisms for the observed enhancement and power
dependence are understood through analytical and computational models, relating the observed
enhancement to kinetics of the ETU system and the photonic properties of the substrates.
While upconversion can be achieved through a variety of optical processes, such as two-photon absorption,
second-harmonic generation, cooperative luminescence, two-step absorption and energy transfer upconversion,
at low excitation intensity, the energy transfer upconversion process is by far the most efficient [1]. With the
advent of nano-sized UC materials, the range of applications wherein such materials can be deployed has greatly
increased. For instance the areas of bio-imaging, bio-labeling and photodynamic therapy benefit greatly from
upconverting nano-particle (UCNP) materials due to the long penetration depth of near-infrared light in
biological tissues [2,3]. There are also prospects for spectral conversion in increasing efficiency in solar energy
applications [4]. However, low luminescence efficiency still limits the full potential of these materials.
In the vicinity of a metallic nanostructure, luminescence enhancement can be achieved through the amplification
of the incident field, where local electromagnetic fields at the UCNP position are intensified due to plasmon
resonances, and through the modification of the radiative rates of the phosphors [5-8]. By optimizing the
geometry of the metallic nanostructures, and placing them within suitable proximity to the UCNPs, significant
enhancement in UC efficiency should be achievable. In this work, we investigate the efficacy of specific
plasmonic nanostructures towards radiative control of energy transfer upconversion processes in β -phase
NaYF4:Yb:Er[Tm] nanoparticles, using spectroscopic imaging to directly visualize the local enhancement
associated with specific noble metal nanostructures.
Figure 1 shows a survey of the UCNPs (figure 1a) and the plasmonic nano-arrays we have investigated (figure
1b-d, and f-g), including representative spectra on and off the arrays [7-14]. Figure 1h shows the power
dependence of the energy transfer upconversion enhancement of NaYF4:Yb,Er UCNPs on Au nano-cavity arrays
(figure 1f-g)[14]. The nano-cavity arrays support a surface plasmon (SP) resonance at 980nm, coincident with
the peak absorption of the Yb3+ sensitizer. Spatially-resolved upconversion spectra show a 30X to 3X
luminescence intensity enhancement on the nano-cavity array compared to the nearby smooth Au surface,
corresponding to varying excitation intensities from 1 W/cm2 to 300kW/cm2, spanning the non-linear and
saturation power dependence regimes. Figure 1I shows the measured and simulated power dependence of the
ETU enhancement on the nano-cavity arrays, the latter obtained by simultaneous solution of a system of coupled
rate equations developed by our team [13]. Our analysis shows the power dependent enhancement in
upconversion luminescence can be almost entirely accounted for by a constant shift in the effective excitation
intensity, which is maintained over five orders of magnitude variation in excitation intensity, limited by the
kinetics of the ETU process.
In these measurements, it is shown that the amplification of the excitation field is independent of the emission
wavelength, indicating the enhancement in upconversion emission is due to entirely to increased absorption by
the Yb3+ sensitizer. Analysis of the statistical distribution of emission intensities in the spectroscopic images on
and off the nano-cavity arrays provides an estimate of the average enhancement factor independent of
fluctuations in nano-particle density. More recent work in random aggregates of Ag nanowires show evidence
for collective plasmon resonances which manifest as local “hot-spots” with enhancements factors exceeding

thirty times [15]. These and our most recent results suggest significantly higher upconversion enhancement
factors can be achieved under proper conditions by utilizing the surface plasmon polariton interaction with the
ETU UCNPs while maintaining optimal ETU kinetics.
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Figure 1: (A): TEM of NaYF4:Er:Yb nanoparticles.
(B) AFM and (C) SEM of Au nanopillar array (D,E):
Spectroscopic image and corresponding spectra of
plasmon-enhanced upconversion (UC) from NaYF4
nanoparticles (NP) on (A) and off (B) substrate shown
in (C) [ref 8-11]. (F) AFM image of nano-cavity array,
(G,H) spectral image and UC spectra, (I) UC
enhancement vs excitation intensity measured and
calculated [ref. 12,13].
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Abstract- Here we report enhancement of photocatalytic efficiency of TiO2 by utilizing three
dimensional light trapping structure which brings increased the light absorption. We successfully
fabricate the 3D structures via self-assembly technique. The fabricated structures show high light
absorption and large surface area which are beneficial to photocatalytic effect. Also, we combined TiO2
structures with plasmonic metal nanostructures to achieve higher light absorption and hot carrier
injection.
We fabricated TiO2 nanotube structures by anodic-anodization method and gold nanoparticles are decorated
on the nanotubes to increase the light harvesting efficiency (Fig.1). The optical and electrical properties of the
fabricated structure are measured to evaluate the enhancement of photocatalytic efficiency.
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Abstract:
We report the plasmonic resonance behavior of nano-structured iron oxide films decorated with Au
nanoparticles. Iron oxide (Fe2O3) nano-structured films have recently drawn interest for electro-catalytic processes
including reactions that involve carbon-carbon (C-C) bond breakage. We deposited iron oxide films using
electron-beam evaporation followed by annealing at 450°C in mixed and pure oxygen environments. We deposited Au
NPs either in embedded or on top of the Fe2O3 nano structured thin films with thicknesses ranging from 25-500 nm.
We used ellipsometric as well as UV-Vis reflectance spectroscopy techniques to determine the plasmonic
characteristics of the nanostructured films.
Iron oxide (Fe2O3) film has recently received much attention among various semiconductor photo-electrode
materials due to its favorable optical band gap (~2.2 eV), excellent chemical stability in high pH media, natural
abundance, and low cost [1]. However, Fe2O3 exhibits a relatively poor absorptivity of photons near its band-edge due
to an indirect band gap, poor electronic conductivity (PEC), and picosecond recombination of excited states, thus
leading to a photo-generated hole diffusion length of ~2-4 nm [2]. These non-ideal optoelectronic properties hinder
the transport of photo-generated carries and increase the recombination rate, which results in a lowering of the PEC
efficiency compared to theoretically predicted values. Controlling the nanostructure of Fe2O3 may provide an effective
technology for overcoming the aforementioned problems of Fe2O3 film due to the geometry and
mechanism-dependent semiconductor structure [3]. The shape of the Fe2O3 structures with cone, cylinder, sphere, etc.
features alters the electric field dependent absorption and transport processes.

1400

1000
e1-fe2o3-with Au
e1-fe2o3-no Au

1200

e2-fe2o3-with Au
e2-feo3-no Au

1000

500

800

600

0

400

200

-500

0

-200
500

550

600

650

700

750

-1000
800

wavelength (nm)

Fig. 1 Real (e1) and Imaginary (e2) parts of the dielectric constant of a representative sample (e.g., a 100 nm
of Fe2O3 film with and without Au NPs)
In Figure 1, we show the e1and e2 both real and imaginary of dielectric constant of the Fe2O3 film with and
without Au nano particles measured by variable angle ellipsometry. The plasmonic resonance occurs in between
700-750 nm as seen in the above figure. In addition, we discuss theoretical modeling of the extinction, scattering and
absorption characteristics of the Fe2O3 films with varying thickness with and without Au NPs. The Au NP-Fe2O3
structure has significant absorption characteristics in visible spectral region. Detailed deposition, annealing, and
characterization results of Fe2O3 nano plasmonic structures will be presented in a full paper.
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Abstract- The expansion of the graphene family by adding silicene, germanene, and stanene (2D allotropes of Si, Ge,
and Sn) lends itself as a platform to probe Dirac-like physics in honeycomb staggered systems in the Casimir
interaction. We discover Casimir force phase transitions between these staggered 2D materials induced by the
complex interplay between Dirac physics, spin-orbit coupling, and externally applied fields. Furthermore, due to the
topological properties of these materials, repulsive and quantized Casimir interactions become possible.
The discovery of systems with reduced dimensions and physics different from the one of standard 3D
dielectric, metals, and semiconductors has given a new impetus to the field of van der Waals and Casimir
phenomena [1]. In particular, the graphene-family materials has recently been expanded through the synthensis
of silicene, germanene, and stanene. Unlike graphene, these new 2D materials gave spatial buckling between the
two sublattices and exhibit non-trivial topological insulator features. The application of external fields together
with the inherently strong spin-orbit coupling can be used as effective “knobs” for various Hall transitions. We
have recently discovered [2] a new effect in the Casimir physics of these materials, namely Casimir force
topological phase transitions driven by the complex interplay between Dirac physics, spin-orbit coupling, and
externally applied electric fields and circularly polarized light. Novel distance scaling laws, abrupt magnitude
changes, force quantization and repulsion, are all manifestations of Casimir force phase transitions occurring in
these 2D staggered materials. Thermal effects result in the smoothing out of phase transition boundaries and
disappearance of quantized and repulsive Casimir interactions. In order to detect experimentally Casimir force
phase transitions, cryogenic atomic force microscope set-ups, such as the one developed in [3], are required.
Given the magnitude of the predicted effects [2] and the reported sensitivities of experiments [3], the
measurements of Casimir force phase transitions in the graphene family materials should be within reach with
current state-of-the-art low-temperature Casimir force experiments.
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Abstract— Point degeneracies in the photonic bandstructure give rise to a variety of exotic
properties such as topological phases. Previously identified exceptional points are based on
accidental degeneracies and subject to engineering on a case-by-case basis. We here show that
symmetry induced (deterministic) pseudo Weyl points with non-trivial topology and hyperconic
dispersion exist at the Γ point in the Brillouin zone of chiral cubic systems. We demonstrate the
universal behavior by means of interacting plasmonic spheres on a chiral cubic lattice.

The broad interest in topological phases over the past decades, triggered by the discovery of the
quantum Hall eﬀect [1] and its theoretical investigation [2], is mainly attributed to the fact that
topological features are, due to their discrete nature, insensitive to system perturbations. One of
the striking physical implications of non-trivial topology is the existence of topologically induced
uni-directional edge states for bulk systems [3, 4]. The plasmonic [5] and single electron surface
states of Weyl semi-metals, with an isolated exceptional point of non-trivial topology, in particular
are known to be stable against perturbations and to give rise to peculiar dynamics.
In 2004, Onoda et al. showed that topological phases occur in entirely classical systems such
as 2D photonic crystals [6], sparking a new wave of research on topological photonics [7]. In
particular, topologically protected Weyl points with hyperconic dispersion have been identified in
double gyroid photonic crystals with broken parity-time symmetry [8].
More recently, Huang et al. [9] exploited the linear dispersion in the bandstructure close to
accidental pseudo-Dirac points at the Γ point of a square lattice of dielectric rods to form a 2D
metamaterial with vanishing refractive index n = 0 and finite impedance Z ̸= 0, with remarkable
implications on interface scattering and wave propagation.
On the basis of group and perturbation theory, we here predict the existence of 3D pseudo
Weyl points with hyperconic dispersion relation at the center of the BZ of chiral cubic lattices.
Pseudo Weyl points are in contrast to previously reported pseudo Dirac points [9] deterministic,
i. e. symmetry protected and hence not subject to careful engineering of geometric parameters.
They are shown to be isotropic, to exhibit a Chern characteristic of C = ±2 (i. e. they are
topologically non-trivial), and exist in classical and quantum systems with chiral cubic symmetry.
We demonstrate the predicted behavior via a minimalistic model system based on a simple
cubic array of plasmonic nano-spheres on a P 21 3 lattice (Fig. 1A). In the limit of small spheres of
radius ρ much smaller than the lattice constant a, the polarization vectors p⃗µ of individual spheres
µ (in the frequency domain) are subject to dipole interaction [10]. Using Bloch’s theorem, the
underlying equation of interaction reduces to a low-dimensional non-linear hermitian eigenproblem,
with eigenvalues k0 and dimension N = 12:
!
α−1 (k0 ) p⃗µ =
Mµν (⃗k, k0 ) p⃗ν .
(1)
ν

Here, α is the polarizability, and Mµν (⃗k, k0 ) a lattice sum over Maxwell Green functions. For the
particular system, group theory predicts three 3-fold degeneracies, one 2-fold degeneracy and a
non-degenerate mode at the Γ point. These are reproduced by the numerical solution of equation
(1). The dispersion relation close to one of those points is shown in Fig. 1C: a flat band (black) is
sandwiched between a pair of hyperconic bands (red) with linear and isotropic dispersion of equal
magnitude.
In summary, we show that isotropic hyperconic dispersion can be found at the Γ point of chiral
cubic lattices for a broad class of physical systems. Although not strictly speaking in the Weyl
class, the associated exceptional points share most features with genuine Weyl points including nontrivial topological characteristics. A natural application for the unique dispersion behavior of these

A

B

C

Figure 1: (A) Unit cell of the 3D plasmonic sphere packing on a P 21 3 lattice considered here. Connecting
rods, glass cube and Cartesian grid for illustration purposes only. (B) View from the ⟨111⟩ direction. (C)
Bandstructure close to the Γ point along the cubic high symmetry directions.

pseudo Weyl points are zero refractive index materials that have been suggested previously in the
context of accidental Dirac points in two-dimensional photonic crystals [9]. A cubic arrangement
of nano-spheres similar to the proposed model could be for example realized by means of DNA
origami [11].
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Abstract
We report here the band structures and transport properties
of In0.53Ga0.47As (d1=10 nm)/InP (d2=5 nm) lattice matched
superlattice, based on the envelope function formalism and
the effective mass approximation. We investigated the
effect of well thickness, valence band offset and
temperature on the band structures as well as the effect of
barrier thickness and magnetic field on the density of states.
In the later, the existence of a small dispersion indicates
weak interactions between adjacent wells. The position of
Fermi level predicts that this sample exhibits n-type
conductivity. We find out some correlations between band
structures and both Shubnikov-de Hass and quantum Hall
effects. These results were compared and discussed with the
available data in the literature.

1. Introduction
InxGa1–xAs/InP superlattices (SLs) have attracted many
attention due to their electronic and optical properties, which
can be tuned by adjusting layers thicknesses or indium
compositions x. The relative small band gap and high
mobility of the constituent quantum well (InxGa1–xAs)
demonstrate that those nanostructures are attractive for high
operating temperature devices [1].
These nanostructures have been used in the development
of different optoelectronic devices such as photoconductive
switches, transistors, and photodetectors [2,3]. They are
expected to be promising with the superlattice-emitter
resonant tunneling bipolar transistor (SE-RTBT) which have
demonstrated a significant potential in high-speed switches
and to reduce the functional device circuits complexity [3].
Nevertheless, the lattice matched In0.53Ga0.47As/InP
quantum well infrared detectors become the choice for low
cost, low dark current, high speed and high temperature
operation detectors in short wavelength infrared (SWIR) [4].
Such detector's performances can be enhanced significantly
when the infrared absorber material is made from a
superlattice and the detection wavelength can be extended
out to cover 5-9 µm as reported by Majumdar et al. [5], or

even further with binary superlattice [6]. The key advantage
of superlattice based infrared detectors over conventional
ones is that the layer thickness and alloy compositions are
chosen to yield the desired energy band gap.
One of the quantities which characterize the reduced
dimensionality of the structure is the density of states (DOS).
Several optical and electrical properties follow DOS. Thus, it
is possible to get useful information by studying this
quantity.
Several experimental observations show, at low
temperatures and under high magnetic fields, some new
features in InxGa1–xAs/InP superlattices. Among them,
Shubnikov de Haas effect (SDH) and quantum Hall effect
(QHE) [7,8]. However, only few attempts have been devoted
to study the formation of mini-bands in such system,
obtained by magnetotransport and photoluminescence
measurements [7], or analysis of Raman data [9].

2. Superlattices band structures theory and
computation
The general expression of dispersion relation of InxGa1superlattice, within the envelope function
xAs/InP
formalism and effective mass approximation, is given by
[10,11]:
cos(k z d ) = cos(k1d1 ) cos(k 2 d 2 ) −
k

1 ⎡⎛
1⎞
⎢⎜ ξ + ⎟⎟ +
2 ⎣⎜⎝
ξ⎠

,

(1)

2
p

1
⎛
⎞⎤
⎜ r + − 2 ⎟⎥ sin( k1d1 ) sin( k 2 d 2 )
4k1 k 2 ⎝
2
⎠⎥⎦

With kz the wave vector in the growth direction and
kp(kx,ky) the superlattice in-plane wave vector. The origin of
the energy E has been chosen at the top of InP valence band
as shown in the Fig.1. In each host material and for a given
energy, the two–band Kane model [12] gives the wave
vector (ki2+kp2). Therefore, the energy E of the light
particles (electron and light hole) is given by:
⎧2 2 2 2
2
⎪⎪ 3 P1 ! k1 + k p = (E − ε 1 − Λ )(E − Λ ) for Inx Ga1− x As , (2)
⎨
⎪ 2 P 2 ! 2 k 2 + k 2 = E (E − ε ) for InP
2
p
2
⎪⎩ 3 2

(

)

(

)

In0.53Ga0.47As is lattice matched to InP [1,14].
The sample studied here consists of alternating
d1(In0.53Ga0.47As)= 100Å and d2(InP)= 50Å with d= d1+d2=
150Å.

The expression of ξ and r in the Eq(1) are:

ξ=

E − ε2
k1
r and r =
E − ε1 − Λ
k2

From the same equation (1), the superlattice heavy holes
mini-bands can be calculated with the following relations:
⎧ 1
⎪− 2
⎪
⎨
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3. Results and discussions
3.1. Band gap engineering

(3)

In the Fig. 2a, we represent the energy of conduction
(Ei), light-hole (lhi) and heavy-hole (hhi) mini-bands at the
center Γ(kz= 0) and the limit (kz= π/d) of the first Brillouin
zone as a function of well thickness d1. The calculated band
gap, from bottom of the first conduction (E1) to top of
valence mini-bands (hh1) at T=1.7 K is Eg(Γ)= E1-hh1= 849
meV. The photoluminescence measurements Pusep et al. on
the same sample [8], show a direct band gap of 822 meV.
The observed difference of 27 meV may be due to
parameters considered here, particularly, the valence band
offset (VBO). The effect of this parameter on the
superlattice band gap is shown in Fig. 2b. A Good
agreement can be obtained with the optical band gap when
the VBO is taken to be 605 meV at 1.7 K. However, in the
literature, the experimental Λ of In0.53Ga0.47As/InP heterojunction is ranging between 0.24 eV and 0.38 eV [18]. Such

for InP

( mhh* )2
k1
r and r =
k2
( mhh* )1

The direct band gaps parameters εi (i= 1 and 2) used here,
as a function of temperature, for x=0.53, are given by the
empirical expressions reported in [13,14]. Pi is the Kane
matrix element [15]. The heavy holes effective masses of
In0.53Ga0.47As and InP are, respectively, (m*hh)1= 0.47m0 and
(m*hh)2= 0.6 m0, as given in [1,15].
In this work, we have used the valence band offset Λ
between heavy holes sub-bands edges of In0.53Ga0.47As and
InP. We adopted in the computation, the experimental Λ=
346 meV measured by Lang et al. [16] with admittance
spectroscopy and supported by the theoretical calculations
of Ichii et al. [17].
The computation of band structures consists of solving
the general dispersion relation with the reported parameters.
In the Eq. (1), state energy exists if the right-hand side lies
in the range -1 to 1. In other words, -1≤ cos (kz d) ≤1 which
implies –π/d ≤ kz ≤ π/d in the first Brillouin zone, with
d=d1+d2 is the superlattice period. In the study of energy E
as a function of wave vector in the direction of growth kz
(kp=0), the solving procedure consists of going with small
steps of energy through the studied range. Then finding, for
a given E, the value of kz which is root of the dispersion
relations. The same procedure is used for studying E versus
the in-plane wave vector kp (kz=0 and kz= π/d). Note that
strain effects are not taking into account here, since
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Figure 2: (a) Energy of both conduction (upper part) and
valence (lower part) mini-bands versus the well thickness at
1.4 K. Solid areas show the mini-bands width. (b) Band gap
as a function of the valence band offset of the studied
superlattice.

Figure 1: Illustration of band lineup between InxGa1-xAs and
InP along the growth direction with different parameters
related to electronic band structures. (Ec)i, (Ev)i and εi where
i= 1, 2 are the conduction and valence bands edges and
band gap of bulks, respectively.

2

difference, can be also attributed to the strain effects which
could be significant in such low temperature and could
modify the band structures by introducing interface states
[19]. Also, fluctuations during the growth of both wells and
barriers could affect the superlattice band gap, since it
depends significantly on thickness.
In addition, we can see, in Fig. 2a that the mini-bands
width and band gap decrease and tend to discrete levels of a
quantum well as d1 increases. This can be explained by the
creation of more allowed states, available to be occupied by
electrons in the forbidden region, since the overlapping
orbitals between nearest atoms grow with thickness. As
result, the valence and conduction mini-bands separation,
starts to narrow, leading to a reduction of band gap.
The effect of temperature on the superlattice band gap is
shown in the Fig. 3. At low temperatures, the gap varies
hardly and then it decreases when the temperature increases.
For T≥40 K, our theoretical results (green solid squares)
are in agreement with the photoluminescence measurements
(solid red circles) of Fernandes dos Santos et al. [20]. The
difference between the calculated and measured band gaps
energies decreases from 8 meV to 3.8 meV when T
increases from 40 K to 300 K, may be, are due to the factors
discussed above.
Nevertheless, in their paper Pusep et al. [8] suppose that
the difference between the experimental and the calculated
inter mini-bands gaps is due particularly to the imprecisely
known band offsets of In0.53Ga0.47As/InP heterostructure. In
Fig. 3, we did the fit of valence band offset Λ and the best
agreement is achieved for Λ= 400 meV (brown solid line).
In addition, these results were fitted by the empirical
Varshni formula [21] expressed as:
E g (T ) = E g (0) − α
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Figure 3: Superlattice band gap Energy and cut-off
wavelength λc versus temperature.
The Fig. 4a shows the computed band structures from
the dispersion relation (Eq. 1). We can see that, the
electronic states are quantized and the dispersion E(kz)
along the growth axis, is small compared to the in-plane
dispersion E(kp). This show that, the system's wells are
weakly coupled. Consequently, electronic transport is
dominated in-plane of this superlattice (InGaAs layers). In
addition, for E< 35 meV the heavy holes mini-bands (hhi)
dominate the edge of the valence band.
Carrier's effective mass of the first conduction and
valence mini-bands for the in-plane motion and along
growth direction are shown in Fig. 4b. The latter, is derived
from Fig. 4a, by using following expression:
2
1 ∂ Ekij ,
⎛ 1 ⎞
⎜ *⎟ = 2
⎝ m ⎠ ij ! ∂ki ∂k j

(4)

Where Eg(T) is the band gap at a given temperature T,
Eg(0) the gap at absolute zero, α and β are Varshni fitting
parameters. The best fitting for the temperature dependence
of band gap was obtained with: α= 0.49 meV K-1, β= 323 K
and Eg(0)= 851 meV. These values are consistent with the
reported ones in Ref. [20] of Γ−Γ PL peak energies Varshni
fitting.
In order to explain the effect of temperature on the band
gap in semi-conductors, Ünlü et al. [22] proposed a
thermodynamic model and demonstrate that, the observed
behavior is due to the thermal energy and the expansion of
the lattice constant with temperature, which cause an
increase in the inter-atomic spacing and the potential seen by
electrons decreases, leading to a smaller band gap.
In the Fig. 3, the calculated cut-off wavelength is
given by:
λ (nm) =

In0.53Ga0.47As/InP

(6)

Along kp, effective masses of heavy holes and electrons
are almost constant and equal to -0.47m0 and 0.114m0,
respectively. For light holes it decreases from -0.07m0 at the
center to -0.09m0 at the limit kp= -0.03 Å-1. The
corresponding electron (m*E1)EF, light hole (m*lh1)EF and
heavy hole (m*hh1)EF effective masses are 0.093m0, -0.079m0
and -0.47m0, respectively.
3.2. Fermi level and density of states
In order to estimate the Fermi level, we used the
magneto-resistance measurements of Pusep et al. [8]. It is
well known that the transverse magnetoresistance
oscillations are periodic with respect to 1/B at very low
temperatures and under high magnetic fields. The electron
sheet density n2D is related to the period Δ1/B by:
n2 D = e / (π ! Δ1/ B ) ,

(5)

(7)

Thus, the inverse of the minima 1/Bmin as a function of
the entire N, Landau level index, follows this expression:

In the investigated temperature range of 1.7 K to 300
K, 1.46 µm ≤ λc ≤ 1.59 µm, this is located in the short
infrared region.

1 / Bmin = Δ1/ B (N + 1 / 2),

(8)

The slope evaluated from the linear line is Δ1/B= 0.11 T-1 and
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conduction mini-bands of In0.53Ga0.47As/InP superlattices
with the same well thickness (d1= 100 Å) and different
barrier thicknesses d2= 50 Å and 150 Å. For curve A, only
the first conduction mini-band is occupied (E≤EF) and the
DOS is quantized in term of m*/πћ2d. Note that, for d2= 50
Å, the system is quasi two dimensional and very small kz
dispersion occurs. However, as d2= 150 Å, the mini-bands
become discrete states and DOS is a staircase like function
(curve B). Therefore, the quantum wells are decoupled from
each other and the electrons motion is completely twodimensional. In the same figure 5, we show In0.53Ga0.47As
bulk density of states (curve C), with parabolic shape,
which can be obtained from formula 10 with
kz(E)=(2m*E)1/2/ћ. It is noteworthy that, when the barrier
thickness decreases, the superlattice ρDOS curve becomes
higher and approaches to that of bulk material.
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Where E(i)(kz) is the carriers charge energy associated with
z-motion which remain unaffected and can be obtained
from the dispersion relations discussed above. The in-plane
carrier's motion energy is completely quantized in terms of
(N(i)+1/2)ћωc with N(i) the Landau index of ith miniband. In
the case of this sample we can assume, that Zeeman spin
splitting energy EZeeman= ± g*µBB/2 is negligible compared
to Landau mini-band splitting ћωc= ћeB/m*.
In an ideal two dimensional systems with no impurities

(10)

The sum over all mini-bands of the superlattice can be
expressed as:
n

)

(i )
,
E (i ) = E (i ) (k z ) + N (i ) + 1 / 2 !ωc + EZeeman

)

(i )
ρ DOS ( E ) = ∑ ρ DOS
(E) ,

1,28

In the presence of an external magnetic field along the
growth axis z, a quantization of DOS in-plane energy
spectrum takes place. The quantum states, in the first
Brillouin zone, are distributed to distinct sets of Landau
mini-bands as represented in Fig. 6a, c and e. The
expression of the total energy E(i) of the ith miniband is
given by:

(9)

Since the edge of conduction band is Ec=1.189 eV, the
position of Fermi level EF= 1.200 eV shows that the studied
sample exhibits n type conductivity.
The superlattice density of states (DOS) of ith miniband with a finite mini-band energy width ΔE(i)=E(i)max E(i)min, is given by [23]:

(

1,24

3.3. Quantization of energy and density of states under
magnetic field

EF

(i )
(i )
⎧⎪0 for Emin
> E > Emax
,
⎪⎩ m* / π 2 ! 2 k z (E ) otherwise

1,20

Figure 5: Density of states versus mini-bands energy of
In0.53Ga0.47As/InP superlattices with d1= 100 Å, d2=50 Å
(curve A) and d2=150 Å (curve B). The parabolic curve
C represents In0.53Ga0.47As bulk density of states.

-2

the electron concentration is n2D= 4.3 10 cm .
The two dimensional electron gas Fermi wave vector kF
can be calculated with: kF2= 2π n2D. Thus, |kF|= 0.0164 Å-1
as indicated in Fig. 4a and b, by vertical dashed line.
At low temperature, the Fermi level is given by:
EF − Ec = e! / mE*1 Δ1/ B = n2 Dπ ! 2 / mE*1

1,16

Λ= 346 meV
T= 1.7 K

E (eV)

mass ratio of the first conduction and valence mini-bands
with m0 the mass of the free electron.
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Figure 4: (a) Band structures of the investigated superlattice along
the growth direction (kz) and in-plane (kp) (b) Carrier's effective
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In the Fig. 5, we have computed DOS of the two lowest

4

or other defects, the quantization of DOS can be described
as a set of δ functions separated by cyclotron energy ћωc,
and can be written as [24]:

EF
1.196

The resulting curves, at different magnetic field, are
represented in Fig. 6. We can see that the spacing between
two adjacent Landau mini-bands increases (Fig. 6a, c and e)
and DOS (Fig. 6b, d and f) increases with the magnetic
field. It's known that, the highest occupied quantum state
corresponds to Fermi level. Thus, when each Landau miniband pass through Fermi level (Fig. 6c and d) it depopulates
and the electrons become free to flow as current, resulting
to minima in the longitudinal magnetoresistance Rxx and a
plateau in the transverse magnetoresistance Rxy.
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Figure 6: (a), (c) and (e) Quantification of the 1st conduction
mini-band (E1) into Landau mini-bands in first Brillouin
zone. (b), (d) and (f) Total energy versus density of states.
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E(eV)

with f(E)=1/(1+exp(E-EF/kBT)) the Fermi-Dirac distribution.
Table 1. Comparison between experimental observations
(ref.[8]) and the calculated magnetic field of Rxx minima and
maxima, labeled here by Bmin and Bmax, respectively.
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Under high magnetic field, only the ground Landau
mini-band with N(1)= 0 is populated, as shown on Fig. 6a
and Fig. 7. Therefore, when the intensity of magnetic field
varies, the number of occupied states changes with B, since
the degeneracy of each Landau mini-band, given by |e|B/h,
changes with B. This will lead to an oscillatory behavior of
magnetoresistance known as the Shubnikov-de Haas effect.
Such oscillations and quantum Hall effect can be observed
only if distinct landau mini-bands exist, which implies that,
the mini-band width should be less than the Landau minibands spacing ΔE(i)<ћωc. According to our calculation for
B≤1.2 T, both of SDH and QHE are no longer observed,
since all energies above E(1)center+(1/2)ћωc are permitted
(continuous energy spectrum) as can be seen in Fig. 6e and
f. The latter show the limit between classical Hall and
quantum Hall effects. These results are in good agreement
with the experimental measurements of Pusep et al. [8].
The effect of high magnetic field on band structures and
Fermi level is shown in Fig. 7. These results are obtained by
using the in-plane wave vectors quantification rule of
superlattice given by: kp2= (2N(i)+1)(eB/ћ).
We have calculated the Fermi level energy as a function
of B, by using the following formula:
2D
(E, B ) f ( E )dE
n2 D = ∫ ρ DOS

1
E(1)
limit + 2 !ωc

1.192

3.4. Interpretation of SDH and QHE
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Figure 7: Energy of the conduction Landau mini-bands
as a function of magnetic field. The position of Fermi
level is also shown. The labeled arrows ν denote the
Landau mini-bands filling factors.
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with
f(E)=1/(1+exp(E-EF/kBT))
the
Fermi-Dirac
distribution. We can notice in the Fig. 7 that, Landau minibands energies increase linearly with B. The crossovers
between the calculated Landau mini-bands (for N(1)= 1 to 4)
and Fermi level indicate, almost the same magnetic field of
the longitudinal magnetoresistance extrema observed in ref.
[8], up to 10 T, as shown in table 1. Note that, under high
magnetic fields the peaks in the Shubnikov-de Haas
oscillations (Rxx maxima) occur at the jumps in the
transverse magnetoresistance Rxy of quantum Hall effect
and each minima of Rxx corresponds to a plateau in Rxy.

8. Y. A. Pusep, B. G. M. Tavares, M. A. Tito, L. F. dos
Santos, and R. R. LaPierre, J. Phys. Condens. Matter 27,
245601 (2015).
9. A. D. G. Rodrigues, J. C. Galzerani, D. Comedi, and R. R.
Lapierre, 36, 905 (2006).
10. G. Bastard, Phys. Rev. B 25, 7584 (1982).
11. D. Barkissy, A. Nafidi, A. Boutramine, N. Benchtaber,
A. Khalal, and T. El Gouti, Appl. Phys. A 123, 61
(2017).
12. E. O. Kane, J. Phys. Chem. Solids 1, 249 (1957).
13. S. Paul, J. B. Roy, and P. K. Basu, J. Appl. Phys. 69, 827
(1991).
14. Y. A. Goldberg, in Handb. Ser. Semicond. Parameters
Vol. 2 Ternary Quat. III-V Compd. (1996), pp. 37–61.
15. S. Z. Karazhanov, Semiconductors 39, 161 (2005).
16. D. V. Lang, M. B. Panish, F. Capasso, J. Allam, R. A.
Hamm, A. M. Sergent, and W. T. Tsang, Appl. Phys.
Lett. 50, 736 (1987).
17. A. Ichii, Y. Tsou, and E. Garmire, J. Appl. Phys. 74,
2112 (1993).
18. C. Ghidoni, R. Magri, and S. Ossicini, Surf. Sci. 489, 59
(2001).
19. Y. Gusakov, E. Finkman, G. Bahir, and D. Ritter, Appl.
Phys. Lett. 79, 2508 (2001).
20. L. Fernandes dos Santos, Y. Pusep, A. R. Zanatta, and R.
R. LaPierre, J. Phys. D. Appl. Phys. 48, 465101 (2015).
21. Y. P. Varshni, Physica 34, 149 (1967).
22. H. Ünlü, Solid. State. Electron. 35, 1343 (1992).
23. H.-S. Cho, J. Vac. Sci. Technol. B Microelectron.
Nanom. Struct. 7, 1363 (1989).
24. T. Ihn, in Semicond. Nanostructures Quantum States
Electron. Transp. (Oxford University Press, 2009), pp.
287–334.

4. Conclusions
In this work, we investigated the band structures
properties of In0.53Ga0.47As/InP superlattice, within the
envelope function formalism and effective mass
approximation. The band gap Eg and mini-bands width
decrease and tend to discrete levels of a quantum well when
well thickness d1 increases. We have discussed the
supposition of Pusep et al on the effect of valence band
offset on the band gap. The computed DOS shows that the
system is quasi two dimensional with small kz dispersion. In
addition, the dispersion curves and effective mass m*/m0 in
the direction of growth and in the plane of this superlattice,
show that, the first conduction and valence mini-bands are
parabolic and the quasi-two dimensional electron gas
effective mass is 0.093m0 at 1.7K. The calculated Fermi
level of 1.2eV indicates n type conductivity in this sample.
In the presence of quantizing magnetic field, the spacing
between Landau mini-bands increases with B and
demonstrate the presence of SDH and QHE. According to
our calculations both the two effects can be observed only if
B> 1.2T. We have interpreted the oscillations of longitudinal
magnetoresistance Rxx in SDH and Rxy in QHE observed by
Pusep et al. These results can be used as a guide for the
design of InxGa1–xAs/InP nanostructured short infrared
detectors.
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On-chip optical isolator enabled by adiabatic propagation following
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Abstract- We show that nonreciprocal light propagation occurs following an adiabatic evolution of
the parametric path that encircles an exceptional point. Moreover, a device architecture for the
nonreciprocal transmission over a broad spectral range is presented. The device is designed for
chip-scale operation, and therefore can be applied to a wide range of integration-compatible active
photonic devices.
Optical isolators and circulators are important elements that are required in optical signal processing,
telecommunications, and for the protection of ultra-short pulsed laser systems. Traditionally, magneto-optic
crystals exploiting the Faraday Effect are used to implement efficient nonreciprocal elements in free-space
systems. However, realizing on-chip magneto-optic devices integrated with other photonic functions has
remained elusive. Different approaches to realize the on-chip nonreciprocal devices suitable with integration
have been proposed, including exploiting indirect photonic transitions mediated by dynamic index modulation [1]
and nonlinear resonance shifts in asymmetric high-Q microcavities [2]. Such approaches have led to significant
nonreciprocal transmission within a chip-scale device footprint, however, other performance limitations such as
a high signal power threshold for operation, a low forward-transmission efficiency, and a narrow bandwidth
have limited their applications. These limitations should be compensated or eliminated to process broadband
signals (including modulation), to respect tight energy-conservation constraints imposed by applications and for
stable operation in ambient conditions involving moderate temperature drifts.
Here, we propose a nonlinear coupled-waveguide device which is integration-compatible and nonreciprocal
over a broad spectral range. The structure is designed to follow the parametric path that encircles an exceptional
point (EP) during the evolution of its non-Hermitian Hamiltonian. Nonreciprocal transmission is achieved due to
the non-adiabatic transition during the eigenstate propagation along the path [3]. The parametric path can be
built into the coupled waveguide structure by generating the required complex-index distribution along the
propagation axis as shown in Fig. 1(a). To realize this in photonic systems, we briefly introduce a lithographic
approach to generate the required complex effective-index profile which encircles an EP.
The approach is illustrated in Fig. 1(b). The unidirectional mode converter region consists of two
coupled-channel waveguides with an adjacent side patch. In this design, the real effective index profile is created
by a z-dependent waveguide-core width, while the imaginary effective index profiles are created via the
z-dependent gap-width between the waveguide core and side patch. As represented in Fig. 1(c), the
instantaneous eigenvalue diagram of designed unidirectional convertor shows that the two eigenstates

interchange during the parametric evolution. However, as numerically simulated in Fig. 1(d), the eigenstates are
uni-directionally converted due to the non-adiabatic transition during propagation following the designed path,
which induces nonreciprocity (and isolation) in the device.
We will present theoretical and numerical details for the device architectures and background theories with
some experimental results that confirm the proposed nonreciprocal functionalities.
(a)

(b)

(c )

(d)

Figure 1. (a) Numerical simulation of nonreciprocity in coupled waveguide system. (b) Schematic illustration of
optical isolator with unidirectional mode convertor. (c) Instantaneous eigenvalue diagram for the non-Hermitian
path. (d) Unidirectional mode conversion during adiabatic propagation following non-Hermitian path which
encircles an exceptional point.
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Anti-parity-time symmetry
in optical waveguide and electric circuit structures
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Abstract- We demonstrate a spontaneous symmetry breaking and power-differenceconserving light propagation in the anti-parity-time symmetric optical waveguide structures.
These optical properties are experimentally realized in the equivalent electric circuit analogy.
Recently, parity-time (PT) symmetric optical systems have been attracted considerable attention due to
their unique properties such as unidirectional reflection and nonreciprocal transmission. The anti-PT (APT)
symmetry, as a counter part of the PT-symmetry, is expected to exhibit its own unique characteristics.
However, experimentally implementing or theoretically designing APT-symmetric optical system is
challenging since a strictly APT-symmetric index distribution requires negative index material (NIM) in
general [1]. Here we demonstrate an NIM-free optical APT-symmetry and its experimental circuit analogy.
In this demonstration, a spontaneous APT-symmetry breaking and anomalous light propagation
characteristics are investigated in detail.
To avoid the demand of NIM, which might be an obstacle to experimental implementation, the
proposed system is designed to have an APT-symmetric effective Hamiltonian based on all-positive-index
materials as shown in Fig. 1(a). The proposed system consists of two gain-guiding waveguides with
different core indices. The real refractive index distribution is asymmetric whereas the imaginary refractive
index distribution is symmetric. The difference between real parts of core indices is used as a control
parameter while imaginary index distributions are maintained.
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Figure 1. (a) Real and imaginary index distribution in APT-symmetric waveguide coupler. (b) Schematic of
APT-symmetric coupled LC-resonators.

In the proposed system, the spontaneous APT-symmetry breaking is manifested as a branch point in the
parametric eigenvalue spectrum as shown in Figs. 2(a) and 2(b). The power–difference-conserving light
propagations in Figs. 2(c) ~ 2(f) are presented as unique properties that does not appear in the PT
symmetric systems. These anomalous dynamics are experimentally investigated with equivalent circuit
analogy using two coupled LC-resonators as shown in Fig. 1(b). Taking advantages of the low signal
frequency, time-domain measurements are performed with high temporal resolution.
The APT-symmetry may provide opportunities to obtain novel optical properties unattainable in
conventional Hermitian or PT-symmetric optical systems.
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Figure 1. Eigenvalues and dynamics of the APT-symmetric systems. (a, b) Real (a) and imaginary (b) eigenvalues
measured in APT-symmetric coupled LC resonator. (c, d) Propagation characteristics in the broken phase of
APT-symmetric coupled waveguide.
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Abstract-We study quantum transport in PT-symmetric quasi-one-dimensional lattices in which
complex band structures appear. Quantum transport in the lattice is measured only in the unbroken
PT-symmetric phases in the energy band but not in the broken PT-symmetric phases. We devise a
mechanism for reconfiguration of quantum states that is related to PT-phase transition between
regions of broken and unbroken PT-symmetry.
Non-Hermitian properties in open systems with energy gain and loss has attracted great interest in both
theoretical and experimental studies [1]. While we consider a physical system to be isolated, interactions with
the environment strongly influence the physical properties of quantum and classical systems by breaking both
energy and flux conservation. From a mathematical viewpoint, these open systems can be described by
non-Hermitian formalism, with closed ones by Hermitian formalism. In non-Hermitian systems, a potential with
a positive imaginary part describes a system that receives energy from its environment but a potential with a
negative imaginary part describes a system that loses energy to its environment. Among non-Hermitian systems,
parity-time (PT)-symmetric systems have the condition that loss and gain are exactly balanced [2]. The
PT-symmetric systems exhibit a transition from an unbroken PT-symmetric phase to a broken phase via
exceptional points. While the unbroken phase contains normal dispersive states with real eigenenergies, the
broken phase allows for spontaneous symmetry breaking in the eigenstates with complex energies.
In this work, we demonstrate that a bandgap is realized in PT-symmetric quasi-one-dimensional lattices by
quantum measurement through external leads. The bandgap is shown to be controlled by external parameters
such as energy gain and loss, but not by inherent properties such as geometric shape or defects. As a result, we
devise a mechanism for reconfiguration of quantum states that is related to PT-phase transition between regions
of broken and unbroken PT-symmetry.
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A freestanding, flexible, tunable, and biocompatible super-resonator
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Abstract- A freestanding resonator based on a natural organic polymer for flexible and
biocompatible nano-optics is reported. The device has metal-insulator-metal (M-I-M) structure,
which demonstrates perfect absorber and color filter. A facile lithography-free fabrication method
based on solution-assisted process and a biocompatible material facilitate the realization of a
cost-effective and environmentally benign large-area super absorber. The proposed resonant optical
device exhibits a narrow bandwidth absorber with absorption near unity and equivalent
functionalities with nano-patterned super absorbers.
Utilization of light at subwavelength with extraordinary optical properties is achieved by nanophotonic
materials.[1, 2] Particularly, supernatural transmission and absorption filters based on localized/delocalized
resonances have been triumphed by plasmonic metamaterials.[3] However, attainment of large area superior
optical filters built on nanoplasmonics under visible wavelength is defying because of high-cost lithography
techniques and deficiencies of nanofabrication.[4] We report a planar optical resonator built on a Fabry-Perot
(FP) etalon with a lithography-less fabrication[5] process, which is extremely cost-effective.
Multi-layered optical devices have earned research attentions owing to their unique performance and
lucrative fabrication in employing of light. The conventional planar resonators encounter deficiencies in sensing
abilities due to the inconvenient impact of analytes on the physical variables of the insulator film.[5] We
exploited the advantage of a natural biomaterial (NBM) as a bio-inspired material to fabricate an optical device
with M-I-M structure, which is capable of being utilized in bio-sensing.
We employ NBM as insulator layer or spacer of the suggested device with biocompatibility, non-toxicity,
and biodegradability. The utilized NBM offers exceptional features of the homogeneity, transparency, and
hydrogel properties, which makes it a proper material for an absorber and color filter. Through reaction of the
insulator thin film with humidified environment, it tunes the resonance wavelengths by swelling. The proposed
NBM is sandwiched between two Ag layers, while the substrate is made of NBM (Figure 1a). The NBM, which
serves as insulator layer or the spacer of the color filter reacts with the environmental liquids (water) and swells
(Figure 1b, c). The resonance mode is altered due to a shift of refractive index (RI) causing an increase in the
volume of the spacer.[5] The FP resonances can get tuned by liquid absorption of NBM spacer. During the
experiment and measurement, the amount of swelling is governed by changing the liquid type and its pH.

(a)

Ag

Natural Bio-Material
(NBM)

Illumination
(b)

(c)
In Air

Resonance shifting

White light

In Water

Swelled & thicker
insulator

White light

Figure 1. (a) Schematic illustration of a freestanding color filter with M-I-M structure; a natural biomaterial (NBM) is
sandwiched between two Ag layers. (b, c) Illumination of the device under white light in air and water, respectively.

In summary, we fabricated and characterized a freestanding perfect absorber and color filter based on NBMs
with a facile lithography-less method. Our suggested super absorber shows similar properties of nanostructured
plasmonic materials.
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Abstract- To detect miRNA-106a, the promising biomarker for gastric cancer, we demonstrate
colorimetric sensing platform based on plasmon coupling effect. The on-chip platform with
core-satellite structure is made by conjugation of complementary oligonucleotides between target
miRNA-106a and probes which are pre-functionalized on gold nanoparticles, thus enabling to
observe the scattering color changes and spectral shift.
1. INTRODUCTION
Although gastric cancer is the second most common
cause of cancer-related deaths in the world, early stage
detection is still lacking due to the inherent property of
cancer cells that are initially small in size and
asymptomatic. Thus, early stage detection and
prognosis monitoring are very important to avoid the
death from later stage presentation of gastric cancer.[1]
Current practice for screening gastric cancer
completely relies on the endoscopy, however, it is
difficult for many people to access endoscopic
instruments and expertise for proper screening.
In this paper, we demonstrate an on-chip colorimetric
biosensing platform of miR-106a based on the
principles of localized surface plasmon resonance
(LSPR). The LSPR occurs when the metallic nano
particles interact with incident light inducing collective
oscillation of conduction electrons on the surface of
metallic nanostructure.[2] It can be tuned by the size,
shape, materials, and also the plasmon coupling with a
nanoscale gap between the particles. When the metallic
nanoparticles are sufficiently adjacent to each other,
the near-field interaction leads to plasmon oscillations
in the particles. This plasmon coupling among the gold
nanoparticles (AuNPs) enables our sensing platform.[3,
4]

2. RESULT AND DISCUSSION
In advance of development of the sensing platform, the
density of core AuNPs in the detection area needs to be
controlled by optimizing the mixing ratio of APTES to
OTMS. When the concentration of the APTES is high
in a mixing solution with the ratio ranging from 1:0 to
5:1, agglomerated nanoparticles are made so that the
bound core AuNPs present a red color. When the
concentration of the mixing solution ranges from 3:1 to
3:2, the bound particles show green color. When the
concentration is ranging from 1:1 to 0:1, the core
AuNPs are not bound to the modified substrate. To
observe the colorimetric change and spectral shift
clearly, we choose APTES/OTMS mixing ratio of 3:1.
By using this mixing solution, we made the substrate
with maximum spectral intensity near 550 nm
wavelength.
To verify the attachment of nanoparticles via
complementary sequence, we have investigated the
change in the nanostructure by scanning electron
microscopy images (SEM) as shown in Figure 1 (a)
and (b). The single AuNPs with 50 nm in diameter are
uniformly distributed without the agglomeration
(Figure 1 (a)). When the miR-106a is attached, the
core-satellite assemblies are made (Figure 1 (b)).
These nanoscale assemblies lead to the colorimetric

change, thus enabling the detection of miRNA
corresponding to the miRNA concentration. The
colorimetric changes are shown in Figure 1 (c) with
spectral change and in Figure 1 (d)-(e) with dark-field
microscopy. Figure 1 (c) shows the detection of
miR-106a by measuring the spectral response from the
hybridized core-satellite AuNPs. The single core
AuNPs show the green colour (Figure 1 (d)) while the
scattering spectrum is red shifted with the formation of
core-satellite nanostructure assembly when the 10 µM
concentration of miR-106a is applied (Figure 1 (e)).
3. CONCLUSION
In summary, the sensing platform we demonstrated
here provides a novel approach of colorimetric
detection of miR-106a to use for the early diagnosis of
gastric cancer with a potential for clinical application.
To make on-chip detection platform, we modified the
glass substrate with mixed layer composed of APTES
and OTMS to achieve a proper density of core AuNPs.
On the modified substrate, we confirm the colorimetric
change with the spectral shift of 28.33 nm wavelength
for 10 µM concentration of miR-106a. This study
proposes the sensing platform for a point of care
diagnostics for miR-106a, a potential biomarker for
gastric cancer.

Acknowledgements
This research was supported by the MSIP(Ministry of
Science, ICT and Future Planning), Korea, under the
“ICT
Consilience
Creative
Program”
(IITP-R0346-16-1008) supervised by the IITP(Institute
for Information & communications Technology
Promotion) and also under the “Mid-career Researcher
Program” (NRF-2016R1A2B2014612) supervised by
the NRF(National Research Foundation).
References
[1] Leung, W. K., Wu, M., Kakugawa, Y., Kim, J. J.,
Yeoh, K. et al., "Screening for gastric cancer in Asia:
current evidence and practice," Lancet oncol.,Vol. 9
No. 3, 279-287, 2008.
[2] Maier, S.A., Plasmonics: fundamentals and
applications, Springer Science & Business Media,
New York, 2007.
[3] Lee, J., Park, J., Lee, J. -Y., and J. -S. Yeo,
"Contact Transfer Printing of Side Edge
Prefunctionalized Nanoplasmonic Arrays for Flexible
microRNA Biosensor," Adv. Sci., Vol. 2, No. 9,
1500121, 2015.
[4] Park, J. and J.-S. Yeo, "Colorimetric detection of
microRNA miR-21 based on nanoplasmonic
core–satellite assembly," Chem. Commun., Vol. 50,
No. 11, 1366-1368, 2014.

Figure 1. Formation of the core-satellite nanostructures. On the organosilane treated (APTES/OTMS = 3:1) substrate, the 50
nm sized single core AuNPs form core-satellite structure with the 30 nm sized satellite AuNPs by the pairing of
complementary sequences between the probes and miRNA-106a. SEM images of (a) the core AuNPs and (b) the core-satellite
nanostructures (Scale bars of 1 µm (left) and 100 nm (right) in (a) and (b)). (c) The plot of scattering colour for the core
AuNPs and the core-satellite structures. Dark field images of (d) the core AuNPs and (e) the core-satellite nanoparticle
structures (Scale bars, 100 µm).
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Abstract- Synthetic biology is a new and emerging field. Utilizing mechanisms found in nature we
can reach solutions to problems such as; ‘cloaking’ devices, not currently found within the reaches
of traditional science. [1] Exploiting the intrinsic nature of M13, a filamentous bacteriophage, to
self-assemble we have achieved tuneable 3D nanoarchitectures. Such structures have demonstrated
interesting optical characteristics, where a strong non-linear dependence of light induces a
resonance shift in the reflected light, and therefore the colour witnessed by you and I.
Learning from biological processes such as self-assembly can subsequently allow us to contribute to them,
from which we can produce endless possibilities in a multitude of applications; from super-lenses to cloaking
devices. Taking the principal of the invisibility cloak from ‘Harry Potter’ and translating the idea into real world
optical devices i.e. through the production of optical metamaterials, is not totally out of reach. Optically
interesting materials can be achieved via the interaction of nanoparticles with a biomolecule surface. Harvesting
the inherent self-assembly nature of biological molecules allows us to develop novel 3D structures capable of
displaying metamaterial and/or photonic characteristics. [2]

Figure 1. Templating procedure employed to achieve a tuneable 3D scaffold at the air/liquid/solid interface.
The scaffold is produced as a result of opposing surface tension and friction forces to create a meniscus at the
interface. Templating of M13 (phage) within the solution to the substrate is produced perpendicular to the
director axis.
We have utilized the filamentous nature and high aspect ratio of M13 as a scaffold. It’s propensity to
self-assemble at the air/liquid/solid interface has been initially set out by Chung et.al. [2] Producing a modified
system, we have achieved a tuneable scaffold (Figure 2 and 3).

A
B
C
Figure 2. Atomic Force Microscopy imaging of M13 phage at 0.01 mg/mL drop casted onto an Au coated
silicon (Si) wafer and dried under air (A). 3 mg/mL M13 phage templated at 100 µm/min of vertical shear (B)
and a further image at a smaller section of B (C). C demonstrates the ability of M13 to hierarchically
self-assemble under suitable conditions.
The tunability of the structure has strong dependence on both the concentration of M13 within the
templating solution and speed at which vertical shear onto a substrate is employed (Figure 2). The produced
surfaces are able to interfere with visible light to demonstrate non-linear angle dependence, with linearly
polarized light when sputter coated with gold (Figure 3) and circularly polarized light when gold (Au) is
electrolessly deposited throughout the structure.

Figure 3. Left, x-polarized light transmitted through a sample of M13 (sputter coated with Au) templated at
high speed to yield a densely packed array of ridges and grooves. Inset, the corresponding reflectance data plot.
Right, colour respective naked-eye view of the sample.
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Abstract- Control of near-field waves is the key to going beyond the diffraction limit in imaging
and manipulating target objects. We present the focusing of plasmonic waves, a type of near-field
waves, by the wavefront shaping of far-field waves. We coupled far-field waves to a random array
of nanoholes on a thin gold film to generate speckled plasmonic waves. By measuring the far-field
to near-field transmission matrix and shaping of the far-field wave, we demonstrated the focusing
of plasmonic waves at arbitrary position of gold film surface.
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Abstract-We present a nanoscopic investigation of optical modes near plasma frequency of a
highly doped semiconductor structure. With a phase sensitive mid-IR s-SNOM [1], we have imaged
the complex field distribution of localized surface plasmonic resonators and we have obtained
near-field optical amplitude and phase spectrum containing precise information on the dieletric
function of the sample, in agreement with simulations. Moreover, our finding corroborates a formal
link between Local Density of Optical States and the phase information scattered by a local emitter.
Highly doped InAsSb is an exciting material exhibiting metallic behavior with a plasma frequency ranging
from THz to midIR (up 5.5µm) depending on the doping level. Therefore it offers quite unique perspectives for
infrared plasmonic devices, notably to create intense Localized Surface Plasmon Resonance (LSPR) for sensing
application in the Infrared range, where specificity can be provided by spectroscopic measurement [2].
In our work, a homemade mid-IR scanning near-field microscopy is used to investigate the localized
plasmonic modes of submicronic InAsSb ribbon that is 700nm wide and 100nm high. The phase sensitive
images reveal the presence of an ultra confined mode on the edge of the ribbon that is confirmed by
electromagnetic simulations, shown in figure 1(b). Using the same tool we investigate the peculiar nature of the
signal scattered by the probe (a nano-antenna) in the vicinity of the plasma frequency where the permittivity
approaches zero, shown in figure 1(d). Finally, we make a link between the obtained phase near-field spectrum
and the expected LDOS spectrum.

200nm
(a)

@ 11μm
(b)

(c)

@ 10μm

(d)
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Figure 1: Experimental image of the InAsSb/GaSb gratings: (a) Topography of the ribbon ;(b) Optical
Amplitude image at 11µm ;(c) optical amplitude image at 10µm ;(d) optical amplitude image at 9.3µm
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Abstract-In this paper the dependence of the full-width at half-maximun (FWHM) of the terajet
from the polarization of the incident light (TE-TM), from the orientation of the structure (two
different cross-sections of the composite) is performed. S-parameters and Ey, Hz intensity
distributions for TE- and TM-polarized wave was obtained in the COMSOL Multiphysics Software.
In some cases radiation propagating through a microparticle can focus into a narrow, high-intensity
electromagnetic beam that continue it’s way into the background medium from the shadow-side surface of a
plane-wave illuminated lossless dielectric microparticle of a size greater than the illuminating wavelength, λ.
This beam can maintain a subwavelength full-width at half-maximun (FWHM) transverse beam width smaller
than the classical diffraction limit. It was called «photonic nanojet (PNj)», or simply «nanojet» [1.2]. Due to it’s
peculiarities nanojet has very promosing applications. Microparticles combined in linear chains close to each
other can work as an optical waveguide [3] and assembled in a planar array put on top of a photoresist in a single
layer suggests us a maskless subwavelength-resolution direct-write nanopatterning technique [4]. Giant
backscattering perturbation phenomenon of PNj allows us to detect and size nanoparticles as small as a few
nanometers, that is essential in various biophotonics applications [5-6].
Jet generated in THz frequency range is called «terajet» [7]. In this paper incident wave propagating
through the dielectric periodical artificial structure in the shape of the parallelepiped formed a terajet [8]. The
structure is perforated. The waist of the terajet (FWHM) was evaluated in COMSOL Multiphysics software
using the Finite Element Method (FEM). The value of this parameter defined whether the classical diffraction
limit (λ/2) was overcome or not. This parameter depends on: the polarization of the incident wave (TE, TM), the
orientation of the structure (in one cross-section the incident light illuminates a rectangle with circle holes and in
another one - an alternating layered structure), the permittivity of the photopolymer (ABS ε = 2.47 , PLA
ε = 3.57 , Visijet ε = 2.76 ) and the permittivity of the 2nd component of the composite (it was air in this case),
the period of the holes. The last three items could be united in one parameter – effective permittivity in terms of
the effective medium theory. The ratio between this parameter and the range of frequency was obtained –
dispersion relations. Devices based on the effect of the terajet could find applications in biological visualization
or terahertz microscopy.
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Abstract-We introduce a far field label-free SR methodology that is based on the nonlinear
reflectance changes induced by photo-modulation. Following an ultra-short pump pulse, an
overlapping delayed probe pulse monitors the nonlinear reflectance changes. Spatial resolution
within the diffraction limited spot is enhanced as the square root of the nonlinearity order. The
method is compatible with semiconductors and metals, in vacuum and air, ultrathin and thick
samples alike. Examples of resolution enhancement in several materials (<90nm) are demonstrated.
Far-field super-resolution (SR) microscopy has developed to be an important tool in life sciences. However,
it relies on, and therefore is limited by the ability to control the fluorescence of label molecules or nanoparticles.
While in many cases, label-free far-field microscopy is required, an equivalent SR technique is not available.
We introduce a new far field label-free SR methodology that is based on the nonlinear response of the
reflectance to photo-modulation [1-3]. It relies on the ability to photo-excite a temperature and/or charge-carriers
spatial distribution inside the diffraction limited spot by an ultra-short pump pulse. In Nonlinear
photo-modulated Reflectivity (NPMR) an overlapping delayed probe pulse monitors the nonlinear reflectance
changes. By scanning over the sample and measuring the NPMR, spatial resolution is enhanced. NPMR is
measured by recording the high harmonics in the probe laser reflectance. The improvement in resolution scales
like n, where n is the nonlinearity order.
In order to achieve a reliable response in high harmonics, pure sine modulation is required. By using an
acouto-optic modulator coupled to an arbitrary wave-form generator, we have succeeded in modulating our
pump source with harmonic impurity down to 10-4.
Examples of resolution enhancement due to nonlinearities are presented: The change of thermo-reflectance
of VO2 upon its characteristic insulator-to-metal transition, the heating process of a nanostructured silicon or
gold surfaces, and the nonlinear response of photo-modulated Raman spectra. Super-resolution down to 85nm is
demonstrated with a probe laser of 800nm wavelength. NPMR is suitable to characterize semiconductors and
metals in vacuum, ambient, and liquid, semi-transparent and opaque systems, ultrathin and thick samples alike.
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Abstract-Realizing an invisibility cloak has drawn great research interests since the theory of
transformation optics was proposed. However, previous demonstrations of invisibility cloaks
suffered from various problems due to the complex parameters required, though significant
achievements have been achieved both in microwave and optical frequencies recently. Here, we
propose and demonstrate a cloak based on a two-step linear transformation that works for
omnidirection at microwave frequencies. This work could push the research of cloak realizations
one step forward.

Rendering an object invisible has long been a fantasy of people for decades. Recently, invisibility cloak has
captured wide scientific interests since the theory of transformation optics1, 2 was proposed in 2006. Significant
achievements in invisibility cloak realizations have been achieved both in microwave3-6 and optical
frequencies7-13. However, due to the complex parameters required, previous demonstrations still suffer from
various problems such as impedance mismatch3, 10, 11, unidirection6, 13, single polarization3, 10, 11, lateral shift4, 5, 7-9, 14
and narrow bandwidth3, 6 etc. Here we propose and demonstrate an invisibility cloak based on a two-step linear
transformation that works for omnidirection at microwave frequencies. The cloak requires extremely anisotropic
media with both zero and infinity which are realized by periodic metallic structures. The work could inspire the
study of extremely anisotropic metamaterials and push the research of cloak realization one step forward.
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Abstract- In this paper, we illustrate the methods of constructing structures with negative Poisson’s
ratio with rigid sliding units. By numerical evaluation we describe its mechanical properties and
show structures exhibit auxetic behavior indeed. We discuss its future productivity and its
application to smart transformation optics.
Engineers can control electromagnetic waves through coordinate transform based on invariance of
Maxwell's equation [1]. While conventional transformation optics require anisotropic permittivity and
permeability, in quasi-conformal mapping, electromagnetic devices require isotropic dielectric materials only
[2]. Smart transformation optics regards mechanical deformation of medium as coordinate transformation [3, 4].
Using metamaterials with negative Poisson's ratio (so called auxetic behavior), smart transformation optics
satisfy quasi-conformal transformation [3, 4]. Unlike normal object, structures with auxetic behavior exhibit
negative Poisson’s ratio [5]. In this paper, we show how we can construct auxetic structures with ‘hourglass
shaped units’ [6]. Changing its geometrical condition, we show that the proposed structures always exhibit
auxetic behavior indeed. We also derive its mechanical properties such as on axis Young’s modulus to quantify
its stiffness of the structure. Last we show its possibility to application to smart transformation optics as a basic
material of optical medium.

Figure 1 Constructed auxetic structures with hourglass shaped units
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Abstract— Clocking for microwaves is investigated numerically in a model integrating plasma
with anisotropic metamaterial. Realization of cloaking requires media with designed permittivity
and permeability parameters. Invisibility observed in this study is based on spacial gradient of
permittivity in plasma and anisotropic permeability in metamaterial. This report demonstrates
our numerical results based on the finite-di↵erence time-domain (FDTD) method. These results
indicate potentials and possible advantages coming from spacial gradient of plasma permittivity
with anisotropic permeability.

1. INTRODUCTION

Metamaterial has independent control of permeability µ and permittivity ✏p ; they support all real
values in arbitrary directions [1]. Characteristics of independence work as anisotropic properties
and, in addition, their values can vary in space to make a gradient [8]. Anisotropie property and
gradient existence are key factors for cloaking [4, 7, 8]. Alternatively, plasma can be used in a
cylindrical device to change the permittivity ✏p , which will be shown in Figure 2(b) [8, 3]. Here we
report numerical results to show an advantage about its smooth gradient for a cylindrical cloak.
To find the perfect cloaking characteristic, transformation optics was used [8]; in our case the gradient has a slight mismatch between theoretical prediction from transformation optics and possible
parameters of plasma. In the interest of the numerical code, we use electric and (hypothetical)
magnetic currents in the Maxwell equations to include plasma and metamaterial e↵ects on ✏p and
permeability µ respectively. In this study, we test the size of our cloak by a numerical code integrating the requirements for cloaking. Our analysis is focused on scattering wave created by di↵erent
size of cloaking.

(a)

(b)

Figures 1: (a) Schema of the numerical code, (b) characteristic use for our cloaking device.
2. NUMERICAL CODE

We developed a code in the finite-di↵erence time-domain (FDTD) method in two-dimension space
(500 mm ⇥ 600 mm on the x -y plane), as show in Figure 1. A point microwave source at 6 GHz
is placed at x = 250 mm and y = 100 mm. Our cloaking [4] is made around a metallic monopole
placed at x = 250 mm and y = 360 mm. Integration e↵ect of plasma with ✏p and metamaterial

with anisotropic µ is due to electric and magnetic current densities in the Maxwell equations [5, 6].
The time resolution for the Maxwell equations is every 0.5 ps, and the boundary of the delimited
space is made of the 2nd Mur’s boundary condition to have the perfect absorption boundary. We
assume the plasma in a vacuum chamber composed of a dielectric container of 30-mm inner radius,
and the smooth gradient of ✏p is supported by a natural profile of electron density [4], shown in a
smooth gradient of permittivity in radial coordinate [2, 3]. We did not fix the permittivity of the
container wall to see its impacts, like ✏ = 1.0, 2.0 and 3.0.
3. LIMIT EFFECT OF THE SIZE FOR CLOAKING

Figure 2 (a) and (b) show results of power as square of electric fields at a fixed time for 60-mmand -80-mm-diameter devices. In Figure 2 (c) we compare the cloaking size with amplitude of the
scattering wave; each amplitude is devided by the radius to have calibrated values because of the
mismatch between possibility from plasma and perfect cloaking. From Figure 2 (c), we note that
the scattering wave is significant when the size is comparable with about quarter of the wavelength
in all values of dielectric permittivity ✏p = 1.0, 2.0 and 3.0.

(a)

(b)

(c)

Figures 2: Scattering wave in space with cloaking of (a) 60-mm-radius, (b) 80-mm radius, and
(c) fluctuation level of |E2 | (D) normalized by radius r.
4. CONCLUSION

Plasma as metamaterial can be used in cloaking; the cloaking with plasma can be a configuration
compressed to a lower limit. The size limit is close to quarter of the wavelength of the electromagnetic wave. The underlying physics on this limit may be based on Rayleigh di↵raction, the slope
of the plasma and the FDTD grid which is limited by our calculation precision.
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Abstract— We discuss the presence and role of curvature in transformation optics and other
transformation fields. Further, we show where and why it is not induced by cloaking transformations, but where and why it can be in other cases.

The original spatial cloak proposals [1] showed how light could be steered around an object in
a way intended to make it invisible from all angles. The way the initially straight wavefronts – or
ray paths – are transformed into curved ones begs the question: can transformation optics induce
curvature? For example, a cloaking device might attempt to mimic an empty space, or a curved
waveguide attempt to mimic a straight one. In such cases, despite ray paths becoming curved
in the colloquial sense, the mimicry would not work if the true (mathematical) curvature di↵ered
between the device and its intended appearance (i.e. its design).
However, we can also consider other constructions, such as the Maxwell’s Fisheye Lens [2] stereographic projection which makes a plane look like a sphere; or indeed any transformations between
di↵erent and obviously curved surfaces. One notable case of such a “topographic transformation”
[3] is the pioneering surface wave cloak of Mitchell-Thomas et al. [4]. Since we cannot escape the
role of curvature in these cases, we here develop a description of the machinery and concepts needed
to handle – and perhaps more importantly, clarify – this.
In what follows we will discuss everything in terms of transformation optics; although same
arguments can be applied to other transformation fields.

LAB
g ↵0

DESIGN

DEVICE
0

↵0 0
N↵

C↵

Figure 1: We use device properties to hide the host space metric (ḡ) and make the space look as if it has
some desired design space metric (ĝ). This means the device does not have a notion of a metric in and of
itself – its constitutive properties act as a transformation between one metric and another. (Figure reused
with permission [5]).

Any given situation, whether it be intended as a design or reference case, or as the device itself,
can be codified here in terms of of three things: First, the geometry of the background space which
will have some metric g ↵0 0 ; Second, the e↵ect of the device we have constructed, i.e. the optical
0 0
medium placed in the background space, which we denote N↵↵ ; Third, the metric seen by the
light travelling within the device is a combination of the background space metric and the optical
medium, the net e↵ect giving rise to an e↵ective or optical metric C↵ .
We denote (a) the optical/e↵ective metric to be C, (b) the lab/spacetime/background metric to
be g, where the two are linked by (c) material properies N; so that

C↵ = N↵↵

0

0

g ↵0 0 .

(1)

This treatment in terms of optical metrics addresses only part of the full electromagnetic system,
which is a wave theory based on a full set of constitutive parameters, and contains polarizationdependent properties. However, as we will show, it performs extremely well and covers the most
important features with regards to the presence or absence of curvature.

LAB

DEVICE

OPTICAL

Figure 2: A flat lab space can be transformed into a curved optical space using a device with an inhomogeneous optical properties. The most famous example is the Maxwell’s fisheye lens, whose index profile can
be calculated by means of a standard stereographic projection from the sphere to the plane. (Figure reused
with permission [5]).

From the simple representation of the transformation optics scenario shown in fig . 2, we can see
that there are two places where curvature might exist, i.e. in the reference/laboratory space, and in
the design space. Because any transformation must be a di↵eomorphism, these two curvatures must
be identical as far as the relevant optical (wave, ray) properties are concerned. For devices such as
illusion generators or cloaks this is indeed the very point of the device design; and is independent
of whether or not the laboratory space has an underlying curvature or not – e.g. because the
spacetime is curved, or because the waves under consideration are confined to a curved sheet.
Despite the clear “no induced curvature” conclusion from earlier, what about Maxwell’s fisheye
lens? Since this is based on a stereographic projection of a sphere onto a plane, it is clearly possible
to point to an initially curved laboratory space (i.e. the sphere), and a final lab space which is flat
(i.e. the plane). Although the optical behaviour remains identical – propagation as if on a sphere
– some aspects of curvature have altered.
We will show how a more sophisticated re-imagining of the situation shown in fig. 2 can resolve
this, with allowances made for alterations in both the lab space and the device, whilst keeping the
design criteria fixed.
We demonstrate that all transformation designs never induce curvature – the final in-device
wave properties act to all intents and purposes as if travelling on the same space as the reference
case: typically these spaces are both flat as far as the propagating wave is concerned. Nevertheless,
the “location” of curvature in the system can be shifted from the lab space to the device properties,
or vice versa, and we will show how to systematize this process.
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Abstract-A 3D flat cuboid shaped lens calculated by spatial light transformation method for
electromagnetic field shaping is proposed. The lens is capable of generating multi beams by
reshaping the omnidirectional emission of a monopole antenna into four or more beams. Such
manipulation is simulated and analyzed by solving the Laplace’s equation. The design implies a
potential 3D realization with all-dielectric gradient refractive index metamaterials.
Transformation optics (TO) is one of the most powerful conceptual techniques for the design of devices
which leverage complex materials. TO enables to alter the field distribution by choosing material parameters
which cause light to ‘behave’ as if it was in a transformed set of coordinates [1,2] and novel applications have
been explored rapidly and quantitively. Hu et al. [3] found the equivalence between coordinate transformation
and spatial deformation and propose to use Laplace’s equation to determine the deformation of coordinate grids.
Thus, it has been widely applied to design arbitrary broadband devices such as the carpet cloak [4] and
functional lenses [5,6] with all-dielectric materials. In this study, we propose the design of a 3D lens with a flat
cuboid shape that can significantly reshape the directivity of a monopole antenna into four directive beams [7].
Such a 3D lens can be obtained by the 2D design extension along z direction.
The designed model is based on quasi-conformal transformation optics (QCTO) and achieved by solving
Laplace’s equation. For fields’ equivalence at the outer boundaries with the virtual space, Neumann and
Dirichlet sliding boundary conditions are set at the edges of the cap lens:
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is related to the deformation between the physical space and the virtual space. We consider

the initial parameters as R = 4 2 cm, r = 1 cm. In this case, the permittivity distribution ranges from 0 to 2.8.
To refrain from using resonant metamaterials and to support a potential all-dielectric realization process, we
have to consider zz values below 1 as unity. The electric near field distribution of the lens for broadband
performances is presented as illustrated in Fig. 2.
This work was supported in part by the National Natural Science Foundation of China under grant No.
61601345. J.Yi acknowledges the partial support from the Fundamental Research Funds for the Central
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Fig. 1: Illustration showing the space mapping from the virtual space to the physical space.

Fig. 2: Simulated electric near field distributions in the x-y plane, at (a) 7 GHz, (b) 10 GHz and (c) 13 GHz.
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Abstract- A low-cost paper based frequency selective surface (FSS) for X-band frequency
shielding is presented in this paper. The proposed FSS contains the unit cell made of single ring
loop element with paper as its novel substrate. The overall thickness of the proposed FSS measured
only 0.15mm. The designed FSS provide a band-stop response at 10 GHz with minimum 35 dB
shielding effectiveness. Additionally, due to the ring loop FSS is symmetrical in nature, the
designed FSS providing the advantage of polarization independency. It also exhibits angular
stability up to 45 for both transverse electric (TE mode) and transverse magnetic (TM mode) fields.
A prototype with overall dimension of 17.5cm x 26.3 cm of the proposed paper-based FSS is
fabricated using inkjet printing method which is a low-cost manufacturing technique. The proposed
FSS can be easily applied on the walls and windows of a room to block the unwanted frequency
band in order to protect sensitive instruments from possible electromagnetic interference (EMI).
1. Introduction
Frequency Selective Surface (FSS) is commonly used to shield the unwanted signals which will lead
to the EMI. FSS defined as either radiating or non-radiating elements that arranged in periodic array
manner [1]. The FSS can be designed as either band-pass or band-stop filter respectively to
electromagnetic waves [1]. Recently, rapid evolution of the wireless communication industry promote the
needs of low-cost, flexible and environmentally-friendly wireless communication devices such as
antennas and microwave devices [2]. Choosing the appropriate substrate is one of the most significant
method to realize the flexible wireless communication devices. Flexible substrate such as PDMS,
polyethylene terephthalate (PET), fabric and paper substrate had been proposed [3]. From all these
substrates, paper is considered the best alternative as it is easily available, environmentally-friendly,
flexible and most importantly is very low cost. However, the development of the FSS on paper is a big
challenge. In the previous research, the development of the FSS on paper substrate was done by shaped
the copper tape manually and glued on the paper later [4]. Another approach is to draw the design of the
FSS manually using the silver conductive pen [5]. However, both of this approaches will cause high
fabrication errors especially when the size of the unit cell become smaller and the design become
complicated. In order to overcome the mentioned limitations, in this paper we proposed to develop the
FSS on the paper substrate using inkjet printing method. We present a ring slot FSS on low-cost, flexible
and environmental friendly paper substrate (permittivity = 3.1, thickness = 0.15mm and lost tangent =
0.05) to shield the X-band signal at 10 GHz.

2. FSS Unit Cell Design and Simulation Results
The proposed FSS is as shown in Figure 1. The designed FSS is made of silver-nanoparticle ink single
ring slot with slot thickness of 0.003 mm. The unit cell is deposited on the paper substrate with measured
thickness of 0.15 mm and tangent loss of 0.05. The performance of the FSS is evaluated through the
simulation by utilizing CST Microwave Studio (CST MWS). Since the FSS is a highly resonant structure
and it is important to investigate the angular stability performance, thus the frequency domain solver is
utilized for the simulation. In order to reduce the simulation load, the FSS is modelled as infinite array in
the software by utilized the full floquet mode to simulate single unit cell. The simulation results are as
shown in Figure 2. From the results, we can observe the designed FSS provided attenuation of signal at 10
GHz up to 35dB for both TE and TM polarization. The designed FSS also managed to perform
satisfactory for both TE and TM polarization up to 45 degree.

Fig1. Single Loop FSS; Dx=Dy=8.6mm, r=4mm

Fig2. Comparison for simulated S21 for both TE and

g=0.9mm

TM polarization up to 45 degree.

3. Conclusion
In this paper, a low cost, environmentally friendly paper-based FSS is proposed. The prototype of the proposed
FSS is realized using inkjet printing techniques. The proposed FSS can replaced the conventional FSS that
developed on FR-4 and rogers while maintaining the performance of FSS. The fabrication technique proposed in
this paper allow the accurate fabrication of the design. The detail explanation will be discussed after the
acceptance of abstract.
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Abstract-A contemporary, flexible and economical frequency selective surface designed for
X-band shielding establish from simple inkjet printer using highly conductive silver nanoparticles
ink. The resonating element of the FSS is designed using a modified square loop element and
printed on top a paper substrate with a measured thickness of 0.15 mm. The performance of the FSS
is examined using Computer Simulation Technology (CST) software. From the simulation outcome,
the proposed structure offered band stop response at 10 GHz with attenuation up to 30 dB at normal
incidence. Moreover, the modified square loop FSS is symmetrical and therefore it managed to
offer a stable frequency response at oblique angle up to 45 for both TE and TM polarization. The
model of the designed FSS is then developed using inkjet printing technique. The proposed FSS can
be cascaded to building easily as wallpaper to block the unwanted X-band signals.
1. Introduction
Frequency Selective Surface (FSS) is commonly used as a spatial filters either as a band-pass or
band-stop filter [1]. FSSs are useful as antenna radome, absorbers, antenna reflectors and in many other
areas [2]. The performance of the FSSs are mainly reliable on the geometry of the element, size of the
unit cell, periodicity and characteristics of dielectric substrate used [1]. In order to achieve a stable
frequency response performance, the element geometry playing the most notable role. The compact FSS
design will allow the FSS to operate satisfactory under different angle of incident and polarization [3].
Therefore, it is crucial to design a compact FSS element. Recently, with the rapid development of the
communication devices, the demand of the flexible wireless devices is become significant [4]. Most of the
study reported the development of the wireless devices on PDMS, polyethylene terephthalate (PET) and
paper substrate as the dielectric body for the devices [4], [5]. From all these substrate, paper substrate is
the most ordinary option as it is easily available in the market and allow the roll-to-roll production which
will reduced the cost significantly [6]. To ensure the FSSs manage to perform competently, the metal
depositing technique is relatively crucial. Inkjet printing is become a commendatory choice today due to it
is low cost and simple to fabricate [6]. In this paper, we offered to develop the modified square loop FSS
on the low-cost, flexible and environmentally friendly paper substrate (permittivity = 3.1, thickness =
0.15mm and loss tangent = 0.05) using simple inkjet printing technique to support the screening of the
X-band frequency signals.
2. FSS Unit Cell Design and Simulation Results
The objective of this paper is to present a low profile FSS element that can operate satisfactory at

different angle of incident and polarizations. The proposed FSS is as explicated in Figure 1. The designed
FSS comprised an unit cell of modified square loop (MSL) with conductor thickness of 0.003 mm
deposited on top of a paper substrate with thickness of 0.15 mm, permittivity 3.1 and loss tangent of 0.05.
The proposed MSL is transformed from square loop by introduced an inward bending U-shaped stubs to
all sites of the square loop. The package density of the FSS has exacerbated when the square loop is
evolved to MSL [3]. From the simulation result, we can examine that the frequency response of proposed
FSS operate stability at both TE and TM polarization. Although when the angle of incident increase to
45 , the center frequency alter slightly but at 10GHz, the FSS still manage to provide attenuation more
than 25 dB for both TE and TM polarizations. In a nutshell, the FSS provide a stable frequency response.

Fig1. Modified Square Loop. Px=Py=6.5mm, L=6mm

Fig2. Simulated Frequency transmission response of

Ws= 0.5mm, SL=2mm, Sw=0.8mm

the proposed MSL.

3. Conclusion
In this paper, a MSL FSS deposited on a paper substrate is presented. The proposed FSS is realized using simple
inkjet printing technique to deposit the silver nanoparticle ink on the paper substrate. From the simulation result,
the proposed FSS provide a stable performance at both TE and TM polarization up to 45 . The detail
explanation on fabrication technique, experimental setup for validation will be discussed after the acceptance of
abstract.
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Abstract- A flexible microstrip grid array antenna that established using copper conductive fabric as the
conducting element deposited on the Polydimethysiloxane (PDMS) as it substrate is presented. The
proposed design is made up from a rectangular geometry which consists of 19 cells that build up by 22
radiating elements on the PDMS to provide a resonant frequency at 15 GHz. The proposed design
managed to provide a 40% bandwidth at -10 dB bandwidth performance with maximum gain up to 14.6
dBi at normal condition. The study on the bending effect of the proposed antenna is examined using
Computer Simulation Technology (CST) software. The bending effect of the proposed antenna is
observed by bending the antenna into different bending radius. From the results obtained, it can be
examined that the proposed antenna is insensitive toward the bending and thus it is a suitable candidate
for wearable applications.
1. Introduction
The introduction of smart devices and Internet of Things (IoT) has leads to the increase demand on the
communication data. The 5G communication is envision to support around 1,000 time data than the existing
data[1]. As a result, the antenna that going to utilize for 5G must consist the features of large bandwidth, high
gain and manage to operate at high frequency. Grid Array antenna which is designed using several number of
meshes to form the grid cells with radiating elements and transmission line and a full ground plane [2]. Grid
array antenna provide the credit of simple feeding technique, high gain, wide-bandwidth and most importantly it
manage to provide a stable performance over high frequency [3]. Besides that, the introduction of the IoT
increases the need of the wearable and flexible electronics which include the flexible antennas. One of the
propose approach to realize the flexible antenna is to utilize the flexible substrate such as PDMS [4]. In this
paper, we present a durable microstrip grid array antenna by using the PDMS substrate and conductive fabric
which provide the flexibility characteristics. The proposed antenna manages to provide stable performance when
it is bent up to certain level.
2. Flexible Antenna Design and Simulation Results

(a)

(b)

Fig1. (a) The proposed antenna configuration. (b) Simulation for bending process experiment in CST
Figure 1(a) shows the configuration of the proposed flexible microstrip grid array antenna. The presented

antenna is designed on 1.6 mm thick PDMS substrate (relative permittivity εr = 2.9 and loss tangent tanδ =
0.0019) and 0.035 mm copper conductive fabric with electrical conductivity of 5.8 x 10 7 S/m as the patch and
ground plane. The cell element is designed using guided wavelength equation at 15 GHz and simulated using
CST Microwave Studio software. The proposed antenna consist of 19 number of cells with 22 radiating elements
arranged in rectangular geometry. The optimized antenna parameters is l=14 mm, w=7 mm, ws=5.1 mm, and wl=
0.55 mm with total dimension of 130 x 35 mm. Figure 1(b) shows the simulation bending experiment in CST.
The proposed antenna was bend correspond to the attached cylinder curved surface where the radius of the
cylinder, R will be consider as the parameter of bending. The reflection coefficient of the antenna without
bending is compared with the bending antenna in order to examine the bending effect on the antenna
performance. Figure 2 shows the simulated reflection coefficient and gain for the proposed antenna with bending
and without bending. The antenna provide 40% wideband characteristics at -10 dB with maximum gain of 14.6
dBi at 15 GHz at normal condition. The bending level of the antenna is depend on the radius of the cylinder
where smaller radius allow higher level of bending on antenna. From the result, we can examined the proposed
antenna manage to provide a stable performance over 15GHz when it is being bent.

Fig2. Return loss and gain of the proposed antenna with and without bending
3. Conclusion
A flexible microstrip grid array antenna on PDMS and conductive fabric is presented in this paper. Proposed
antenna manage to operate satisfactory at 15 GHz when it is bent or without bending. Such feature allow the
proposed antenna to be use for wearable applications. The detail explanation about antenna performance and
fabrication method will be discussed after the acceptance of abstract.
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Abstract-This paper presents the design of a branch-line coupler (BLC) using a copper fabric sheet
as conductive element, mounted on Polydimethylsiloxane (PDMS) substrate and superstrate (cover)
dielectric layers. The BLC operates at the 2.45 GHz operating frequency and has a phase difference
of 90 degree. The use of PDMS material as a dielectric layer for BLC is to add the special
characteristics of PDMS on this passive microwave circuit. The PDMS has very unique properties
such as durability, light weight and electromagnetic shielding. By incorporating the copper fabric as
a conductive element for BLC it will enhance the durability and the electromagnetic shielding of
the BLC.
Realization of electronic and photonic components on flexible, durable and stretchable substrates as opposed
to conventional rigid substrates can open doors for the next generation of electronic and microwave circuits with
new functionalities [1]. Typically a microwave circuit, such as a Branch Line Coupler (BLC) is commonly
fabricated on a solid substrate like FR-4 or RT/duroid board. Although these substrates can give us more
advantages in term of high performance, ease of fabrication and low cost, they however, are not reliable when
exposed to harsh weather conditions or a mechanically stressed environment [2].
Utilizing the copper fabric sheet as a conductive element, increases the EMI capability of the proposed BLC.
It has been proved by previous research [3], that the mesh structure of the copper fabric sheet can reflect the
electromagnetic waves by using the principle of the Faraday cage. This material can also strengthen the polymer
based substrate for the proposed BLC [3].
The conducting element for the branch-line coupler is designed on a copper fabric sheet with thickness and
sheet resistance of 0.08 mm and 0.05 Ω/square, respectively whilst the thickness for PDMS is specified at 1.9
mm. The length and width of the shunt/series transmission lines for the BLC are computed using the
transmission line calculator from AWR software, by taking into consideration the thickness of the copper fabric,
and dielectric constant εr of the PDMS substrate. The simulated and measured S-parameter results for the planar
PDMS-based BLC are shown in Fig. 1. The reflection coefficient (S11) and isolation (S41) in simulation are
-31.6 dB and -37.1 dB, respectively. Meanwhile, the measured reflection coefficient and isolation for the
PDMS-based BLC are -29.1 dB and -26.6 dB, respectively.

Fig. 1.

Simulated and measured S-parameter results for the PDMS-based

BLC

Fig. 2.

Measured S-parameter results for the PDMS-based BLC at three

different radii and angles.

Fig. 3.

(a) Design layout of the proposed and fabricated PDMS-based BLC

(b) mesh structure of the copper fabric sheet (x200 magnification)

This may be attributed to fabrication accuracy. The simulation value for coupling (S31) is -3.3 dB whilst for
insertion loss (S21) it is -3.4 dB. In measurement, the values for the same are -4.2 dB and -3.5 dB, respectively.
Basing on the results, the measured insertion loss of the PDMS based BLC is close to the simulated result. The
fabricated prototype figure is embedded in the design layout in Fig. 3. Fig. 2 shows measured S-parameter
results for the PDMS-based BLC at different radii of curvature. Although the S11 resonant peak for the 3 cm
and 2.5 cm radii of curvature reduces to -25.3 dB and -24.7 dB, respectively it still hovers around 2.45 GHz.
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Abstract- This paper presents the design of a novel ultrathin, light-weight and flexible X-band band-stop
frequency selective surface (FSS) using instant, simple and fast inkjet printing technology. The proposed
FSS design is deposited on the 0.125 mm-thick light-weight, ultrathin and flexible PET substrate with
dielectric constant of 2.7 and designed to attenuate 10 GHz. The ring slot FSS is proposed as it is easy to
design and symmetrical in nature which is insensitive toward the change in polarization and angle. The
flexible and ultrathin FSS provide attenuation up to 30 dB for both TE and TM polarization. In addition,
the proposed design provided a stable performance up to 45 at both polarization. The proposed FSS has a
measured -10 dB bandwidth of 38% and 0.125 mm profile. These advantages greatly enhance the
potential applications of the FSS also as a EMI shield that can be mounted onto the glass surface of
buildings to shield the unwanted signals caused by the increase of wireless devices.
1.

Introduction

Fifth Generation (5G) communication technology envisage to support huge mobile traffic [1]. In other words,
more base station will be built to support the demand from the users. However, this will lead to the
electromagnetic pollution which will degrade the performance of the electronic devices [2]. The common
solution using the metallic shielding to block the electromagnetic waves is impractical in this case as it is costly
and labor intensive[2]. Thus, FSS is introduced as spatial filter to block the unwanted frequency. Recently, there
has been a growing interest in developing flexible electronics. This trend is also happening in the wireless
communication industry where the industries are looking for bendable antennas or microwave devices [3], [4].
To make the flexible communication devices into reality, the substrate used is relatively crucial. One of the
common approaches is to design the antennas and microwave devices on top of Polydimethylsiloxane (PDMS)
[3]. Although PDMS is the best candidate to realise the flexible wireless devices, but it is challenging to deposit
the conductive element on top of it especially for the array types microwave devices such as FSS and
reflect-array antenna as the conductive layers are deposited on PDMS manually. To overcome this hindrance,
development of the microwave devices on top of a paper substrate and Polyethylene Terephthalate (PET) using
inkjet printing technique is then introduced [4]. In this paper, we present a single ring loop FSS on the 0.125
mm-thick light-weight, ultrathin and flexible PET substrate with dielectric constant of 2.7 to provide an
attenuation at 10 GHz.
2. FSS Unit Cell Design and Simulation Results
Single ring slot as shown in Figure 1 is used for the FSS element design. Ring slot FSS is chosen as it is easy to
design and symmetrical in nature which able to provide a stable performance for both TE and TM polarization
and insensitive toward the change of angle of incident [5]. The proposed design is realised using silver
nanoparticle ink and supported by a polyethylene terephthalate (PET) substrate with thickness, h of 0.125 mm
and dielectric constant r of 2.7 with the tangent loss of 0.004. The unit cell of the proposed ring slot FSS is

simulated using Computer Simulation Technology (CST) Microwave Studio software. The simulated
transmission response of the proposed FSS is demonstrated in Figure 2. From the results, it can be examined that
the presented FSS provide attenuation at 10 GHz up to 33 dB with -10 dB bandwidth of 39% at normal incidence
for TE polarization.

Fig 1. (a) Unit cell of the designed single ring loop FSS; Dx = Dy = 10.75 mm, R1 = 4.2 mm; R2 = 4.9 mm; (b)
Fabricated FSS on PET substrate.

(a)
(b)
Fig 2. Transmission Response of the proposed ring shape FSS for (a) TE polarization and (b) TM polarization at
various angle of incident.
3. Conclusion
A flexible and low-profile PET-based FSS for X-band signals screening is presented in this paper. The element
of the proposed FSS is designed using single ring loop element. The proposed design offers attenuation up to 32
dB at the centre frequency of 10 GHz. The fabrication technique of the proposed FSS and the measurement
results will be discussed after the acceptance of abstract.
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Abstract-A textile artificial magnetic conductor (AMC) plane with hexagonal and triangular
microstrip patch antenna was proposed. The AMC is designed to function as a perfect magnetic
conductor (PMC) at 2.45 GHz to improve the antenna performance. The performances of both
antennas with and without the AMC plane were investigated. The results show gain enhancement at
the operating frequency while maintaining the antennas’ size. Furthermore, the AMC plane has
been integrated with three different MIMO orientation and its performance investigated. In addition,
the presented AMC plane and both antennas are made of fabric for the entire substrate and
conducting parts. For that reason, the AMC plane antennas have big potential to be implemented in
wearable applications.
Introduction: Recently, research in wearable communication system has received remarkable attention due
to the community needs especially in find and rescue purpose. However, the wearable antenna is suffering
performance degradation caused by several factors [1]. One of the factor is human body effect when the antenna
is placed near to the body. Textile artificial magnetic conductor (AMC) has been introduced in [2] to overcome
the drawback faced by wearable antennas. This research intends to improve and analyze the performance of the
wearable antennas on the AMC plane.

(a)
(b)
(c)
(d)
Figure 1: Proposed (a) AMC octa-rift unit cell, (b) AMC plane, (c) triangular patch and (d) hexagonal patch
antenna.
A textile AMC unit cell has been designed which exhibit PMC’s characteristics at 2.45 GHz as illustrated in
Figure 1(a). Then the AMC unit cell is arranged into 5x3 matrix formation to form the AMC plane (see Figure
1(b)). The triangular and hexagonal patch antennas (see Figure 1(c)) are designed with an operating frequency of
2.45 GHz and placed on the AMC plane. As the result, the antenna gain is enhanced up to 23% with present of
the AMC. In addition, the electric density also improved for both patch antennas. To investigate the MIMO

characteristics, the antennas are placed side by side and form three different orientations named as antenna
orientation A, B and C (see Figure 2). The reflection coefficient for all antenna orientations remained unchanged.
Furthermore, all of these MIMO antenna have shown good performance in term of isolation (S21), diversity gain
and envelope correlation coefficient as tabulated in Table 1.

(a)

(b)

(c)
Figure 2: Antenna orientation (a) A, (b) B and (c) C for hexagonal and triangular MIMO antenna.
Table 1. Comparison performance of the crescent shaped array antenna with and without AMC.
Orientation
Antenna
Isolation (dB)
Diversity Gain
Envelope Correlation Coefficient
A
B
C

Hexagonal
Triangular
Hexagonal
Triangular
Hexagonal
Triangular

-45.22
-53.31
-55.06
-56.48
-46.71
-56.32

10
10
10
10
10
10

0.28m
0.15m
65 µ
68µ
0.66m
0.6m

Conclusion: A textile AMC with hexagonal and triangular microstrip patch antenna which operate at 2.45
GHz was proposed. Through the simulation process, the AMC potentially to be placed near to the radiating
element without any frequency shifting. The performances of the single and MIMO antenna are potentially to be
improved with aid of the proposed AMC plane.
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Abstract-A coplanar waveguide (CPW) loaded complementary split-ring resonator (CSRR)
harmonic rejection filtenna designed on low-cost flexible PET substrate operates at 5.8 GHz is
presented. The proposed antenna comprised of square slots built-in the rectangular patch structure,
developed using inkjet printer with highly conductive nanoparticle silver ink. CSRR is implemented
at the transmission line to suppress unwanted harmonics. The antenna performance is simulated and
optimized using Computer Simulation Technology (CST) software. The proposed antenna achieved
acceptable 2nd and 3rd harmonic rejection with minimum reflection coefficient of -4.56 dB and
-3.3 dB respectively, offers efficiency up to 88.66%.
1.

Introduction
Filtenna (filter-antenna) is the term used for integration of antenna and the filter into one structure [1].
Filtenna is developed to improve RF front end communication system performance in terms of size, losses,
complexity and cost by eliminating the use of band pass filter module [2]. To filter out the unwanted harmonics,
it can be achieved by using various shapes of stubs, slits and slots on the antenna structure [2]–[4]. The
performance of harmonic rejection and good return loss can be achieved by optimizing the dimensions of the
stubs, slits and slots [3]. Complementary split-ring resonator (CSRR) is an alternative solution to achieve
frequency notching by implementing the metamaterial in antenna design. It has distinct electromagnetic (EM)
characteristic of negative refraction thus make it suitable to be applied as filters in miniaturized design [5]. With
the increasing demand on the flexible device, number of researchers starts to develop the antenna on flexible
substrate such as SU-8/polydimethylsiloxane (PDMS), paper and Polyethylene (PET) substrates. From that, PET
substrate is the best candidate as it is more flexible, thin, foldable, bendable and transparent as compared to
others [6]. Recently, inkjet printing has become a promising solution for fast, low-cost and precise way of
antenna fabrication especially for flexible materials. In this paper, an attempt of designing a CPW filtenna on
low-cost flexible PET substrate is developed using inkjet printing technique and it is realized by introducing
CSRR on the transmission line, thereby suppressing the harmonics of the resonance frequency.
2.

Filtenna Design and Simulation Results
The design on the proposed CPW antenna is shown in Figure 1. The designed antenna is composed of
rectangular radiating shape with square slots, coplanar waveguide (CPW) feeding with CSRR loaded on the
transmission line and ground plane (g = 0.17 mm). The structure is printed on 35mmx40mm PET substrate
which has thickness of 0.125 mm (εr = 2.7, tan δ=0.004). The antenna has parameters of Wp=9 mm, Lp=33.5
mm, Wf=2.5 mm, Lf=16 mm, GLP =0.5 mm, GWP=1.6 mm, L1=5.5 mm, L2=12.5 mm, D1=0.5 mm, D2=1.7 mm,
S1=2.3 mm, S2=3 mm, G1=0.1 mm, G2=0.2 mm and DS=0.2 mm. Silver nanoparticles conducting ink has been

used for printing of the radiating elements. Figure 2 illustrates the reflection coefficient performance of the
antenna from the conventional basic design until the proposed harmonic suppression technique applied. It can
be observed that the initial reflection coefficient, S11 result is improved by integrating the square slots at the
radiating element. The antenna structure is further modified by integrating CSRR to the transmission line for
harmonic rejection at 10.73 GHz and 19.46 GHz. Although the centered frequency alters slightly, the filtenna
manage to achieve suppression of the second and third harmonics with reflection coefficient -4.56 dB and -3.3
dB respectively.

Figure 1: Filter arrangement (a) Proposed antenna structure,
(b) Square slots, (c) CSRR loaded on transmission line

Figure 2: Reflection coefficients performances
of the proposed antenna with filter

.

3.

Conclusion
A CPW filtenna with CSRR on flexible substrate is presented in this paper. The proposed antenna design is
sufficient for the 5.8 GHz with blocked 2nd and 3rd harmonics. The CSRR unit on the transmission line acts as a
filter to suppress harmonics, with reflection coefficient -4.56 dB and -3.3 dB respectively. The details of
fabrication technique and the measurement result will be discussed after the acceptance of abstract.
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Abstract- This paper present the design of metamaterial frequency-selective surface for chipless
Radio-frequency Identification. Three circular ring with different radius are as resonating elements
as main identification element for coding of chipless RFID. The gap of metamaterial-split ring
resonators are adjusted using frequency shifting technique to maximize amount of number or bits,
From simulated result, the proposed structure archive high transmittance, which is range between
95% and 90% at 3.50, 4.88 and 6.73 GHz The proposed chipless RFID tag offer high amount bit
number without any size and capability of operating when mounted on metamaterial.
Introduction- Chipless radio frequency identification (RFID) offer several attractive feature such as compact
and high capacity and does not including any silicon chip. [1]. Effort to investigate the potential chipless RFID
design and technique has been blooming ever since the discovery of minimizing structure and improving RFID
performance[2-3]. Metamaterial structure is one solution for solving the challenge of designing high capacity
and compact chipless RFID. One of the popular metamaterial structure is split ring resonator (SRR) was
invented by Hardy [4] as shown in Fig 1a. The gaps between two rings determine capacitance and the outer ring
store the magnetic field. Pedry [5] was improved the SRR design with combination of two concentric ring with
split on opposite side as shown in Fig 1 b) for non-magnetic array effect. The model equivalent circuit has
approximated same with the SRR model as shown by Falcon [6] as shown in Fig 2. The complementary SRR are
introduced at the back side substrate achieve high magnetic coupling between line and ring resonance by Martin
[7].

a)

b)

Fig 1 a) Hardy’s SRR structure, b) Pedry’s SRR structure with equivalent circuit c) Complementary SRR
and equivalent circuit
Multi-frequency Metamaterial Frequency-Selective Surface- This paper proposed a split ring resonator (SRR)
structure for operating at three frequencie bands (3.56, 4.87 and 6.7 GHz) with narrow bandwidth from previous
research [8-9]. The structure can absorb the incident of EM wave coming from a direction (+z). The substrate is
used Rogers RT 5880 which has dielectric constant of 2.2, loss tangent of 0.0009 and thickness of 0.17mm. The

resonating elements are made by 0.017 mm thick copper. The corresponding dimensions are listed in Table 1.
The dimension of the unit cell (W x L x H) is 18 mm x 18 mm x 0.127mm. The frequency shifting approach for
chipless RFID as shown in Fig 3 is introduced to improve the amount of bit generated by a single resonator.
From the analysis, the length of split ring resonator has inverse relationship with resonant frequency. The
addition of gap size reduces the length of resonator and increases the resonant frequency. The simulated
reflectance and transmittance of multi-resonant SRR metamaterial are shown in Fig 4. The transmittance of all
resonant frequency above 90% show the proposed metamaterial structure enable to produce high transmittance.

Fig 3. The proposed structure Fig 4.

Simulated reflectance and transmittance of proposed structure

Fig 5 Gap Second Ring vs Resonance Frequency Fig 6. Simulated Transmittance for TE Polarization of Incident
Wave Fig 7. Simulated Transmittance for TM polarization of Incident wave.
Conclusion : A novel chip-less RFID tag base metamaterial structure using split ring resonator on the
flexible substrate, Rodger 5880 operates between 2.5 to 6.5 GHz with multiple bits of data have been
designed and analysed. The concept of modified complimentary split ring resonator metamaterial based
frequency-selective surface is proposed to miniaturize the size and reduces the space consumption for chipless
RFID application
Acknowledgements, The authors thank the Ministry of Education (MOE) for supporting the research work;
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Abstract- Metamaterial-HIS of Electromagnetic Band Gap (EBG) incorporated onto dual band
array antenna operate at 2.45 GHz (lower band) and 5.8 GHz (upper band) is proposed. The four
configurations of EBG unit cells successfully realizes a dual band antenna with dedicated pattern
reconfigurability. The antenna is suitable for steering the main lobe direction to intended directions.
Introduction
EBG is a High Impedance Surface (HIS) of metamaterial which exhibits unique properties in suppressing the propagating
wave within the microwave structure [1] at its resonance frequency. This properties can be used to block away the desired
wave of particular frequency in reaching the antenna radiating patch [2]. In this paper, a multiband array antenna which
operates at 2.45 GHz and 5.8 GHz with EBG for pattern reconfigurability is presented and discussed.

Result and Discussion
Figure 1(a)-(b) shows the back and front view of the EBG cells with region “S0” and “S1” which can be “ON” and “OFF”
with connection or removal of copper strips respectively. The “ON” and “OFF” are represented by “1” and “0” respectively.
Suspended Transmission Line (STL) method in Figure 1(c) is used to analyzed the band gap, S21 of EBG and the result is
shown in Figure 1(d). It can be observed that EBG produces band gap at lower band (2.45 GH) and upper band (5.8GH)
with different EBG configurations. EBG is then incorporated to array antenna as shown in Figure 1(e) and 1(f). Various
configuration of EBG1, EBG2, EBG3 and EBG4 have achieved pattern reconfigurability as shown in Figure 1(g). It is
observed from Figure 1(h) and 1(i), that the multiband array antenna successfully resonates at 2.45 GHz and 5.8 GHz
despite difference in configuration of the EBG unit cells. Figure 1(j) and 1(k) shows the polar plot of the H-field of the array
antenna. The proposed antenna is very useful in wireless communication service (WCS) where the antennas are required to
direct its pattern at desired coverage or intended receiver in the dynamic environment.

(a)

(b)

(d)

(c)

(e)

(f)

1

EBG state configurations

Pattern (Degree)

EBG1

EBG2
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EBG4

2.45 GHz

5.8 GHz

0

0

1

1

0

0
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1
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1

1
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1
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1

1

359

355

31

(g)

(h)

(j)

(i)

(k)

Figure 1. (a) Back and (b) front view of EBG cells. (c) STL method to analyze band gap (S21) with the corresponding (d)
band gap (S21) simulated result. The (e) 3-dimensional exploded diagram and (f) EBG positions at the bottom substrate of
the antenna. (g) EBG configurations with corresponding degree of main lobe direction. The reflection coefficients at lower
band and upper band of (h) 2.45 GHz and (i) 5.8 GHz respectively. The corresponding H-field polar plot at (j) 2.45 GHz
and (k) 5.8 GHz.
Conclusion: Pattern reconfigurable multiband array antenna with EBG is proposed. The antenna pattern can be
reconfigured with different EBG configurations. The antenna operates at 2.45 GHz and 5.8 GHz at all EBG
configurations.
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Abstract
This paper is introduced a passive sensor to detect the
performance of the structure using three-dimensional (3D)
Frequency Selective Surfaces (FSS). The proposed 3D
Circular FSS results are proved behave as passive sensor
with changing of sensitivity incident angles to be apply in
Structural Health Monitoring (SHM) system. Moreover, this
3D Circular FSS capable to operate without stand to any
(DC/AC) power and very low cost in term of installation
and maintenance.

respectively. See Figure 1 (b), sensitivity of angular
response indicating that the frequency response (band stop)
shifting from 3.8GHz to 3.86 GHz with the angle 0° to 20°
respectively. Meanwhile, insensitive frequency response
(band stop) is maintained in one location of frequency
response with various angles up to 60 degrees. Therefore,
the building tilting is monitored by a different of sensitivity
angular response changing. The 3D Circular FSS design is
shown in Figure 1(c), where behaves as a passive sensor
and attached on the building structure.

1. Introduction
Nowadays, SHM system has been offered a huge
beneficial for building structure safety and performance. By
developing SHM system, it is proved that the percentage of
safety increased. SHM is commonly applied to tracking and
detect any poor structure performance such as tilting, crack
and movement of structure with using various sensors [1].

Incident angle affected by
FSS angle changes applied
on the structure

There are many type of sensors have been proposed and
applied in SHM system which are wired and wireless
sensors. Besides that, mostly researchers are more
concentrating to wireless sensor compared to wired sensor
due to their higher active element needed and difficulties in
installation [2], [3].Characteristic of passive sensor has been
overcome the active sensor problem in term of easier
installation and maintenance, less power consumption and
long term of endurance element [4].
The 3D Frequency Selective Surfaces with circular
shaped was introduced here to act as a passive sensor. A
good performance in term of sensitivity angular response
for this circular shaped was chosen [5], [6]. A new
technique of 3D FSS was proposed in this paper to tracking
abnormalities structure performance for SHM system. The
electromagnetic wave characteristic will varies by changing
the angle of FSS due to the building tilting as shown in
Figure 1 (b). The changing (frequency shifting) of different
electromagnetic wave characteristics were presenting in two
polarizations which is TE- and TM- incident angle. For this
case, the TE- and TM- incident angle required to obtain in
two different characteristic frequency responses TE and TM
angle such sensitive and insensitive angular response

Building tilts
at angle 20°
(a)

0°

20°

Frequency shifted as
incident angle changed

(b)

(c)
(b)

Figure 1: (a) Incident angle effect as building tilting (b)
Frequency response shifting as incident angle changed
(from 0° to 20°) (c) 3D Circular FSS design with unit cells.

Figure 3: Frequency response results up to 60° (a) TE
incident angle, insensitive (b) TM incident angle, sensitive.
In Figure 3 indicate that two different polarization TEand TM- incident angle have been simulated. Result in
Figure 2 (b) looks sensitive in various angles and will be
used for monitoring in SHM system. Table 1 indicated the
percentage different center frequencies in each angle as the
FSS (building) changed.
Table 1: Values center frequencies of the 3D Circular FSS
with different angle.
TE incident angle
Degree (°)
Frequency (GHz)
Deviation (%)
0
3.81
0
20
3.816
0.15
40
3.816
0.15
60
3.815
0.13

h

Figure 2: Elevating the height of conducting element.
See Figure 2, by increasing the conducting element will
render the frequency characteristic. The geometry FSS play
an important role towards the frequency behavior [7].
Therefore the frequency response of FSS can be control in
two different polarizations by alter the geometry size.

0
20
40
60

TM incident angle
3.81
3.893
4.12
4.38

0
2.17
8.13
14.9

2. Discussion
The FSS shape was designed in circular geometry. FSS
structure was modified by elevating the height of
conducting element. Besides that, 3D Circular FSS has
shown the different S21 band stop results in two polarization
TE and TM incident angle. Controllable FSS performance
and characteristic made the two polarization results become
sensitive and insensitive in various angle. Simulation on 3D
FSS has been done from 0° up to 60°.

3. Conclusions

(a)

The proposed of 3D Circular FSS was introduced to
perform as a passive sensor in SHM system. 3D Circular

2

FSS able to utilize without depends on the power supply on
it. Moreover, various angles S21 results shown a sensitivity
incident angle (TM-polarized), meanwhile insensitivity
(stable) incident angle at TE-polarized. 3D Circular FSS
proved that can controlled the sensitivity incident angle in
both polarizations instead of 2D FSS structure. A result in
Figure 2 (b) has shown a terrific sensitivities frequency
shifting as the incident angle of building changed.
Therefore, a result will be used as monitoring building
performance due to sensitive on different building
condition.
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Abstract
In this paper the microwave absorbing properties of
multiband Salisbury screen absorber design which is
constructed using multi-layer FSS is investigated. The
structure exhibits triple operating band where the -10 dB
reflectivity bandwidth of a Salisbury screen operating at
normal incidence is 36.3%, 11.9% and 14.5% at the resonant
frequencies of 6.56 GHz, 9.1 GHz and GHz respectively.
Reflectivity predictions for normal incidence are shown to be
in close agreement with bistatic measured results over the
frequency range 8 - 12 GHz.

1. Introduction
The Salisbury screen is a resonant absorber created by
placing a 377 Ω/square resistive sheet on a dielectric
substrate backed by a metal plate as illustrated in Figure 1(a).
The loss mechanism in this dielectric-based and conductorbacked
thick (d) absorber exploits the terminating
impedance property of an open circuit which is transformed
from a short circuit that is presented when the signal is
reflected from the ground plane with a phase of 180° [1].
This reduces the amount of energy reflected back to the
transmitter, and so effectively reduces the RCS of the
structure. Equation (1) defines the phase criteria necessary to
generate the reflection null [2];
(a)

(b)

Resistive sheet
d

Resistive sheet
FSS1
FSS2
Ground Plane

Figure 1 : (a) Conventional Salisbury screen absorber d= λ/4 (b)
Salisbury screen with double layer FSS.

∅!" ! + ∅!" ! = 2!"

[1]

Where n = 1,2,3 …
∅!" ! =

!×!!×! !! !!"# ! !

[2]

where φGP is the reflection phase (180º) attributed to the
ground plane, φPL is the path length phase in the cavity, d is
the physical spacing between the resistive sheet and metal
backing plate, θ is the angle of incidence and εr is the

permittivity of the spacer material. In conventional Salisbury
screen absorber, additional phase length of 180° is
contributed by the λ/4 to provide total phase of 360° at
reflection null. The same phase characteristic can be realised
by integrating multilayer FSS between the resistive sheet and
metal back as illustrated in Fig.1 (b). Here, manipulation of
total phase of 360° is obtained multiple times therefore
multiband Salisbury screen may be realised.
In this paper, design concept of multiband Salisbury
screen is explored by integrating multilayer cross dipole FSS.
The phase characteristic in Salisbury screen absorber is
discussed in details in relation the reflection phase provided
by the conductor layer (solid metal backed or FSS) and the
path length phase contributed by the substrate layer. This is
designed to generate additional reflection nulls at
predetermined frequencies by optimising the size, periodicity
and shape of the periodic elements in each FSS unit cell.
Later, verification of design concept of multiband Salisbury
screen is realised by fabricating a prototype of Salisbury
Screen with two layers of cross dipole FSS so that each layer
generate the reflection phase of 180° thus generating
additional absorbing bands above the inherent absorption
band of the structure [3].

2. Cross Dipole and Fundamental
Fig. 2 shows the geometry of cross dipole FSS printed on
vacuum spacer (εr =1.0) where the geometry can be
represented as a series of capacitance and inductance. Note
that the vacuum spacer is used to ease explanation of phase
changing in Salisbury screen. The resonant frequency of the
FSS occurs when the electrical length of the dipole is about
λ/4. The cross dipole patch perform as a bandstop filter at its
resonant frequency. Fig. 3 shows that a microwave signal is
completely reflected by the cross dipole FSS, l =15 mm at
9.41 GHz with reflected phase of 180°. This demonstrates
that the FSS behaves as ground plane as in conventional
Salisbury screen at the resonant frequency. This phase can be
manipulated to compensate the required total phase in the
Salisbury screen as given in equation [1] and [2]. Fig. 4
shows the transmission characteristic of a cross dipole FSS.
As the dipole length, l increases from 15 mm, 17 mm to 19
mm, the resonant frequency reduces from 9.41 GHz, 8.43
GHz to 7.32 GHz. To obtain FSS reflection phase of 180°,
the physical dimension of cross dipole FSS can be varied
therefore the absorbing band provided by Salisbury screen
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can occur at the specified frequency. Consider for case with
FSS l = 15 mm, as the reflection phase from the FSS is 180°
at 9.41 GHz, the path length of 180° is required which is a
7.97 mm thick vacuum spacer. Note that absolute value of
FSS reflection phase is included as the negative sign
indicates out-phase. Therefore total phase of 360° is
accomplished and a reflection null is occurred. If a thicker
vacuum spacer is employed which bring more than 180° path
length phase, the reflection null is expected to occur below
9.41 GHz. Note that the same vacuum spacer will provide
different path length phase at other frequencies range then it
may compensate the reflection phase from another FSS layer
to create another reflection null. On the other side the total
phase of 180° in the Salisbury screen absorber will produce a
reflection peak.
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Figure 2 : Unit cell of cross dipole FSS
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Figure 3 : Scattering parameters for Cross dipole FSS l = 15 mm
where
for reflection, S11 and
for transmission, S21
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Figure 4 : Scattering parameters for Cross dipole FSS l = 15 mm
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Figure 5 : Phase characteristic in a Salisbury screen, reflection phase,
S11 for a cascaded FSS1 l = 15 mm, FSS2 = 17 mm, FSS3 l = 19
mm (
), path length phase in 7 mm thick vacuum spacer, (
)
and total phase (
), and absorbing band of Salisbury screen
absorber, S11 (
) at normal incidence.

Consider for multilayer FSS in the construction of
Salisbury Screen, the three layer of cross dipole FSS are
cascaded with 1.5 mm separation. Fig. 4 shows that the

3. Fabrication and Measured Results
Multiband Salisbury screens was fabricated and measured to
validate the design methodology presented in the previous
section. Two layers of cross dipole FSS were fabricated on
1.6 mm thick FR4 substrate, εr = 4.3. The first FSS layer with
l = 0.5 mm and the second FSS layer with l = 7.5 mm, and w
= 0.5 backed by a solid metal plate. Both FSS layers were
bonded directly. The manufacture of the Salisbury screen
absorbers was completed by glueing the surfaces of a 5 mm
thick foam spacer, to the patterned side of the FSS and a 400
Ω/square resistive textile sheet. The Salisbury screen with
two cascaded cross dipole FSS layer was fabricated in 30 x
30 cm size. The reflection and transmission measurement
were made in a semi anechoic chamber relative which was
placed 50 cm distance from the aperture of a pair of standard
gain horns which cover the frequency range 8 – 12 GHz. For
transmission measurement, the FSS was placed between two
antenna horns in a far field region. The reflection
measurement was carried out by positioning Salisbury screen
absorber in front of two horns placed side by side as shown
in Fig. 6.

the two FSS layers are attached together, the transmission
magnitude produces dual resonances at 9.16 GHz and 12.5
GHz. This demonstrates a significant downward shifts in
resonance frequencies because of strong coupling between
two electrical closely separation. Both simulation and
measurement are in a very good agreement.
Fig. 8 shows the absorbing parameters of constructed
Salisbury screen at normal incident. Within 1 – 20 GHz
frequency range the multilayer FSS generates three
absorption bands of -10 dB bandwidth at 4.96 – 7.3 GHz
(38.1%), 8.5 – 9.6 GHz (12.1 %) and 11.7 – 13.9 GHz and
(17.2%). The reflection null occurred at 6.56 GHz, 9.1 GHz
and 13 GHz due to the total phase of 360° was satisfied at
these three conditions. Note that each reflection null was
obtained due to reflection at particular virtual ground plane,
the lowest reflection null was on the metal backed side, the
middle reflection null was on the FSS layer, l = 6.5 mm and
the highest reflection null on the FSS layer, l = 7.5 mm
respectively. On the other side the reflection peaks were
produced at 6.85 GHz, 7.76 GHz and 8.58 GHz when the
total phase in the structure was 180°.
0
-5

Magnitude [dB]

transmission characteristics of the cascaded FSS are slightly
shifted due to the coupling between each FSS layer. If the
FSS are separated to be more than a 1.5/λ, the coupling is not
significant then the scattering characteristics of each FSS
layer can be maintained. Fig. 5 shows that with 7 mm thick
of vacuum spacer, additional path length phase is
demonstrated to contribute 17° to 249° phase in frequency
range of 1 to 12 GHz. Total phase given by the path length
and the cascaded FSS determine the characteristic in the
scattering parameters of in Salisbury Screen. The total phase
of 360° is achieved to generate four reflection nulls at 5.5,
7.4. 8.1, 9.5 GHz. Here, the reflection phase from each FSS
layer is not necessary to be 180°.
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Figure 7 : Transmission magnitude for standalone cross dipole FSS l
= 6.5 mm, simulated (
), measured (
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Figure 6 : Measurement setup for scattering parameters for
Salisbury screen.

Fig. 7 illustrates the transmission magnitude of the
fabricated cross dipole FSS. The FSS with l = 7.5 mm
resonates at 11.14 GHz while FSS with l = 6.5 resonates at
frequency 13.26 GHz. However it was observed that when

Salisbury screen operating at normal incidence. Reflectivity
predictions for normal incidence are shown to be in close
agreement with bistatic measured results over the frequency
range 8 - 12 GHz.
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4. Conclusions
This paper has presented about phase interaction between
path length phase and reflection phase by either a metal
backed or an FSS. The concept has been explained in detail
by integrating three FSS layers in the Salisbury screen. To
validate the concept a prototype of Salisbury screen absorber
with two layer FSS has been realised. In this paper the
microwave absorbing properties of multiband Salisbury
screen absorber design which is constructed using double
layer FSS is investigated. The structure exhibits triple
operating band where the -10 dB reflectivity bandwidth of a
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Abstract- Recently, we showed that an analogy between a 1D Photonic Crystal
and a structure with a sine-modulated refraction index enables to apply the Mathieu’s
differential equation for an analysis of Photonic Crystal - supported surface
electromagnetic waves [1]. Here we present the detailed analysis for p- and spolarizations and show that the s- polarization case is described exactly by the Mathieu’s
equation while that corresponding to the p-polarization gives rise to a slightly modified
equation.
In a recent paper [1] we discussed the general principles of use of the famous Mathieu’s
differential equation [2] to analyze the 1D photon crystal (PC) – supported electromagnetic waves and
to design appropriate structures. Now we give a detailed analysis for both s- (TE) and p-polarization
(TM) cases: it is well known, that metal-free PC-based systems can support electromagnetic waves of
both polarizations, and their co-existence is indeed very important for sensor applications to
unambiguously separate surface and volume effects [3].
Geometry of the problem is shown in Fig. 1. Let us start with the p-polarization. We are
interested in the surface modes (electromagnetic waves) strongly confined at the photonic crystal
surface and decaying exponentially away from the surface. This property of the surface modes
immediately prescribes the choice of the function f(z) in the most external medium with the dielectric
constant 1 as an exponentially decaying function f 1 ( z ) exp( S1 z ) for z<0 and S 1 0 . Here

H

H 0 f ( z ) exp(i t i x ) is a magnetic field propagating along the Ox axis and for all media

S i2

2
i

k 2 (Fig. 1A), k is a wave number in vacuum, and β is a complex propagation constant.

We suppose that our PC with a period L is a medium having the sine-modulated dielectric
permeability 3 ( z )
cos(2 z / L) while its magnetic permeability, as it usually takes place
av
in optical frequency range, does not depend on the coordinate. The full forms of the wave equation in
a medium are (see, for example, [4]):
2

2

2

E

E

t2

( ln ) (

E)

(E

ln )

0,

2

H

H
t2

( ln ) (

H)

(H

ln )

0 , and for our particular case, the

equations describing the appropriate magnetic field inside the PC is reduced to the following equation,
which is not that of Mathieu (but can be written as Hill’s equation):
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Considering for the s-polarization case an electric field propagating along the Ox axis

E

E 0 f ( z ) exp(i t i x) , we in a similar fashion obtain the Mathieu’s equation
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Figure 1. (A) A schematic of the investigated structure: a metal layer surrounded by a dielectric and a
photonic crystal. The red line corresponds to the surface wave in the photonic crystal and the surface plasmon at
the metal interface. Metal intermediated layer is not necessary present and can be absent (e.g. for the spolarization case) (B) A stability diagram for the Mathieu’s equation: the lines display the periodic Mathieu
functions, the regions marked “U” belong to the instability regions (a and q here are the parameters in the
Mathieu’s equation), adapted from [2].

The procedure how to find the appropriate solution describing the photon crystal – supported
electromagnetic waves (that is to fulfill the necessary conditions of continuity of tangential magnetic
and electric fields), has been described in [1]. It rests the same, but now for p-polarization
exponentially decaying to the infinity solution of eq. (1) rather than that of the Mathieu’s equation (2)
should be taken. Certainly, this modifies the concrete parameters to be applied for specific structures
design, as well as the stability and instability regions shown in Fig. 1B. All these questions are
analyzed in the present submission. In particular, we show that for real experimental situation neither
the difference between two aforementioned differential equations nor that between their solutions and
conditions necessary to ensure the existence of PC-supported surface electromagnetic waves are large.
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Abstract-The performances of bundle carbon nanotubes (BCNTs) and bundle carbon nanotubes
composite (BCNTs-composite) materials for the antenna applications in the terahertz and gigahertz
frequency ranges are evaluated. The performances of these bundles are compared based on the
electromagnetic properties of their dipole antennas, where the cross sections of bundles are circular
geometry. Furthermore, comparative studies are performed to show the size and frequency
dependent of these bundles.
In this work, the BCNTs contains (N) a number of metallic single-walled carbon nanotubes SWCNTs which
are identical have the same dimensions, radius (r) and length (LS). While, the BCNTs-composite contains (N) a
number of SWCNTs coated by a thin layer of another materials (t) such as, graphite or copper materials, radius
(R = r + t). Both bundles BCNTs and BCNTs-composite have configuration characterized by closely packed
structure with a circular geometrical structure. Also, all tubes are aligned parallel along the axis of bundle and
the lattice constant of the bundles is (∆) to personify the distance between each two contiguous walls of
SWCNTs and SWCNTs-composite. The minimum required radius of the cylinder that contains all SWCNTs or
SWCNTs-composite is the radius of bundle (RB). Figure (1) explains the sketch of BCNTs and
BCNTs-composite with a circular geometrical structure.
The mathematical model of SWCNTs-composite structure derived based on the mixture rule [1], the simple
parallel model of the radial interface of coating material and SWCNT for a simple parallel model of the radial
interface of coating material and SWCNT. The general formula of the electrical conductivity of

SWCNTs-composite material was presented in Equation (1).
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Figure 1: (a) Schematic configuration of BCNTs and (b) Schematic configuration of a BCNTs-composite

S11 (dB)

The simulation results for both bundles are compared between each other and with the BCNTs which are
presented in previous research [2]. These comparisons carried out based on their electromagnetic behaviors such
as, S11 parameters response with various numbers of tubes included in bundles, efficiency, gain and directivity.
The simulation results of BCNTs with different numbers of SWCNTs are illustrated in Figure (2).

Frequency (GHz)
Figure 2: (a) Simulation results of BCNTs dipole antenna at Length = 30 µm and N = (7, 19, 37 and 61)
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Abstract- This paper presents a dual band circularly polarized wearable textile patch antenna
slotted with split-ring for WBAN application. The antenna consists of a patch, fed through coaxial
probe and is designed to radiate in two bands, 1.8 and 2.6 GHz. A split-ring slot is integrated onto
the top radiator. The antenna achieved a 10-dB impedance bandwidth of 3.9 % at 1.8 GHz and
15 % at 2.6 GHz, respectively. The 3-dB axial-ratio bandwidths are 3 % and 13 % at 1.8 GHz and
2.6 GHz, respectively, with a maximum gain of 4.1 dB.
With the fast growth of wireless systems, the demands for reliable and efficient integrated wearable system
are increasing. In biomedical applications, for example, researchers have employed wearable health monitoring
systems, such as VTAM (Clothes for Teleassistance in Medicine Project), the European Wearable Healthcare
System (WEALTHY) and LifeShirt [1]. In addition, these wearable health monitoring systems incorporate
enablers which are capable of transmitting collected health information to the healthcare personnel for further
diagnosis. This long range transmission at high data rates can be achieved through the established
communication networks, e.g., the Global System for Mobile Communication (GSM) and fourth Generation
Long Term Evolution (4G-LTE).
To achieve circular polarization in textile patch antennas, several techniques have been introduced, e.g. by
annular ring slots [2], single-feed aperture coupled slots [3] and coplanar waveguide feeds (CPW) [4], [5]. The
CPW feed technique is especially effective due to its better tolerance on difference body’s conditions and it
consists of single layer of metal usage. However, the main disadvantage of CPW-fed based technique is the
absence of a full ground plane on its reverse side, thus causing higher frequency detuning effect due to the body
coupling when the antenna is placed in its vicinity. To solve this, a novel wearable circularly polarized textile
antenna slotted with a Split Ring (SR) for Internet-of-Thing (IoT) and home-based wireless wearable healthcare
sensing system is presented. The antenna is capable of providing dual band coverage for the entire 1.8 GHz (f1)
and 2.6 GHz (f2) Long Term Evaluation (LTE).

Figure 1: Structure of SSR textile antenna

The simulated 10-dB impedance bandwidths are 3.9 % (from 1.78 to 1.85 GHz) and 15 % (from 2.47 to 2.84
GHz), as shown in Figure 2a. The axial ratio is an indicator of the quality of circular polarization. The 3-dB
axial-ratio bandwidth, which is an indicator of the quality of the circular polarization are 3 % (from 1.78 to 1.85
GHz) and 13 % (from 2.47 to 2.84 GHz), respectively. Figure 2b shows the effects of changing the width of
split-ring, w, from 1 to 5 mm on the antenna resonance. When the w increases, the impedance bandwidth is
enhanced and the frequency band is shifted down. This change also results in a variation in f1, where the resonant
frequency is shifted to the right when the w value increases. Thus, the best 10-dB impedance bandwidth is
achieved when w is 2 mm. The maximum realized gain for the proposed antenna is 4.1 dB.

(a)

(b)

Figure 2: Reflection coefficient, S11 of (a) antenna, and (b) different values of split ring width (w).
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Abstract- Paper present a reduced size of patch loop antenna is proposed on glass-reinforced
epoxy laminate sheets substrate with copper conductive as a microstrip line for wireless power
transfer purpose. Single square loop antenna is designed on each of front and back FR4 layers at
13.56MHz to optimize the used of near-field communication that already embedded in almost
middle and high end smartphone. An optimized antenna is able to achieve 13.9% wireless transfer
efficiency improvement with 47% size reduction.
1. Introduction
Mobile devices become highly demanding in the evolution of high-end technology. Researchers gain
an interest on recharging the batteries wirelessly to enable mobility and inductive coupling is preferred
due to its simplicity and safety. This technology already implemented on some contactless transactions
applications using RFID and NFC. NFC frequency, 13.56MHz is selected to maximize the benefit of
near-field communication (NFC) that available in most smartphones. Therefore, NFC can be used not
limited only to wireless data transfer but also for wireless energy transfer (WTE) purpose [1]. Various
studies have been done insensitivity using low-cost glass reinforced epoxy laminated boards (FR 4)
[2-4]. In WET, wireless transfer efficiency (WTE) is the most important factor to be focused. In short,
large size of antenna will offer higher WTE rather than small antenna. However, increasing size of
antenna will limit the mobility of the device itself. This paper presents the reduced size of single square
loop antenna compared to the initial design. The performance of the antenna will be analyzed and
discussed. The reduced size of antenna that offers performance at least equal to initial design is
expected at the end of the research.
2. PLA Design and Simulation Results
This WET system use identical antennae as transmitter and receiver as shown in Figure 1(a). Figure
1(b) shows the initial design of antenna configuration. The antenna designed on 80mm x 80mm FR4
with antenna side length, ws1 = 60mm. Microstripe line wide, wl1 = 0.5mm, port gap, pg1 = 10mm and
port length, lp1 are being used. WTE of 44.5% is recorded at 13.56MHz with 50mm distance between
transmitter and receiver. Figure 1(c) shows the proposed reduced size of antenna that can operate
without any performance degradation. Designed on 50mm x 50mm FR4, side length, ws2 = 30mm,
microstripe line wide, wl2 = 2mm, port gap, pg2 = 10mm and port length, lp2 are used as parameters.
Figure 2(a) shows the size of wl2 that will yield WTE larger than the initial antenna design. Referring to
Figure 2(b), the proposed antenna offers WTE = 50.7% with 47% size reduction, which is 13.9%

performance improvement. The results show that the reduced antenna at almost half size can works
even better than the original size of antenna version.

(a)
(b)
(c)
Fig1. (a) WET system, (b) The initial design of PLA and (c) The reduced size design of PLA (front and
back)

(a)
(b)
Fig. 2: Graph of (a) WTE for Different Size Microstrip Line and (b) WTE
3. Conclusion
A reduced size antenna is successfully developed and present. The simulated performance using
Matlab and CST were compared and analyzed. The proposed antenna managed to achieve almost half
size reduction without any system performance degradation.
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Abstract-This paper presents a scanning and tracking system based on received signal strength
indication (RSSI). Deployed raspberry-pi (Rpi) is used as a mechanism to control reconfigurable
receiver ability and as a tracking decision maker based on captured incoming RSSI. The proposed
prototype is verify by the obtained real-time experimental and found as ±4° and angel error for mode II
and III of reconfigurable receiver. Hence, this work validates Rpi as a mechanism to control
reconfigurable receiver ability of RSSI scanning and tracking system modeling with minimum angle
error.
1.

INTRODUCTION
We proposed a scanning and tracking system modeling based on received signal strength indication (RSSI)
deployed by raspberry-pi as a switching control mechanism in this paper, based on the related research
works [1]–[4]. The scanning and tracking system model is developed by own solitary reconfigurable
receiver cooperate with SZ05 ZigBee Module. The core of the proposed system modeling is configured with
a single board computer (SBC) raspberry-pi (Rpi) is set as a controller and RSSI processing module. Rpi
has limitation in terms of CPU and memory required to develop the algorithm to scan incoming RSSI,
process captured RSSI and decision making to control solitary reconfigurable receiver. The main
contribution of this work is to introduce an algorithm for scanning RSSI and decision making which will
control the switching reconfigurable receiver simultaneously to track the strongest RSSI. The proposed
prototype for scanning and tracking system is presented in Fig. 1(a). The scope is limited to the study of the
receiver end only. Section 2 and 3 presents the system structure and performance verification respectively.

2.

SYSTEM STRUCTURE & MODELING
The proposed prototype is configured by three (3) major components: a single board computer (SBC), SZ05
ZigBee RF Module and a developed reconfigurable receiver as shown in Fig. 1(a). A Python program
developed an algorithm was sniff and process the incoming RSSI from various transmitters. Verification of
this proposed prototype based on angle error tracking estimation is compared with initial experiment setup.
Effect of distance coverage between transmitter and receiver toward angle error tracking estimation is also
obtained by applying equation 1.

PR= PT + GT + GR – FSPL

(1)

Where PR and PT are the received power and transmitted power; GT and GR are the gains of both receiver

and transmitter antennas; FSPL represents free space path loss. The findings and verification of the
proposed scanning and tracking system modeling are presented in section 3.
3.

PERFORMANCE VERIFICATIONS & ANALYSIS
The experimental angle error estimation is presented in Fig. 1(b). Five (5) angular positions are considered
with 30° angular separation. At each position, angle error tests were performed. The result shown in ±4°
angle error between region -30° and 30° because proposed reconfigurable receiver can achieve maximum tilt
angle of ±30°. Effect of distance between receiver and transmitter toward angle error tracking estimation are
demonstrated in Fig. 1(c). Referred equation (1), the received power inversely proportional to the distance.
Thus, the angle error increases with the gap increment between receiver and transmitter.
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Figure 1:(a) The proposed prototype RSSI scanning and tracking system modeling. (b) Measured angle error by
region. (c) Measured Angle Error Result vs Distances.
4. CONCLUSION
A scanning and tracking system modeling are presented in this paper. From the findings, it is obvious that, the
proposed prototype can perform the scanning and tracking system with low angle error tracking estimation.
Hence, the proposal can meet the requirement Rpi as a mechanism to control reconfigurable receiver in order to
reduce angle error tracking and enhanced scanning and tracking coverage. However, this prototype possesses
significant indoor experimental result operated at ISM band and can be beneficial in near-field indoor scanning
and tracking system.
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Abstract— Dynamic analysis of hexagonal cellular lattice structures with geometric and material irregularities is considered. Eﬀective in-plane elastic properties for steady-sate harmonic
response of the system is discussed. A dynamic stiﬀness based approach in the frequency domain
is developed for this purpose.

Two-dimensional lattice metamaterials have gained considerable attention in the recent years
as an advanced material due to its capability of meeting high-performance requirements. The applications range across diﬀerent length scales such as honeycomb core in sandwich structures to
nanomaterials like graphene and boron nitride nanosheets. This paper concerns elastic and dynamic behaviour of such metamaterials.
Equivalent static elastic properties of
regular cellular solids [1] using an unit
cell approach is the most common approach. However, the underlying analytical methods cannot be directly extended to dynamic analysis or when
there are spatial irregularities in the
cell geometry or material properties.
For predicting equivalent elastic properties of irregular lattices or dynamic
analysis, direct finite element simulation has been the predominant
method of choice [2]. This is computationally expensive, but perhaps
most importantly, does not provide
intuitive understanding provided by
analytical formulations available for Figure 1: (a) Typical representation of a hexagonal lattice structure in
static analysis of regular lattices [1]. a dynamic environment (e.g., the honeycomb as part of a host structure
We propose a dynamic stiﬀness based experiencing wave propagation). (b) One hexagonal unit cell under
approach in the frequency domain. dynamic environment (c) A dynamic element for the bending vibration
Individual elements of the lattice have of a damped beam with length L. It has two nodes and four degrees
been considered as damped Euler- of freedom. The displacement field within the element is expressed by
Bernoulli beams with the equation of complex frequency dependent shape functions.
motion
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Here EI is the bending rigidity, m is mass per unit length, k is the elastic filler modulus, c1 is the
strain-rate-dependent viscous damping coeﬃcient, c2 is the velocity-dependent viscous damping
coeﬃcient and V (x, t) is the transverse displacement. The length of the beam is assumed to be L.
Exact closed-from expressions for eﬀective in-plane elastic moduli of the entire irregular lattice
have been derived in the frequency domain. By conducting a limiting analysis, it was shown that
the derived values reduced to the classical expressions [1] when the frequency becomes zero (static
case). Asymptotic values and convergence of the frequency dependent homogenized properties are
discussed for the case when a very large number of cells are present. The closed-form expressions
are validated against detailed finite element simulations.
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Abstract-We report the progress on developing the next generation IR imaging strategy based on
plasmonic sensor incorporated by the data-efficient sensing algorithm with compression and
recovery techniques. The geometry of the plasmonic coupler was modified to shape the sensor’s
spectral sensitivity in order to bring the multispectral imaging capability. The technique termed the
band-compressive algorithmic spectrometer was incorporated in the plasmonic sensor to compress
required number of bands (by minimum band selection) and successfully reconstructed high
resolution spectral contents.
Summary – The surface plasmonic structure [1] has been reported as a spectral tuning element for IR
imaging application because of its ability to shape the sensor’s spectral sensitivity or responsivity by controlling
the interaction of light when coupled to the sensor structure. The data processing technique termed the
band-compressive algorithmic spectrometry (BAS) [2] was incorporated in the design of plasmonic IR sensor to
find sensor’s minimum spectral requirements associated with signatures of interest. Key concept behind the BAS
is the compressive spectral sensing [3], which effectively compresses the number of required plasmonic spectral
sensitivities thereby finding a minimum and essential bandset to be used for recovering signatures of interest.
Another key step is the reconstruction or recovery of spectral signatures using a minimum set of plasmonic
bands. The reconstruction is done by linearly synthesizing a collection of raw plasmonic output images with a set
of weights prescribed by the BAS. This synthetic image reconstructs radiations from targets at a specific
wavelength. The reconstruction step is simply repeated for multiple signatures of interest by applying different
sets of weights, producing a series of synthetic images. Recently a plasmonic structure was modeled by using a
square coaxial aperture (SCA) array and was coupled on a state of the art HgCdTe (MCT) sensor platform
operating in the longwave IR (LWIR). By the parameter study, twenty six spectral sensitivities of a plasmonic
MCT (P-MCT) sensor were produced as a pitch size of SCA structure was varied from 2.3 to 3.5 m shown in
Fig.1a. The spectral tunability was observed with a peak shift in an 8-12 m range despite having some overlaps
among engineered sensitivities. To realize the P-MCT sensor in actual fabrication, the BAS algorithm was
performed to select the subset from original 26 spectral sensitivities based on three following requirements: (1)
select 9 bands or less, (2) reconstruct spectral signatures for at least 40 different wavelengths and (3) produce the
reconstruction error with 20% or less. As shown in Fig. 1a, the BAS selected a minimal subset with 9 P-MCT
bands with a good compression ratio of 9/26 from 26 original bands. The BAS designed narrowband synthetic
spectral filters centered at 40 distinct wavelength locations by the weighted synthesis with 9 selected bands.
Each synthetic filter represents a signature of interest. This demonstrates an excellent spectral recovery with a
40/9 (i.e., over ×4) reconstruction ratio. Also the designed synthetic filters showed a fine resolution of 250 nm
1

full-width half maximum and a reconstruction error of 14% in average. Designed synthetic filters were applied
to the test scene for extracting high resolution LWIR spectral signatures. Series of synthetic images in Fig. 1b
show successful reconstructions of distinct spectral signatures at multiple wavelengths.
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Figure 1. (a) Modeling of plasmonic MCT sensor, band compression and recovery by the BAS algorithm (b)
LWIR synthetic spectral imaging using the BAS to extract signatures and identify targets at various wavelengths.
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Abstract-Optical characteristics of three different subtyped Avian influenza viruses were measured
using nano scaled metamaterial sensing chip based terahertz (THz) time-domain spectroscopy (TDS)
system. The enhanced THz field via metamaterial structures can lead to increase absorption cross
section of the targeted viruses, in turn, increase the detection sensitivity. The three virus samples
can be discriminated by measured optical parameters including normalized transmittance change
and shifted frequency at maximum transmittance, assigning subtype of viruses.
Recently, metamaterial sensing chip based terahertz (THz) detection technique has been developed for
highly sensitive and selective detection of various bio- and chemical-molecules overcoming the limit of
sensitivity of general THz time-domain spectroscopic (TDS) systems. Especially THz spectroscopy with various
bio-materials have been attracted great attention, because many intra- and inter-molecular vibration modes of
bio-materials such as protein and DNA etc. are located within THz range. One of important viruses as a highly
pathogenic Avian Influenza (HPAI), which should be intensively studied for quick and accurate field diagnosis,
was investigated in terms of the optical characteristics assisted by the THz metamaterials.
In this research, we analyzed THz optical characteristics of AI viruses using nano-slot-antenna sensing chip
and applied them for distinguishing subtype of AI viruses and quantification. In previous studies [1, 2], the
sensing chip was designed for increasing of absorption cross section of the targeted sample molecules that is
related to the transmitted THz near field enhancement [3]. In contrast to earlier studies, it was noted that there is
no specific absorption feature at the reliable frequency for the AI viruses, since they are composed of complex
combination of surface proteins as hemagglutinin and neuraminidase. The optical characteristics measurement,
therefore, were performed via multi resonances nano antenna sensing chip with a log-periodic alignment [4].
Most sensitive frequency, 1.31 THz was selected by the transmittance measurements with the multi resonance
nano antenna sensing chip, then applied for further experiments.
The transmittance spectra for the three subtypes of virus samples such as A/NWS/33 (H1N1), A/wild
bird/Korea/K09-652/2009 (H5N2), and A/Korean native chicken/Korea/K040110/2010 (H9N2), are shown in
Fig. 1(a) with differences in transmitted intensity (ΔT) and shifted resonance frequency from each fundamental
resonance peak of bare nano-slot-antenna (Δf). Each virus sample shows a distinct transmission change and a
change in resonance frequency associated with different surface protein and unique strain of it. Further analysis
of THz optical characteristics for these viruses was performed through finite-difference time-domain method
(FDTD) simulation and the results are shown in Fig 1(b). In addition, the experimental results of the
concentration dependent measurement of a virus are well consistent with the simulation results. Depending on

the assigned optical properties, including complex refractive indices, the examined viruses can be classified
according to their subtypes (Fig. 1(c)).

Figures 1. (a) The difference in transmitted intensity (ΔT) and shifted resonance frequency from each
fundamental resonance peak of bare nano-slot-antenna (Δf) for three subtype (H1N1, H5N2, H9N2) of virus
samples are represented. Inset is transmittance spectrums of three samples and bare nano-slot-antenna. (b) FDTD
simulation results of the differences in transmitted intensity (ΔT) and shifted resonance frequency (Δf) with
various composition of dielectric constants (n and κ ) are shown. Inset shows a used geometry for simulation. (c)
Mapping of classified viruses in terms of ΔT and Δf.
The THz spectra measured for various virus samples are analyzed as effective optical properties, and FDTD
simulations show that the spectral changes can be represented with the optical properties of the sample through
the nano-slot-antenna. According to these results, nano-metamaterial based THz spectroscopy can provide a
possibility of rapid yet highly accurate solution for discrimination and quantification of AI viruses in non-contact
and label-free manner.
Acknowledgements This research was supported by the National Research Foundation of Korea (NRF)
grant funded by the Korea government (MSIP) (2016R1A2B2010858) and the Global Frontier Program through
NRF grant funded by the Ministry of Science, ICT & Future Planning (2016M3A6B3936653)
REFERENCES
1. Park, H.-R., K. J. Ahn, S. Han, Y.-M. Bahk, N. Park, and D.-S. Kim, “Colossal Absorption of Molecules Inside
Single Terahertz Nanoantennas,” Nano lett., Vol. 13 (4), 130305151332003–1786, 2013.
2. Lee, D.-K., J. H. Kang, J.-S. Lee, H. S. Kim, C. Kim, J. H. Kim, T. Lee, J.-H. Son, Q.-H. Park and M. Seo,
“Highly Sensitive and Selective Sugar Detection by Terahertz Nano-Antennas,” Sci. Rep. Vol. 5, 15459, 2015.
3. Seo, M. A., H. R. Park, S. M. Koo, D. J. Park, J. H. Kang, O. K. Suwal, S. S. Choi, P. C. M. Planken, G. S.
Park, N. K. Park, Q.-H. Park and D. S. Kim, “Terahertz Field Enhancement by a Metallic Nano Slit
Operating Beyond the Skin-Depth Limit,” Nat. Photonics Vol. 3 (3), 152–156, 2009.
4. Park, H. R., Y. M. Park, H. S. Kim, J. S. Kyoung, M. A. Seo, D. J. Park, Y. H. Ahn, K. J. Ahn and D. S. Kim,
“Terahertz nanoresonators: Giant field enhancement and ultrabroadband performance,” Appl. Phys. Lett. Vol.
96, 121106, 2010.

A polarimetric analysis applied to human cells
A. Fernández1, Y. Gutiérrez1, J. L. Fernández-Luna2, F. Moreno1 and J. M. Saiz1*.
1

Departamento de Física Aplicada, Universidad de Cantabria, Avda. Los Castros s/n, 39005, Santander, Spain

2

Unidad de Genética HUMV - Hospital Universitario Marqués de Valdecilla, Avda. Marqués de Valdecilla s/n,
39008, Santander, Spain
*

corresponding author: josemaria.saiz@unican.es

Abstract- We measure the image Mueller matrix (MM) of human cancerous cells. We apply three different
decomposition and transforming methods (Polar decomposition, Mueller matrix transformation and differential
decomposition) over these matrices in order to look for an adequate polarimetric parameter that allow us to
characterize and differentiate these tumor cells. Due to the intrinsic difficulty of applying polarimetry to these
kind of samples we set out two proposals in order to enhance the sensitivity of the polarimetric parameters.

In recent years, imaging polarimetry has become a field of increasing interest in diagnosis [1] because
of its non-invasive nature and its potential to identify abnormal properties in propagating media.
Specifically, polarized light has been used to perform studies over tumor tissues [2] such as colon,
cervix, thyroid or skin. When light interacts with matter its polarimetric properties are affected by the
nature of the material. Consequently, the analysis of polarimetric parameters should give information
about the tissue and processes that take place therein.
MM contains all the information relative to polarization for any given working conditions. In order to
reveal useful information of the system, there are two important lines of work: one consists in selecting
the most adequate conditions (geometry of sample and setup, wavelength, etc). The other one is the
adequate manipulation of the MM. Some methods have been widely used to extract the information
given by the Mueller matrix (MM), transforming it into useful parameters that may contribute to
providing a physical interpretation.
The experimental device used for the measurement of the MM in this work consists basically of a
Dynamic Rotating Compensator Polarimeter with a tunable laser source and a microscope objective
(Figure 1).
We are focused on the analysis of human cells corresponding either to normal or tumor tissues. We
have performed imaging polarimetry and measured the transmission MM of such samples. Over these
matrices we have applied three different transforming methods for its analysis. Namely: polar
decomposition (MMPD) [3], Mueller matrix transformation (MMT) [4] and differential decomposition

(MMDD) [5], looking for useful parameters that allows us to better characterize the cells and,
eventually, to identify them.
Tumor and normal cells present very small differences in their refraction index [6]. This fact, together
with its main transparent nature, translates into a low polarimetric activity of the samples, making a
challenge to apply polarimetry to the recognition and study of tumor cells. Because of this, we consider
two lines of actin: 1) Use of some statistical analysis over the most significant parameters taking
advantage of the high number of measurement contained in an image and 2) Try other configurations
like dark field in order to make the parameters more sensitive to the small changes in the cells.

Figure 1. Schematics of the imaging polarimeter. The light source is a supercontinuum laser, P1 and P2
are polarizers, R1 and R2 are retarders (quarter waveplate), MO is the microscope objective, PSG and
PSA stand for Polarization State Generator and Analyzer respectively.
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Abstract-Nanofabrication techniques is essential for exploring nanoscience including
nanophotonics, plasmonics and optical metamaterials. Recently, 3D nanofabrications have been
actively investigated to make sophisticated nanoscale 3D metamaterials and metadevices, but it is
still challenging to fabricate elaborate 3D nanostructures. In this work, ultra-high accurate and
precise electron beam lithography overlay process is developed for fabricating elaborate
nanometers-sized 3D metamaterials and metadevices. Sub-20nm alignment accuracy and over-75%
repeatability are achieved through well-defined alignmarks and specific calibrators.
Metamaterials, artificially fabricated materials composed of sub-wavelength unit cells, have enabled
unprecedented and extraordinary phenomena such as invisibility cloaking, negative refraction and
super-resolution imaging. Especially working frequencies of metamaterials are demonstrated by the size of unit
cells called meta-atoms. By shrinking the size of the meta-atoms, the operating frequency of metamaterials have
moved to higher frequencies. Now, thanks to nanometer scale fabrication technologies, we can fabricate "optical
metamaterials" working at near-infrared, visible, or ultra-violet regions. So far, most of the optical metamaterials
have been fabricated on 2D substrates in a forms of planar nanostructures called metasurfaces [1]. Various
interesting physics and applications of metasrufaces have been reported, but there are several drawbacks arising
from their own 2D structures, such as anisotropic and inhomogeneous properties, polarization and incident angle
dependency. In order to tackle these issues, many researchers are investigating 3D nanofabrication technique for
3D metamaterials including, but not limited to, direct laser writing [2], transfer printing [3] and bottom-up based
fabrications [4, 5]. In this abstract, I will discuss our efforts in realizing 3D metamaterials and metadevices based
on specially-developed ultra-accurate and precise electron beam lithography (EBL) overlay process showing
sub-20nm alignment error and over-75% reproducibility. First, I will present the method of highly accurate EBL
overlay process including the strategy for designing alignmarks and calibrator and accuracy verifications
experiment [6]. Second, I will present the design and fabrication methods for two kinds of 3D metamaterials.
One is stacked 3D metamaterials for asymmetric transmission of linearly polarized light like optical isolator. The
other one is 3D chiral induced negative index metamaterials working at optical frequencies. Finally, I will
present the design and fabrication method of 3D metadevices, which are mode-multiplexed nanophotonic
modulators and waveguides system [7]. The mode-multiplexed modulators can suggest new strategy for
enhancing functionality per area in the integrated photonic and optoelectronic devices. I believe our efforts for

making a truly 3D metamaterials and metadevices will lead to novel and practical applications of metamaterials
in optics, nanoscale science and engineering.

Figure 1. Demonstrated 3D optical metamaterials [6]. (a), (b) show 3D chirality inducing negative index
metamaterials working at optical frequency. (c), (d) show 3D nanostructure for artificial toroidal magnetism at
optical frequency. All the scale bars represent 500nm.
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Abstract A self-assembly of gold (Au) nanostructures was employed over a dielectric spacer and
an underlying bottom Au layer for a plasmonic refractive index (RI) sensor. Its exposures to distinct
surrounding media with different refractive indices result in visible color changes due to plasmonic
resonance shifts in the reflectance that are attributed to the changes of the surrounding RI. The
resonance absorption occurred at λ = 550.3 nm, 634.7 nm, and 725.3 nm for the RI’s of n = 1.000,
1.343, and 1.516, respectively.

Surface plasmon resonance (SPR), collective oscillation of electrons at the interface between metal and
dielectric material, has attracted great attention both in scientific and commercial fields for sensing purpose.1 A
conventional SPR sensing system not only requires a huge and expensive Kretschmann configuration but also
experiences the difficulty of tracking the changes of the RI in local areas.2 Instead, localized surface plasmon
resonance (LSPR) is advantageous in tracking the RI changes around metallic nanostructures that act as
hot-spots of highly localized electromagnetic wave. 3 However, LSPR sensors by serial fabrication processes
such as electron beam lithography, and focused ion beam is highly limited on a large-area application.4, 5 Besides
they still require particular sensing equipment to monitor the SPR phenomena.
Here, we report visible RI sensor platform which enable to monitor changes of the RI around the
Au-nanostructures with simple and easy fabrication processes for a large-area application. The proposed RI
sensor composed of underlying Au layer and self-assembled Au nanostructures, separated by CYTOP (n = 1.4)
insulating film (inset; Fig. 1a). The Au nanostructures over the hydrophobic CYTOP layer is achieved by control
of deposition conditions, followed by vertically etching process leaving inert Au-nanostructures atop the
nano-pillar CYTOP structure. The surrounding medium such as gas (Fig. 1b) or solvents with distinct RI values
(Figs. 1c and 1d) infiltrates into etched empty spaces of the insulating layer. This allows changes of effective RI
around the Au-nanostructures, resulting in visible color changes. During the measurement process, air (n =
1.000), anisole (n = 1.343) and acetonitrile (n = 1.516) were selected for different refractive indices. The
resonance absorption appears at 550.3 nm for the surrounding medium of n = 1.000, 634.7 nm for n = 1.343, and
725.3 nm for n = 1.516 (Fig. 1e).

Figure 1: Sample images before (a; inset: SEM image of red square zone) and after O2 plasma etching
process (b - d) in different surrounding media: (b) n = 1.000; air, (c) n = 1.343; anisole, and (d) n = 1.516;
acetonitrile. (e) The corresponding reflectance spectrum as a function of wavelength in each different
conditions
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Abstract - We demonstrated the capability of terahertz metamaterial sensor fabricated using
electrohydrodynamic jet printing for the accurate and on-site detection of microorganism (yeast).
The ESRR unit structures could be printed on a large area. It was shown that the metamaterial
sensor fabricated on a flexible polyimide film had higher sensitivity by more than six times, due to
the low refractive index of the PI substrate and the extremely thin substrate thickness which lowers
the effective index further.
THz metamaterials with the gap structures characterized by strongly localized and enhanced fields are able
to provide sensitive detection of extremely small amounts of chemical or biological substances to overcome the
low scattering cross-section of THz spectroscopy to detect small size of substances [1]. THz metamaterials
becomes compatible as an ideal platform for the sensitive detection of small size microorganisms such as molds,
yeast cells, and bacteria [2]. The resonance frequency shift is considered as a function of the dielectric constant
and the density of the microorganism. The sensitivity can be improved by decreasing the effective dielectric
constant of metamaterial, such as using a substrate with a low refractive index.
Electrohydrodynamic (EHD) jet printing technology using the drop on demand (DoD) technique of
patterning has become an alternative choice for fabricating metamaterial structures on both rigid and thin
flexible substrates with low refractive index [3]. Compared to conventional fabrication techniques such as
photolithography, e-beam lithography, and focused ion beam, EHD jet printing technology has several
advantages, such as being an inexpensive, non-contact, and simple procedure and being environmentally
friendly.
In this communication, we present the fabrication of THz metamaterials for the high-speed-on-site
detection of microorganism using the DoD technique of EHD jet printing, as shown in Figure 1(a). Yeast was
used as the microorganism to be detected due to its high dielectric constant that makes it ideal to test and
optimize the microbial sensing system in THz frequency range. The resonance frequency shift of the
metamaterial was investigated as a function of the weight of yeast deposited on the metamaterial for two types of
substrate: silicon and PI. Due to its lower dielectric constant, the thin PI film has been chosen to decrease the
effective dielectric constant of the metamaterial structure in order to improve the sensitivity of the sensor.
Figure 1(b) shows the schematic of THz time-domain spectroscopy used to measure the transmission
amplitudes of the metamaterial samples with and without the yeast deposition. The response of THz transmission
obtained by Fast Fourier Transform gave the resonance frequency due to the electric field enhancement in the
capacitive gap. When the yeasts were deposited on the metamaterial structures, the resonance frequency will be

shifted due to the change of capacitance in the gap by the presence of yeasts. This frequency shift can be used to
detect the quantity of the yeast. Figures 1(c) and 1(d) show comparisons of the terahertz transmission response of
the metamaterials on the silicon wafer and the PI film, respectively, before and after yeast deposition with the
weight of 74 !g. The frequency shifts of the metamaterials ( ∆!) on the silicon wafer and the metamaterial on
the PI film were 7 GHz and 47 GHz, respectively. Moreover, the sensor is also possible to be cleaned by a
fungicide and to be reused again. After the cleaning of the sensor, the resonance frequency would shift to the
initial resonance frequency. The thin flexible PI film also gave higher sensitivity due to its small thickness that
made its effective dielectric constant close to the dielectric constant of air. The sensitivity enhancement by about
3 times has been reported when we use the substrate with the lower dielectric constant (i.e., quartz substrate
instead of Si substrate) in the case of the slot antenna array sensors [4].This is because the relative change in the
effective dielectric constant with the presence of the yeasts is higher for substrates with lower permittivity. The
enhancement effects were much better in the case of thin PI films of this work as compared to the quartz
substrate, although the dielectric constant values are not far from each other. This unexpected sensitivity
enhancement is due to the thin film effects of PI flexible substrates, which lowers the effective dielectric
constant as mentioned already. Using substrate with small thickness can offer a useful guideline how to improve
the sensitivity significantly in metamaterials sensing. Our work demonstrates a simple, inexpensive, and
environmentally friendly fabrication technique without chemical waste that we expect will contribute to the rapid,
accurate, and on-site detection of small size microorganisms.

Figure 1: a) ) Fabrication process of the metamaterial samples using EHD jet printing with printing speed and the
working distance of the nozzle 2 mm/s and 20 µm, respectively; b) Schematic of THz metamaterial sensing of
yeast; c) Comparisons of normalized transmission amplitudes of the metamaterial on the silicon wafer. (d)
Comparisons of normalized transmission amplitudes of the metamaterial on the PI film.
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Abstract
Here we establish the fabrication method for self-collapsed aluminum oxide nanowires from
anodization process. A lattice and length of nanowire bundle can be controlled readily by
anodization time, wet etching, and drying conditions. With the metal or metal-oxide deposition, the
optical characteristic dramatically changes to ultra-broadband absorption or selective emission. The
nanowires can be transferred onto adhesive tape or polymer films for practical applications as well.
Recently, we developed a dielectric nanowire structure using an anodization process for nanoporous
aluminum oxide. The aluminum oxide nanowires are produced by conventional anodization and additional wet
etching and drying processes, and the nanowires arrays are formed as by aggregation at the tip of each nanowire.
The nanowires are developed as microscale funnel structures composed of thin nanowires of tens of nanometers.
We sputtered metal and metal oxide on the structure as well. The nanoscale aluminum nanowires with metal
show strong plasmonic absorption of visible and near-infrared light by adiabatic nanofocusing of surface
plasmons. For the mid-infrared light, we can change the wavelength range and peak of absorption by controlling
the microscale funnel structures and deposited materials. The dielectric and metal-dielectric nanowire array can
be applied to control the light behavior in optoelectronic, and thermoplasmonic applications.
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Abstract: Polarization extinction ratio of a stacked double-layer subwavelength metal grating
structure was investigated. Top and bottom grating layers were fabricated with nanoimprint
lithography on silicon wafer, separated by a dielectric spacer. We characterized the linear polarization
extinction ratio of the stacked gold gratings (100-nm thickness) in the mid-infrared regime with
various pitches of 0.4, 0.7, and 1.0 µm, whose width-to-pitch ratio and spacer thickness were 0.7 and
0.45 µm, respectively. Numerical simulations were performed to design the geometrical parameters.
Infrared (IR) imager has been used in a variety of applications from non-invasive medical diagnostics to industrial
and military applications such as night vision, overhead intelligence system, and thermal track and search [1,2]. In
particular, polarized IR contains richer surface information, such as shading, roughness, and shape, which can
enhance image quality and detection capability [3-6]. The ultimate goal of this research is to develop a lightweight,
compact IR focal plane array (FPA) monolithically-integrated with a linear polarizer [2,3]. Here, we designed and
characterized a stacked double-layer 1-dimensional subwavelength gratings (1dSGs), separated by a dielectric
layer, benzocyclobutene (BCB), as illustrated in Figure 1(a), to improve the performance of linear polarization
detection, i.e., polarimetry extinction ratio (ER) given by
𝐸𝐸𝐸𝐸(𝜆𝜆) =

𝑇𝑇𝑇𝑇𝑇𝑇 (𝜆𝜆)
𝑇𝑇𝑇𝑇𝑇𝑇 (𝜆𝜆)

(1)

where TTM and TTE are the transmission of transverse magnetic and electric polarization (of note, transmission for
the polarized IR incidence perpendicular and parallel to the gratings), respectively. Computational simulation
(CST Microwave Studio) was carried out to find the optimized geometrical parameters, pitch (p), width (w), gold
(Au) grating thickness (tAu), and BCB thickness (tBCB) as shown in Figure 1(b). Figure 1(b) shows that calculated
ER of stacked-1dSGs is 104 times higher as compared to single-1dSGs, in which the designed p, r (w/p), tAu and
tBCB were 0.4 µm, 0.7, 0.1 µm, and 0.45 µm, respectively. In our preliminary results, the single-1dSGs and stacked1dSGs fabricated by nanoimprint lithography (NIL) show similar trends in TTM and TTE characterization (Figure
1(c)) while measured ER in the stacked-1dSGs is only four times greater than the single-1dSGs. We are currently
testing various sets of geometry parameters (p = 0.4, 0.7 and 1.0 µm, r (w/p) = 0.7, tBCB = 0.45 µm, and tAu = 0.1
µm).

Figure 1. (a) Schematic view of unit cell of stacked-1dSGs on Si substrate. (b) CST-simulated and (c) FTIRmeasured transmission / ER (λ) of a single- and stacked-1dSGs for TM and TE polarization (p and r is fixed at 0.4
µm and 0.7, respectively). The figure of merit, as the measure of linear polarization detection performance can be
given by max{𝑇𝑇𝑇𝑇𝑇𝑇 (𝜆𝜆)⁄𝑇𝑇𝑇𝑇𝑇𝑇 (𝜆𝜆)}.
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Abstract -Here we describe a self-assembled, template-assisted approach for the fabrication
of anisotropic metamaterials which exhibit dipolar plasmonic resonances in the deep
ultraviolet spectral range. This technique is based on the electrochemical deposition of UV
plasmonic nanorods in anodic aluminium oxide templates. Such materials exhibit dipolar
plasmon resonances, related to the nanorod geometry, with the quality factor determined by
the intrinsic loss of the constituent metals. This research advances many applications,
including fluorescent enhancement, surface enhanced resonant Raman scattering and biosensing.

Ultraviolet (UV) plasmonics has received considerable attention recently due to its many potential
applications, such as fluorescent enhancement1 and UV-surface enhanced resonant Raman scattering2.
Moreover, it may further enhance the sensitivity of biological detection by taking advantage of many
natural resonances displayed by biological molecules in the UV-range3, as well as enabling control over
photochemical reactions4. The materials commonly employed for plasmonics, namely gold and silver, do
not exhibit plasmonic responses in the deep-UV region which, when combined with practical
considerations, has meant that the majority of research has been limited to the visible to infrared (IR)
regions.
Self-assembled metamaterials comprised of gold nanorods have been shown to exhibit strong
anisotropy, which leads to hyperbolic dispersion at frequencies below the epsilon near zero (ENZ)
condition and have been employed as highly sensitive sensors for the detection of biological molecules,
ultrasound5 and hydrogen6 due to their extraordinary refractive index sensitivity. However, transferring
this approach to the ultraviolet has been challenging, due to either poor optical properties of the
constituent metals (Pd, Pt) or challenging chemistry (Al).
In this work we discuss the fabrication and optical characterization of a UV-plasmonic metamaterial
comprised of arrays of aluminium nanorods and compare the optical properties with the well-known
noble metals, palladium and platinum. Investigations in UV-plasmonics7 have revealed aluminium to be
the most suitable choice, due to its low losses in the UV range and is particularly advantageous for
scalable techniques and future applications as it also benefits from low cost and high natural abundance.
Self-assembled metallo-dielectric metamaterials based on gold nanorod arrays have been widely
studied due to the ability to precisely tailor the optical properties by varying the template geometry (pore
separation and diameter) and nanorod length during the electrochemical deposition8. This flexibility
1

allows the epsilon near zero (ENZ) frequency to be varied throughout the visible spectral range and
therefore also the onset of hyperbolic dispersion. Until recently, it was not possible to extend this
approach to the fabrication of aluminium nanorod based metamaterials due to a paucity of chemical
procedures for aluminium, an issue that was solved recently by the development of ionic liquid based
electrochemical baths9. In order to produce aluminium based metamaterials, templates were first
fabricated as described elsewhere10 followed by the electrodeposition of aluminium from an ionic liquid
comprised of a 60:40 molar concentration of AlCl3(99.999%, Alfa Aesar) and organic salt [EMIm]Cl
(98+%, Alfa Aesar). This procedure was necessarily carried out in an oxygen and water free (< 1 ppm)
glovebox environment to prevent degradation of the electrodeposition solution.
Following fabrication, the aluminum nanorod samples were optically characterized by acquiring the
zero order transmission spectra. Collimated light was provided by a deuterium-halogen lamp and the
metamaterials illuminated with an incident beam at varying angles and polarizations (TE and TM). The
transmitted light was collected by a long working distance, deep-UV objective lens before being passed
through a solarisation resistant optical fibre to a spectrometer equipped with a UV enhanced EMCCD.
Experimental extinction spectra obtained from a metamaterial comprised of aluminium nanorods with
radii of 20 nm, an inter-rod separation of 100 nm and length of approximately 200 nm, are shown below
Figure 1.

Figure 1 – Extinction spectra for an array comprised of aluminum nanorods having a separation of
100 nm, diameter 20 nm and length of approximately 200 nm measured in (a) TE (b) TM incident
polarization. Spectra were taken at various angles of incidence of the illuminating light for both
polarizations.
The experimental data in Figure 1, exhibits a transverse mode at 230nm for TE polarized light (left)
which is angle independent. In the case of TM polarization however, two dipolar plasmonic resonances
are observed; the transverse mode at 230 nm and the angle dependent longitudinal mode at 320 nm,
related to the short and long axes of the nanorods respectively.
In summary, we experimentally demonstrate the hyperbolic, and tunable plasmonic response, of selfassembled aluminum nanorod arrays in the deep to near-UV region. The strong plasmonic response in the
UV range, tunable by varying the dimensions of the template and length of the rods, can aid in enhancing
many plasmonic studies into the deep-UV range; such as the study of non-linear properties, fluorescent
enhancement or UV-SERRS as well as research involving quantum dots that operate in the UV-region.
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Abstract-We demonstrate a fabrication technique of gold nanocrystals with periodic anodic
aluminum oxide groove template by evaporation and high-temperature heat treatment processes.
Employing diverse groove templates with different lattice constants and proper evaporation
condition, we fabricated gold nanocrystal arrays with few tens of nanometer-diameter. Compare
with chemically synthesized gold nanocrystals, our gold nanocrystals are not aggregated nor piled
but periodically distributed as a monolayer in accordance with the periodicity of the groove
template. With enhanced dipolar plasmon mode supported by faceted nanocrystal shape, the gold
nanocrystal array can be used for plasmonic sensing applications.
A-two steps method, first preparing periodic groove template, and then forming nanocrystals via evaporation
on the template and high-temperature heat treatment processes, is used. We utilize an anodic aluminum oxide
template as the periodic groove with diverse lattice constants of 75, 100, and 140 nm, depend on the template’s
first anodization voltage; 30, 40, and 52 V, respectively. Thickness optimization of gold evaporation process,
leads us to highly regular-sized nanocrystal creation via high-temperature heat treatment. Thanks to
well-established manufacturing process of the anodic aluminum oxide template, 40, 65, and 80 nm-diameter
gold nanocrystals are fabricated with lattice constants of 75, 100, and 140 nm, respectively.
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Plasmon-induced local heating for optically controlled nano-architectures
This poster discusses new results in optically controlled nano-architectures of gold nanoparticles,
prepared using the temperature responsive polymer poly(N-isopropylacrylamide) (pNIPAM). We
show how assemblies can be selected according to size using local plasmonic heating. We also
discuss how these assemblies relate to a type of self-limiting assemblies called actuating
nanotransducers (ANTs) prepared in our lab1.
1
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Abstract - This work reports optical patternable metamaterial (OPM) for ultraviolet nanolithography
below the diffraction limit. The OPM features mono-dispersed silver nanoislands (AgNs) embedded
within photosensitive polymer by using solid-state embedment of AgNs into ultrathin polymer. This
unique configuration simultaneously exhibits both negative effective permittivity and high lithographic
contrast in the ultraviolet range, which enables the superlens effect for the clear photolithographic
definition of 70 nm in minimum feature size beyond the Fraunhofer distance.
Metamaterials become of considerable interest thanks to the miscellaneous and compelling capabilities such as negative
index1,2, which overcomes the optical diffraction limit by compensating the information loss at the sub-diffraction limit
scale3. Recently, metamaterials have demonstrated the sub-diffraction limit imaging in the ultraviolet (UV) range based on
the superlens effect4-6. However, most previous works still have intrinsic limitations in defining the nanopatterns on a
photoresist thinner than the Fraunhofer distance, because the pattern information passing through the superlens
exponentially decays in a dielectric medium of photoresist. Furthermore, the direct patterning of photoresist film on the
substrate of a photomask with superlens or hyperlens intrinsically impedes the practical use for nanolithography as well as
the subsequent nanofabrication process.
Here we report optical patternable metamaterial (OPM) of mono-dispersed silver nanoislands (AgNs) embedded
within photoresist polymer for ultraviolet nanolithography. The OPM exhibits the superlens effect under UV exposure and
defines clear sub-diffraction limited photoresist pattern thicker than the Fraunhofer distance (Fig. 1). The superlens effect is
clearly visualized by using the finite difference time domain (FDTD) method (Fig. 2). The electric field intensity of UV at
365 nm clearly maintains the sub-diffraction limited image within the OPM whereas conventional photoresist shows
significantly blurred and highly diffracted images. Optical properties of OPM were numerically calculated by using the
FDTD method for different width, gap, and thickness of AgNs. The calculated results of permittivity and lithographic
contrast show the OPM efficiently exhibits the superlens effect (εM’ ~ -2.7) and acceptable contrast of C > 0.5 for the
nanoisland widths relatively larger than the gap spacing.
Ultraviolet nanolithography on a wafer level has been experimentally demonstrated by combining the OPM with a
conventional contact mask aligner (Fig. 3). The OPM was simply prepared on a 4 inch silicon wafer by using spin-coating
of ultrathin photosensitive polymer (SU-8), oblique angle deposition (OAD) of thin silver film, and solid-state embedment
of AgNs. The chrome photomask with sub-diffraction limited patterns was fabricated by using an e-beam lithography and
metal lift-off process. Nanopatterns were defined in the OPM by using a conventional UV mask aligner. The experimental
results clearly demonstrate that the OPM defines the sub-diffraction limited under one-shot UV exposure whereas

conventional photoresist (SU-8) significantly diffracts and broadens the identical images (Fig. 4). Based on the topographic
measurements with atomic force microscope (AFM), “N” textured patterns of 70 nm (<~λ/5) line width are clearly defined
in the OPM but significantly broaden up to 240nm in the SU-8 resist.
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Figure 1. Schematic diagram of optical patternable
metamaterial (OPM) for UV nanolithography below the
diffraction limit.

Figure 3. Lithography procedures with OPM.

Figure 2. Comparison of electric field intensity through
OPM and normal PR by using the FDTD method.
Figure 4. UV nanolithographic results using the OPM. a)
The SEM image of top view of AgNs. b) The TEM image
of cross-sectional view of AgNs inside SU-8. c) The AFM
images of nanolithographic results.
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Abstract-In the field of Metamaterials research, FT-IR spectroscopy has played important roles to
characterize the optical properties with wavelength dependence. We will review the recent
development of our FT-IR spectrometer. We will also introduce state-of-art Instrument, hybrid
FT-IR and cw-THz system, covering from 3 to 50,000 cm-1, which corresponds from Terahertz to
UV region.
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Designing plasmonic nanostructure based on two-step
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Abstract-We developed two-step organothiol-assisted nanoparticle growth system, which is
capable to direct morphology of plasmonic nanoparticle in solution. Rationally designed
organothiols incorporated in growth process of nanoparticle and induce a distinctive interfacial
interaction at the gold nanoparticle surface. We achieved novel nano-morphology control ranging
from simple polyhedron to concave rhombic dodecahdron and chiral 432-symmetry structures,
which show characteristic extinction, SERS enhancement, and chiroptical property.
Design and fabrication of nanostructure have been essential parts of plasmonics and metamaterial researches.
Although lithographic techniques are widely used for making complex and asymmetric nanostructure, simple
and large-scale fabrication of geometry-controlled 3D nanostructure is still challenging. In this respect, nature is
highly skilled at nano-structuring inorganic materials using organic-inorganic interaction. Here, inspired from
organic modifier in nature, we developed organothiol assisted growth system which is capable to direct
morphological development through distinctive interaction between organothiol and gold surface. We
constructed the morphology diagram describing the morphology development modes of low-index-faceted
nanoparticle for the foundational understanding of the colloidal nanoparticle growth in the system we utilized[1].
Based on the morphology diagram, we designed 2nd growth of nanoparticle and produced the unique
nanoparticles with high-index-faceted morphology. Addition of organothiol during the growth mediated the
formation of substructures in the nanometer resolution which enable the synthesis of concave rhombic
dodecahedral nanoparticle[2]. Furthermore, using asymmetric interaction of organothiols and high index
surfaces, we successfully synthesized unprecedented chiral morphology with 432 point group symmetry. We
expect that this research will open a venue of the solution-based fabrication of plasmonic metamaterials.
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Abstract
Abstract—In this paper, a design a 3-dB coupler with
phase difference is implemented using a low-cost
instant inkjet silver-nano printing technology. The
responses of the coupler show that the return loss and
isolation are both below -20dB at the designed
frequency. However, for the output phase difference it
can be observe that there is
phase difference and the
amplitude imbalance in dB is less than 0.05 at the center
frequency.
Index Terms—3dB hybrid coupler, nonstandard phase
differences, silver-nano technology.
1.

Introduction

Branch Line Coupler (BLC) is a four port 3dB power
divider, with only one input, two equal outputs having
phase difference, and an isolated port. It is a crucial
component in the rapidly growing applications of
microwaves in communication systems, electronic warfare
and radar systems. It is often used in frequency
discriminators, balanced mixers, automatic level controls,
and in many wireless applications due to its planar and
relatively simple structure[1].
Couplers with quadrature outputs have been
reported widely in different techniques such as microstrip
[2], substrate integrated waveguide [3], multilayer
microstrip [4], coplanar waveguide [5] and inkjet printing
technology [6]. Despite their importance, little has been
done on arbitrary output phase-difference characteristics.
In this research, new sets of equations for the 3dB
coupler utilizing non-standard phase-difference and arbitrary
power division ratio is proposed and validated by
prototyping the coupler using Inkjet Printed silver-nano
technology.

2.

Instant Inkjet Printing Process

The printing technique presented in this paper uses inkjet
printer manufactured by Brother Industries, Ltd. (DCP–
J140w) because it is of low cost, availability, and their
nozzles specially eject large amount of ink volume. This
translates to deposition of excessive amounts of conductive
ink making undistorted conductive [7]. Unlike the inkjet
printing technique presented in [6], where it requires curing
to achieve high conductivity. Once printed, this desktop
inkjet printing technology gives good conductive pattern
with resistance less than 0.3 Ω per square in fraction of
seconds. This is achieved using Polyethylene terephthalate
(PET) as a substrate which is chemically coated by means of
photolithography for fast absorption of the ink and
effectively prevent coating. This thin, absorbent coating
plays a vital role in the chemical sintering process of the
silver nanoparticle ink thereby supporting the ink to dry up
instantly. The printing technique does not use any special
software to drive the printer. But, some customized settings
are necessary for achieving optimum performance. With this
setting, the ink deposition is done in such a way to ensure
that, each ‘dot’ of ink merging with its neighbors to form a
continuous conducting pattern [7].
3.

Coupler with

phase-difference

The transmission line model of the proposed coupler is
shown in Fig. 1a. where
and are the impedance of
the main line and the branch of the coupler. Also,
and
represent the electrical length of the main line and the
branches as shown in Fig. 3. is choosing to be equal to
for simplicity and Port 1 is taken as the input, port 4 and port
3 are the through and the coupled ports respectively while
port 2 is completely isolated. Taking the advantage of the
symmetrical nature of the coupler, Even-Odd mode nalysis
was used to analyzed the circuit. Fig. 1b shows Even and
Odd mode equivalent circuit representation of the coupler in
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Fig. 1(a). The design criteria are aim at achieving a variable
phase difference, variable power division, good return loss
and isolation. The power division ratio P(f) and the phase
difference between the output ports 2 and 3 are defined as
follows:
(1)
(2)

Fig. 2: Layout of the proposed

Coupler.

The Simulation was carried out in CST Microwave Studio
2005® and fabricated on a transparent Polyethylene
terephthalate (PET) substrate specially coated with resin.
The measured dielectric constant, thickness, and a loss
tangent of the substrate are 0.125mm, εr = 2.72 and 0.043
respectively. Silver-nano printing technology was used to
produce the prototype. This technology is accessible and of
low cost that support fast prototyping of electronic
circuitries [7].

Fig. 1: (a) Schematic representation of the proposed
coupler; (b) Even-Odd mode representation
Referring to Fig. 1b, the transmission characteristics of the
even or odd mode is obtained using the transmission
(ABCD) matrix, The ABCD matrix used in obtaining the
overall transmission and reflection characteristics of the
network are used to obtained the following designed
equation:
(3)
(4)
(5)
(6)
(7)

Fig. 3: Simulated S- Parameter Response for the
Proposed Coupler. Magnitude in dB and output Phases
difference in degrees.
From the design equations formulated (1) – (7), a 3-dB
coupler was designed and implemented using instant inkjet
printing technique. The coupler is meant to operate at a
frequency of 6.0GHz. By setting the phase difference
between the outputs to be
and the reference impedance
, for 3dB power division ratio, the impedances of
the coupler arms are:
and
. Fig. 2 shows the
layout of the proposed coupler. Other power division ratios
is possible using the design equations.

4.

Conclusions

In this paper, 3dB hybrid coupler with non-standard phase
difference was designed and implemented using low-cost,
silver nano inkjet printing technology on a transparent PET
substrate. This coupler could be useful in number of
applications like in antenna beam steering and in feeding
networks for phased antenna array without the use of
additional phase shifter. Explicit design equations with
variable phase differences was derived and validated by
fabricating a prototype of the coupler operating at 6.0 GHz.
At the designed frequency, both the measured (not shown
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for now) and the full wave simulated results agreed with
little discrepancy, this is because of fabrication tolerances.
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Abstract—Butler Matrix (BM) utilizing only 3dB
hybrid couplers and a crossover is presented. It is implemented
on a specially coated PET substrate using a low -cost silver-nano
inkjet printing technology. The results show a return loss better
than -19 dB at 6.0GHz. When port 1 is exited, the transmission
coefficients are 𝐒𝟓𝟏 = 𝟔. 𝟖𝟗𝐝𝐁, 𝐒𝟔𝟏 = 𝟔. 𝟔𝟖𝐝𝐁, 𝐒𝟕𝟏 = 𝟔. 𝟎𝟒𝐝𝐁,
and 𝐒𝟖𝟏 = 𝟔. 𝟓𝟒𝐝𝐁 at the operating frequency. Similarly, when
port 2 is exited, the transmission coefficients are 𝐒𝟓𝟐 = 𝟔. 𝟏𝟏𝐝𝐁,
𝐒𝟔𝟐 = 𝟔. 𝟗𝟖𝐝𝐁, 𝐒𝟕𝟐 = 𝟔. 𝟖𝟎𝐝𝐁, and 𝐒𝟖𝟐 = 𝟕. 𝟏𝟏𝐝𝐁 at the center
frequency. The proposed design has a good performance in
terms of amplitude and progressive phase difference at the
output ports.

Index Terms—Butler Matrix, couplers, crossover, return loss, and
amplitude imbalance.

I. INTRODUCTION
A Butler Matrix (BM) is one of the popular beamforming
network due to its simplicity, easy fabrication and low power
loss. One of the many options for constructing the
beamforming network is by the application of BM [1]. 4X4
Conventional BM has four input and four output ports. It
comprises of four quadrature hybrid couplers, two Phase
Shifters, and two Zero dB Cross-over [2]. By exciting any of
its input port, there will be an equal amplitude and
progressive phase differences at the output ports. When an
antenna array is connected to the outputs, there will be four
dissimilar beams in the radiation pattern [3].
Directional couplers are the essential building block
of BM, due to the quarter wavelength requirement of the
couplers, the layout of the BM is usually very large [4].
Recently, several techniques have been proposed to
miniaturize the coupler to reduce the size of the BM. In [5],
an artiﬁcial transmission line was used in miniaturization of
the couplers. Substrate integrated waveguide technology has
been proposed in [6]. For the branch line couplers presented
in [7], high impedance lines are meandered to achieve size
reduction. Reference [8] proposed a low-temperature co-ﬁred
ceramic technique.
Most of the above techniques use either lumped
elements or phase shifters for the implementation of the BM
which tend to reduce the performance of the Butler matrices.
To have BM with a better performance, Reference [9]
proposes a BM without crossovers. But the multi-layer
technique requires the use of vias which increase the
fabrication difficulties.

In contrast to the BM presented in [9], this paper
present a 4x4 Butler matrix utilizing only microstrip couplers
and a crossover in planner structure. Employing 450 couplers
in the design eliminate the use of phase shifters. This reduces
the dimension and transmission loss of the device by
shortening transmission line path.
II. INKJET PRINTING
The printing technique presented in this paper uses inkjet
printer manufactured by Brother Industries, Ltd. (DCP–
J140w) because it is of low cost, availability, and their
nozzles specially eject large amount of ink volume. This
translates to deposition of excessive amounts of conductive
ink making undistorted conductive [10]. Unlike the inkjet
printing technique presented in [9], where it requires curing
to achieve high conductivity. Once printed, this desktop
inkjet printing technology gives good conductive pattern with
resistance less than 0.3 Ω per square in fraction of seconds.
This is achieved using Polyethylene terephthalate (PET) as a
substrate which is chemically coated by means of
photolithography for fast absorption of the ink and effectively
prevent coating. This thin, absorbent coating plays a vital role
in the chemical sintering process of the silver nanoparticle ink
thereby supporting the ink to dry up instantly. The printing
technique does not use any special software to drive the
printer. But, some customized settings are necessary for
achieving optimum performance. With this setting, the ink
deposition is done in such a way to ensure that, each ‘dot’ of
ink merging with its neighbors to form a continuous
conducting pattern [10].
III. BUTLER MATRIX DESIGN
The concept used in the design of this novel 4x4 Butler
Matrix is centered around the design of 450 hybrid coupler.
The use of this hybrid coupler 450 phase-difference
eliminates the need for additional components in building
Butler Matrix, thereby making it compact in size and retain
its good performance. This is because it replaces the
combination of quadrature coupler and phase shifter in the
design of conventional Butler Matrix.
All the components of the BM are designed and
fabricated on a transparent Polyethylene terephthalate (PET)
substrate specially coated with resin. The measured dielectric
constant, thickness, and a loss tangent of the substrate are
0.125mm, εr = 2.72 and 0.043 respectively. A commercial
Simulation software (CST) was used throughout the
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simulation and a Silver-nano printing technology was used to
produce the prototype. Fig. 1 shows the layout of the proposed
4x4 Butler Matrix.

and the transmission coefficients are S51 = 6.89dB, S61 =
6.68dB, S71 = 6.04dB, and S81 = 6.54dB at the operating
frequency. Similarly, when port 2 is exited, the transmission
coefficients are S52 = 6.11dB, S62 = 6.98dB, S72 =
6.80dB, and S82 = 7.11dB at the center frequency.
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V. CONCLUSION

Fig. 1: Layout of the proposed 4x4 Butler Matrix

IV. PERFORMANCES OF THE BUTLER MATRIX
By exciting port 1 of the BM, the simulated return
losses and the transmission coefficients at its output ports is
shown in Fig. 2.

A novel 4×4 Butler matrix has been designed and
simulated to operate at center frequency of 6GHz. In this
BM, only couplers and cross over are used, phase shifter is
not needed as in the design of conventional BM. The result
results obtained shows that, the proposed design has a good
performance in terms of amplitude and progressive phase
difference at the output ports as they are in good agreement
with the practical values. Some of the advantages of this
design are: its compactness due to the absent of phase shifters
and low transmission losses by shortening transmission line
path. With this structure, the proposed Butler matrix can serve
as a good candidate for the future 5G beam forming network.
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Application of microchip laser for high resolution 3D printing.
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Abstract- Application of Q-switched microchip laser for 3D printing by two-photon
polymerization is reported. With optimized laser configuration and photo-resist high resolution high
throughput 3D printing of polymer is achieved.
Among 3D nano- and micro-structuring techniques, only two-photon polymerization (2PP) [1-2] technology
allows true 3D micro and nano-fabrication. Because of the threshold behavior and nonlinear nature of the
2PP process, resolution beyond the diffraction limit can be achieved by controlling the laser pulse energy
and focal spot size. Since the absorption cross-section for two-photon process is very small, a high intensity
laser radiation is required. Typically, tightly focused output beam from femtosecond laser is used to achieve
high peak power avoiding optical break down of the materials.
2PP technology has been successfully applied for 2D and 3D nano-fabrication in different disciplines [3].
However, wide industrial usage of the 2PP technology is limited due to lack of low cost industrial grade
femtosecond lasers. Competitiveness of 2PP in industrial applications will be improved significantly if
cheaper and more reliable pico- and nano-second lasers are used. It is especially attractive to apply passively
Q-switched microchip lasers for 3D printing of polymers by 2PP. Although successful 2PP structuring by
pico- and nano-second lasers has been already demonstrated [4], structuring characteristics achieved with
femtosecond lasers are still far superior. The most significant drawback of the standard microchip lasers is
low repetition rate of the generated pulses that is not compatible with 2PP technology.
We are presenting for the first time application of the high repetition rate Nd:YVO4 Q-switched microchip
laser with SESAM for 3D micro-/nano-fabrication by 2PP. Energy of the pulses generated by this microchip
laser is of about 95 nJ with pulse duration of 90 ps and repetition rate up to 500 kHz. Since the microchip
laser is radiating at 1064 nm, optimization of the photosensitive material was necessary. Specifically, various
photo-initiators were investigated for application in the 2PP process at this wavelengths. Optimal
photo-initiator was selected allowing effective 3D fabrication by 2PP. Examples of the fabricated structures
are shown in Fig. 1.

Figure 1. Scanning electron microscope images of photonic crystals fabricated by 2PP with Nd:YVO4
Q-switched microchip laser.
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